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Figure 5.89 Principal Stresses (SIG1); Floor at Elevation 119'; Case C lteration 0;

DL4 LL+T,.
Figure 5.90 Principal Stresses (SIG1); Range (400-1000) Floor at Elevation 119';

Case C iteration 0; DL+LL+T,
Figure 5.91 Principal Stresses Vector Plot; Floor at Elevation 119'; Case C lteration 0;

DL+LL'+T,
Figure 5.92 Principal Stresses Vector Plot; Floor at Elevation 119' (Pool Walls and

Shield Wall Excluded); Case C lteration 0; DL+LL+T,
Figure 5.93 Geometry Plot Floor at Elevation 95'
Figure 5.94 Principal Stresses'(SIG1); Floor at Elevation 95'; Case C lteration 0;

DL+LL+T,
Figure 5.95 Principal Stresses Vector Plot; Floor at Elevation 95'; Case C lteration 0;

DL+LL+T,
Figure 5.96 Principal Stresses (SIG 1); Floor at Elevation 95'; Case C-Iteration 0;

DL+LL+T,
Figure 5.97 Geometry Plot; Floor at Elevation 75'
Figure 5.98 Geometry Plot; Floor at Elevation 75'; Viewed from Northwest Above
Figure 5.99 Principal Stresses (SIG1); Floor at Elevation 75'-3"; Case C iteration 0;

DL+LL+T,
Figure 5.100 Principal Stresses Vector Plot; Floor and Elevation 75'-3"; Case C

lteration 0; DL+LL+T,
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Figure 5.101 Predicted Crack Pattern for Floor ' Stab at Elevation 119'
Figure 5.102 Predicted Crack Pattern for Floor Slab at Elevation 95'
Figure 5.103 Predicted Crack Pattern for Floor Slab at Elevation 75'
Figure 5.104 Observed Cracks in Floor at Elevation 119'
Figure 5.105 Observed Cracks in Floor at Elevation 95'
Figure 5.106 Observed Cracks in Floor at Elevation 75'
Figure 5.107 Geometry Plot; Girder RE East and West Faces
Figure 5.108 Principal Stresses (SIG1); Girder RE East and West Faces; Case C

lteration 0; Winter Temperature (T,)
Figure 5.109 Principal Stresses Vector Plot; Girder RE East and West Faces; Case C

lteration 0; Winter Temperature (T,)
Figure 5.110 Principal Stresses (SIG1); Girder RE East and West Faces; Case C

lteration 0; Summer Temperature (T )
Figure 5.111 Principal Stresses Vector Plot; Girder RE East and West Faces; Case

iteration 0; Summer Temperature (T )
Figure 5.112 Principal Stresses (SIG1); Girder RE East and West Faces; Case C

lieraiion 0; DL+LL
Figure 5.113 Principal Stresses Voctor Plot; Girder RE; Case C lteration 0; DL+LL
Figure 5.114 Principal Stresses (SIG1); Girdai RE East and West Faces; Case C

lteration 0; DL+LL+T,
[ Figure 5.115 Principal Stresses Vector Plot; Girder RE; Case C lteration 0; DL+LL+T,
( Figure 5.116 Principal Stresses (SIG1); Girder RE East and West Faces; Case C

lteration 0; DL+LL+T,
Figure 5.117 Principal Stresses Vector Plot; Girder RE; Case C lteration; O DL+LL+T,
Figure 5.118 Principal Stresses (SIG1); Girder RE East and West Faces; Case C

lteration 1; DL+LL
Figure 5.119 Principal Stresses Vector Plot; Girder RE; Case C lteration 1; DL+LL
Figure 5.120 Principal Stresses (SIG1); Girder RE East and West Faces; Case C

iteration 1 DL+LL+T,
Figure 5.121 Principal Stresses Vector Plot; Girder RE: Case C lteration 1; DL+LL+T.
Figure 5.122 Principal Stresses (SIG1): Girder RE East and West Faces; Case C

lieration 1; DL+LL+T,
Figure 5.123 Principal Stresses Vector Plot; Girder RE; Case C iteration 1; DL+LL+T,
Figure 5.124 Principal Stresses (SIG1); Girder RE East and West Faces; Case C

lteration 2; DL+LL
Figure 5.125 Principal Stresses Vector Plot; Girder RE; Case C lteration 2; DL+LL
Figure 5.126 Principal Stresses (SIG1); Girder RE East and West Faces; Case C

lteration 2; DL+LL
Figure 5.127 Principal Stresses Vector Plot; Girder RE: Case C lteration 2; DL+LL
Figure 5.128 Principal Stresses Vector Plot; Girder RE Pcrtion Between the SFP North

Wall and Column E7; Case C lieration 0; DL+LL+T,
Figure 5.129 Principal Stresses Vector Plot; Girder RE Portion Between the SFF North

-[] Wall and Column E7; Case C lteration 0; DL+LL+T,
v
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Figure 5.130 Predicted Crack Pattern on the West Face of Girder RE; Case C
lieration 2; DL+LL+T,

Figure 5.131 Predicted Crack Pattern on the West Face of Girder RE for Case C
DL+LL+T, Based on Average Crack Orientation Between Iteration 0 and 2

Figure 5.132 Observed Crack Pattom on the West Face of Girder RE
F;gure 5.133 Observed Crack Pattom on the East Face of Girder RE
Figure 5.134 Observed Crack Pattern on the East Face of Girder RE MIRROR IMAGE

OF FIGURE 5.133
Figure 5.135 Vertical Displacerrent (UZ); Floor at Elevation 45'; Case C lteration 0;

DL+LL+T,
Figure 5.136 Principal Stresses (SIG1); Floor at Elevation 95'; Case C lteration 0;

DL+LL+T.
Figure 5.137 Vertical Displacement (UZ); Floor at Elevation 119'; Case C lieration 0;

DL+LL+T,
Figure 5.138 Principal Stresses (SIG1); Floor at Elevation 119'; Case C lteration 0;

DL+LL+T,
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1.1 Obloctives

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 concrete structure
for consolidated and unconsolidated fuel loads with other design basis ioads. 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 socident using prescribcd loads and load combinations. The
specific evaluation of section capacities and stresses was performed in accordance
with ACl 349 (Reference 4). A detailed finite element model of the SFP concrete
structure with connecting and supporting members was generated in order to
consider all required loads, load combinations, and specific features of the SFP
which cannot be effectively analyzed by less rigorous methods. Specifically, these
features are (1) the reduced embedment length of bottom reinforcing bars

(Q,/ connecting the SFP slab to the supporting beams / walls, (2) the integral connection
"

of the floor slabs and shield wa" with the SFP structure, and (3) cracks on the
concrete girder along Cok.mn Line RE, and the bottom 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 intomal force redistribution. This report
describes the process followed by ABB impell to meet these analytical requirements,
resulting in an evaluation oi > SFP for design basis and increased fuel loads,
considering specific as-built ana observed features of the structure.

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

1.2 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

p) methods to be used to consider concrete cracking, load redistribution, and cetails
(, of the finite element model, including boundary conditions, model limits, and types
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ut elements to be usea. 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
tha OCNGS SFP using the ANSYS computer program (Reference 5). This model
was developed to meet the stated requirements of the ST P concrete structure
evaluation for design basis and increased fuel loads, wNie 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.

1.3 Brief Summary of Results

The results of the analyses described herein demonstrate 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 dotalled
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

Os
as specific individual cracks, are predicted by this analysis. A detailed discussion
of the correlation of analysis results with observed cracks can be found in
Section 5.3. Conclusions are presented in Section 5.4.

OO
Page 2 of 284
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2.0 METHODS OF ANALYSIS

2.1 Description of the Roactor Buildina and SFP

The Reactor Buildiag at OCNGS is a box shaped concrets structure with plan-
dimensions 140'-0" by 109'-0" and height 95'-9" above the top of a concrete
chamber which surrounds the b.'Js. The longer direction of the building is divided
into six epproximately equal sp, cings by seven column lines from R1 to.R7.
Similarly, the shorter side is olvided into five spacings by six colum- lines from RA

'

through RF. The northern half of the reactor building is shown in the plan view of
Figure 2.1.

Figures 2.1 and 2.2 show that the reactor vessel centerline coincides with Column
Line R4 and is 4'-9" to the west of Column RD. The vessel is enclored by an.

axisymmetric reinforced concrete shield wall of varying thickness ranging from 5' to .
10', shaped like an inverted light bulb and supported by a' substantial concrete
F.tzucture, The shield wall is connected 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',93' and 119'. Reinforced concrete
columns are located between elevations to support these slabs.

The SFP is an elevated reinforced concrete tank cantilevered from 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 6;xterior dimensions of the SFP measure
51'-3" in the east west directi a, 39' in the north south direction, and 43'-11'
vertically from the bottom of the pool slab to the top of the wails. The top of the SFP
is open to the air. With 6' walls around the four sides, except for the 4'-6" upper
portion of the west wall, the poolinterior occupies a volume of 39'x27'x39'-5". The
south wall of the poolis monolithically cast with the shield wall and contains the
thickest concrete regions of the SFP. The bottom of the SFP is a 4'-6" thick slab
supported by Girders RD and RE, and Girder R6. Girder R6, which carries a portion
of the ic9 ''om the SFP slabs, is supported by Girders RD and RE, and
Columns On d F6. Girders RD and RE are supported by the shield wall at their
south end= es columns D7 and E7, respectively, at their north ends.

2.2 The Finite Element Model

The established requirements for the structural evaluation of the OCNGS SFP
necestitated the development of a detailed finite element model having the capability
of preJicting the cracking of the concrete and the resulting redistribution of intemal

D forces and stresses. To accomplish this, it was necessary that the finite element
model be of sufficient size and detail to allow for the internal redistribution of forces

Page 4 of 284
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over a relatively large reglon 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 respec+ to Column Line R4. Using this symmetry, the
finite element model consists of the northern half of the' Reactor Building, which
includes tne region bounded by columns lines R4 to R7 and RA to RF, and vertically
from elevation 23' to 119' (See Figures 2.1 and 2.2).

2.2.1 Global Coordinate Systems

Two global coordinate systems are used to define the ANSYS SFP,

model: a Cartesian system and cylindrical system, in the Carteslan
coordinate system, the positive X axis points to the north and the positive
Y axis to the west. Both X and Y coordinates are measured from the
centeriine 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.

C
The ori ln for the cylindrical coordinate system is the same as that of the0
rectangular cartesian coordinate system. The radial direction is measured
from the center of the reactor, the Z coordinate is the same as the actual
elevation, anc' the angular direction is positive when measured
counterclockwise from a radial line pointing north.

2.2.2 Finite Ele.ngnt.gjJsed

2.2.2.1 Finite Elements for Stresr and Thermal Analysis

| TI," ANSYS modal of the SFP is ccmposed of 5,071 nodes and 3,583
elements. Threa different structural finite elements are employed:

1. 3 D solid slement (STIF 45)
2. 3 D quadrilateral sheli (STIF 63)
3. 3 D spar (truss)(STIF 8)

!

Tho 3 D solid elements (STIF 45) are used to model the SFP walls, the
~

;

SFP alab, the supporting beams, girders and columns and the shield wril.
Floor slabs at elevation 75', outside the SFP, from Column Lines R5 to R7
and RC to RF, are also modelod 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

Page 5 of 284
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exterior walls at Column Lines RA, RF and R7. By changing the
thicknessos of thm;o shell olomonts, various beams and columns which are
monolithically cast with the slabs or walls are also modelod.

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 concreto frame spanning over the torus. To incorporato
the stiffnoss proporties of the concreto framo, a separate modol of the
frame was constructed, (as described in Section 2.2.3) and its stiffness at
the location of Column C6 was determined. This stiffness was converted
to equivalont properties for spar elomonts that support the nodes at the
bottom of Column C6.

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

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

2.2.2.2 MSYS Element Tvoos

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

1. Types 1,2 and 3 - Girders RD and RE
2. Type 4 - Shield Wall
3. Type 5 - South wall of the SFP, not included in Type 4
4. Typo 6 - Shelves supporting the south wall of the SFP
5. Type 7 - SFP Floor Slab
6. Type 8 SFP Walls (North, East and West)
7. Type 9 - Regions intersected by two SFP walls, or wall and slab, and

Columns CS and C5
8. Type 10 - Girder RG
9. Type 11 - Slabs outsido tha SFP, at Elevation 75', from Column Lines

R5 to R7 and Column Linos 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'. Somo columns and beams embedded in these walls and

'O
.

slabs are also identified as Type 13.
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12. Type 14 - Columns B4, B5,86, D7, E7, F5 and F6
13. Type 15 and 16 - Slabs at Elevation 75' ,

14. Type 17 and 18 - Slabs at Elevation 95' l

15. Type 19 and 20 - Slabs at Elovation 119' j

2.2.3 Modelino of Specific Roolons
i

2.2.3.1 Drywell Shlold Wal!

The drywell shield wall is modeled using 3 D solid elements, with 2 ,

olements 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 y all to reduce the total number of elomonts in an area
whero a finst mosh will not noticeably improve the accuracy of the results
for the SFP.

Figuro 2.3 shows the drywell shield wall model. As soon 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 theO two cylinders. From the insido surface, Figure 2.13 shows that the wallis
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 those elements
and nodes, and when specifying the boundary conditiors at the bottom of
the shleid wall.

2.2.3.2 South Wall of the Pool

-The south wall of the SFP is shown in Figure 2.3 and extends from
elevation 75' to 119'. The south wa!!is monolithically 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 shle!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 combination 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 intomally
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ij
generated constraint equations among the nodal degroos of freedom was
used in the-development of this portion of the model. The mismatched
elements of the shelves and shield wall are shown in Figure 2.4. (This
feature was also used to attach column CS and the southern end of Glrders
RD and RE to the conical portion of the shield wall as snown in
Figure 2.18.)

2.2.3.3 ,qirders RD. RE. R6 and Adiacent Floor Slab

Figure 2.4 shows the SFP, with Girdars RD, RE and R6, the shield wall,
and the SFP south wall. Due to the prosence of flexuro and flexure shear
cracks in the web and bottom face of Glrder RE noar Column Line R7
(Referenco 8), the webs of Girders RD and RE are modeled with a
relatively fino mesh of solid elomonts. Since no bonding is expected about
their vertical axis, only one oloment was used across the width. For
Girders RD and RE, six olomonts were used through the depth of the 9 foot
region, and eight elomonts in the 13'-6" deep region (soo Figures 2.15,2.16
and 2.17 and Section 2.2.3.7). One end of these girders is built into the
shleid wall, and the other and is supported by a column at Column Line R7.

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

The floor slab at olevation 75' between Column Lines RE and RD contains
a through thickness crack at the Intersection with the SFP north wall and
slab (Referenco 8). This slab also forms the top flango of girders RE, RD
and R6. Thorofore the portions of the slab at olovation 75' which attach to
girders RE, RD 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.

I

2.2.3.4 SFP Slab

The uppor 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 slab is
modeled using 3-D solid clements with 2 oloments through the slab
thickness, in those portions of the slab not embedded with girders, finer
meshe.1 aro used to capture the more localized stresses in the slab.

O
V
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One of the objectivos in developing the finito olomont model was to be ablo
to address the reduced embodment length of the bottom reinforcing bars
connecting the SFP slab to the supporting beams and walls (soo Section
1.1). To be able to simulate the offect of robar pullout along the bottom
odge of the slab an additional set of coincident nodos was defined at those
locations (i.e., along the east, west and south edges of the southeast and
southwest slabs and the north odge of the northeast and northwest slabs,
soo Figuro 2.1). Rather than connecting the adjacent solid elomonts to the
same nodo at those locations, each adjacent solid element (ono in the slab
and one on the supporting wall or girder) was connected to a different
coincident nodo. In a'l analysos those coincident nodos woro constrained
to deform together, except for the analysis whero robar pullout was
simulated (1.0., iteration 3U). In that caso the degroo of froodom in the
direction of the robar (porpendicular to the potential crack) was released to
simulate the offect of robar pullout.

2.2.3.5 Spont Fuel Pool Walls and Inteoral Columns

The solid elomonts forming the corners of the SFP walls and the
intersection of the walls with the SFP slab are shown in Figure 2.6. With

O the east, west and north walls included in the model, the entiro SFP
becomes a rectangular tank, open to the air at the operating floor, as
shown in Figure 2.7. Each wallis modeled with two solid elomonts through
the wall thickness. Figuro 2.7 shows that columns C5 and C6 are integrally
connected to the east wall of the pool.

Column C5 is located at the intersection of the east and south walls.
Figures 2.7 and 2.8 show that the nodes at the bottom of Column C5 do
not coincide with the nodos on the outer surface of the shield wall (see also
Figuro 2.18). Using a special feature of the ANSYS program, the base of
the column is attached to the conical portion of the shield wall by a set of
intemally generated constraint equations which couple the nodal degrees
of froodom of the column and the nodal degroos of froodom of the shield
wall. This offectively " glues" the column to the shield wall.

Column C6, which is monolithically cast with the SFP east wall and
Girdor R6, carries load directly from the wall and girder, as well as loads
from various floors (see Figures 2.7 and 2.20). This column is modoled o
elevation 23', where it is supported by a large concrete framo spanning
over the torus. The concrete structure below elevation 23' is not included
in the overall SFP model, although the stiffness of the concreto frame has
been incorporated at the base of the column using truss elements (acting
as springs) of equivalent stiffness. The stiffness at the location of column
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C6 was datormined from the 3 D solid element model of the concroto framo
shown in Figure 2.9.

2.2.3.6 Floor Slabs at Various Elevations

The floor slabs at olovations 119' and 95', and elevation 75', where 3 D
solid elements are not used, are all modelod using 3 D shell olomonts as
shown in Figures 2.10,2.11,2.12 and 2.13. Floor beams in those regions
are also modelod using shell elomonts by Increasing the shell thickness.

Those floor slabs are included in the model because (1) they accurately
distr:bute the vertical floor doad and livo loads to tho SFP tructuro, (2) they
allow a dotoalnation of the extent to which the floors support the SFP, and
(3) they provido lateral continuity betwoon the shiold wall and SFP, and the
exterior walls.

The floor slab at elovation 51', consisting of a very coarse mesh of 3 D
shell olomonts, is included in tbs model to provido a realistic boundary
condition for the shield wall at olevation 51'. The plano of Elevation 51'is
considered the offective boundary of the finito olomont model. In ordor to
achlove as accurato a boundary condition as possible at this elovation, the
shield wall, exterior wall and interior columns woro extended to elevation
23'. The slab at Elevation 51' provides tho lateral connection among those-

various structuros and ensures that lateralloads are realistically distributod.
This slab is shown in Figures 2.12 and 2.13.

Each nodo of a floor slab 3 D shall elomont contains throo translation
degrees of froodom and two rotational degrees of froodom about orthogonal
axes which lie in the plano of the element. Unlike the 3 D shall olomonts,
the 3 D solid olomonts, which comprise the shield wall and SFP walls, do
not possess rotational degrees of froodom at their nodos. Thorofore, at

,

locations where the floor slab is connected to the SFP walls and shield wall, ''

a hingo connection exists which can resist threo components of force but
no bending. This lack of bonding rostraint between the SFP walls and the
floor slabs is not significant to the overall responso 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 ,

1

Sections 4.2.1.3 and 4.2.1.4.)

-
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2.2.3.7 Exterior Walls and Columns

To provido the most accurato boundary conditions for girders RD and RE,
the columns supporting the ends of thoso girders are modeled with two
layers of solid elomonts through the thickness from elevation 23' to
elevation 95'. Dotails of the modelin this region can be soon in Figure
2.15, which shows a vertical slice takon through the entire model at the
east face of Girdor RD. Figure 2.16 is a closer view of the same slico, and
Figure 2.17 shows a similar vertical slico taken along the 91 face of
Girder RE. The ends of Girders R5 and R6 are supporY oy similar
columns from olovation 23' to elevation 75'. All of those columns can be
soon in Figuros 2.12 (sos also Figure 2.19). The exterior walls and
romaining exterior columns, shown in Figure 2.14, are modeled with 3 D
shall olomonts, with the columns having the same thickness as the exterior
walls.

2.2.4 Boundary Conditions

Since the SFP model includos a largo portion of the Reactor Building,
boundary conditions are only required within the plane of Column Line R4
and the plane of elovation 23' Within those planos the following boundary
conditions were appliod:

Column Line R4

Symmetric boundary conditions were applied to all nodes along Column
Line R4 from Column Line RA to Column Line RF and betwoon elevation
23' and elevation 119' (i.e., translation in X and viation about Y and Z
equal zero with all other degroos of freedom unrestrainod). Antisymmetric
boundary conditions were applied for the north south (X) direction solsmic
analysis.

Elevation 23'

At olevation 23' the interior and exterior nodos of the drywell shield wall
were restralned circumferontially but unrestrained radially to allow the shiold
wall to grow thermally through the thickness. - At the shield wall middle
surface, nodos woro restrainod radially and circumferentially. All other
walls and columns woro rostrained in both horizontal translational degrees
of freedom and all rotational degroos of froodom. All vertical (Z) degroos
of froodom at olevation 23' were either fully restrained, or in the case of
column C6, elastically rostrained as discussed previously in this section.

Page 11 of 284

|
-

. .. . . . .- _ - _ _ _ ..



. . - _ _ . . . __. -- - --. . _ - _. . _- . .-

Report No. 03-0370 1341
g ,, y, " " ' ' ' "OR'8

ABB impeu Cormabon

As explainod in Section 2.2.3.6, the extension of the SFP model from
elovation 51' to olevation 23' was done to ensure that accurato boundary
conditions were applied to the model at olevation 51'. While other
combinations of boundary conditions at olovation 23' may be plausible, their
influence abovo elevation 51' will not bo significant.

Except as spocifically noted above, all other degrees of froodom are
unrestrained.

2.3 Critoria for Cracked Stiffnoss Proporties

2.3.1 Branson Eauation Methodolony

Bonding moments which occur in a transversely loaded beam produce a
relativo rohtion of adjacent cross sections. The amount of relative rotation
por unit longth of two adjacent cross sections is the curvature. Once the
distribution of curvature along a beam is known, doflections can easily be
calculated. For an elastic beam, the curvature is glvon by the expression
M/El where M ic the applied moment and Elis the flexural stiffness of the
cross section. In a reinforced concreto beam a wide disparity in floxural
stiffness can exist from one cross section to another, duo not only to
whether cracking has or has not occurred, but also due to the soverity of
cracking once it has occurred.

In a reinforced concreto beam El denotes the flexural stiffness of an
uncracked cross section and El, denotes the flexural stiffness of a fully
cracked cross section. Botwoon those two extremos intermodlate values
of El exist which are dopondent on the load level,1.0., the actual moment
acting on the cross section. To express the transition from I, to I, as a
function of the load lovel, Branson (Referenco 6) developed an empirical
expression for an offective floxural stiffness, El , based on a number ofc
controlled experiments. The Branson Equation for the offective moment of
inertia is:

"
4=( " ) ' I,+ [ 1 - ( "' ) ' l I ,cy

Where:
The cracking moment, f, I,/Y, (for pure bending),M, =

f]' M. Actual moment in the member at the load lovel for which the=

() offective moment of inertia is being calculated.
,
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Modulus of rupturo = 7.5 Vf;f, =

Ultimato compressive strength of concreto in psi.f; =

Distance from centroid to extreme tonsion fibor.Y, =

Gross (uneracked) moment of inertia.I, =

Cracked transformed moment of inertia.1, =

Effective moment of inertia from Branson Equation.Ic =

In determining the flexural rigidity of partially cracked concrete sections the
Branson Mothod providos a transition value between well defined limits in
the uncracked and fully cracked states. The Branson Method is based on
proportioning between those 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

f\ 349-80 (Reference 4) for the computation of the_ flexural rigidity of

C reinforced concreto members to account for the effects of cracking. The
ACI 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 (slaba and walls),

in the ACI Code, the Branson Equation usos 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 betwoon 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 momoor.
L

Therefore, use of the fourth order form is appropriato.

|
| 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

j (9 done by defining the cracking moment to be the actual moment on the

| V cross section which in combination with axial load produces an extreme

|
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fiber tensile stress equal to the modulus of rupture (Reference 7). '

Specifically, the cracking moment was modified as follows:

M, = (f, - c ) I, / Y,

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 le to I, to reflect the change in flexural
stiffness, El.

Since the SFP modelis 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

g in the 3ranson Equation to determine the section's effective flexural
stiffness.

All solid elements in the SFP model incorporate cracking effects using
changes to the directional elastic rnoduli perpendicular to the crack plane.
Following the initial cracking of a slab or wall element, an effective element
stiffness (elastic modulus) was calculated from the fourth order Branson
Equation. The new value of elastic modulus perpendicular to the cracked
plane was proportioned to reflect 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 Robar 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 roduced embedmont,
separate element nodes were generated on either side of an element
interface so that they could be uncoupled in the direction of the

O reinforcement at the location of the reinforcement (see Section 2.2.3.4).
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The result of this uncoupling was to reduce the section's ability to resist
moment so that a redistribution of forces could occur within the slab.

2.3.2 Fully Transformed Crackino Critoria

As moment is applied to the cross section of a reinforced concrote beam,
the concrete tensile stresses increase until they reach the cracking stress
(modulus of rupturo), at which time the concrote cracks and tensile load
provlously resisted by the concreto is transferred to the tension
reinforcement. As additional moment is applied, other sections crack and
the stool and concrete stresses at all cracked sections increase in close
proportion to the moment. At some lovel of moment, the stool yields and
the concreto compressivo stresses become nonlinear at the cracked
section. This lovel of moment is usually close to the ultimate moment. It
is between the stags when the concreto first cracks and when the
proportionality betwoon the applied moment and the stool and concreto
stresses is no longer valid that the Branson Equation is intended to be used
to computo an offective flexural stiffness.

As explained in Section 2.3.1, the Branson Mothod provides a transition
value betwoon the limits of an uncracked section and a fully cracked
transformed section for datormining the flexural rigidity of partially cracked
concrete sections. The limits of uncracked and fully cracked transformed
sections correspond to the limits of applied moment which vary betwoon the
cracking moment and a moment, loss than ultimate, at which the tonsilo
reinforcement yields.

As discussed further in Sections 2.3.2.1 and 2.3.2.2, there are two
situations for which the Branson Equation does not perform adequatoly,1.0.,
provido a complete transition in stiffness from the uncracked moment of
inortia (1,) to the fully cracked transformed moment of inertia (1,). Those
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 stiffness. In both the walls and the slab, the fully
cracked transformed stato is not achloved when the ultimate moment is
reached. In the 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 stab, fully transformed cracking critoria was developed. In those
critoria when a section exceeds the cracking moment, rather than using the
Branson Equation to compute stiffness, the cracked transformed properties

Q are used.
b
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2.3.2.1 Application to the SFP Walls

With respect to the discussion in Soction 2.3.2, the use of the Branson
Equation to computo crackod crososection stiffnoss proporties implios 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 greator than the
cracking moment. However, the minimum reinforcement requiroments for
walls specified by the Code may provido loss reinforcement than necessary
to ensure a moment capacity greater than the cracking moment.
Consequently, for walls so constructed, the Branson Equation will sevorely
over predict member stiffness. This is particularly significant where thermal
gradients are concerned, since the over prediction of stiffness results in
higher thermal moments.

Therefore, for the SFP walls, where the cracking moment excoeds the
moment capacity, attornato stiffness and cracking critoria were used. In
those critoria, the stress at which cracking occurs was set equal to the
value obtained by applying the ultimato 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 those
criteria avoids the situation where the factorod moment from a thermal load
combination exceeds the moment capacity at a section which may not hr.ve
cracked, or at a section for which the level of cracking had boon under-
estimated. Where cracking did occur based on this critoria, fully cracked
transformed proporties were umd for those sections, since no transition
region exists betwoon the cracung moment and the ultimato moment.

2.3.2.2 Acolication to the SFP Slabs

Referring to the discussion in Section 2.3.2, the use of the Branson
Equation to compute cracked stiffness proporties assumes that at or slightly
below the ultimate momeni the stiffness properties of a section will have
transitioned to the cracked transformed value. In the SFP slab this
transition to the cracked transformed value at the ultimato moment does not
occur. When the moment in the slab reaches the design capacity, the
effectivo stiffness computed from the Branson Equation is more than 60%
greater than the cracked transformed value, in regions of the slab where
mechanical and thortnal moments combine, a bending suffnoss 60%
greater than the cracked transformed value can produce an unrealistically
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high combined moment because of the higher stiffnosr. computed from the
Branson Equation. To resolvo this problem for the slab, the fully crackod
tmosformod critoria was used.

2.3.2.3 Consistency in the Anotication of Crackinn Criteria

Section 8.G.1 of ACl 349 requires that reasonablo and consistent
assumptions be adopted throughout the analysis for cornputing the relative '

st:ffnoss of structural components. Tho use of the Branson Method
throughout tho analysis to compute member stiffness constitutos a
consistent basis for dolormining relativo stiffnoss. However, as expthined
in Sections 2.3.2.1 and 2.3.2.2, when the cracking moment excoods the
ultimato moment or when the proper transition in stiffnoss is not provided,
the Branson Mothod is not applicable. To address the inability of the
Branson Method to provide reasonable stiffnoss values in thoso situations,
critoria were developed (soo Section 2.3.2) to ensure that appropriato
stiffnoss, consistent with the intent of the Branson Method, was applied.

O
2.4 Load Application

in accordance with Rotorence 3, the SFP analysis considorod concreto dead load,
hydrostatic and hydrodynamic pool loads, fuel rack loads, thermal gradients and
seismic loads. A detallod description of the SFP loads and of how the loads were
applied to the SFP modells providedin Referenco 26. A summary description of the
SFP model loads !s provided below.

Concreto dead load was appi:od as a 1g vertical load on all structural olomonts.
Hydrostatic and hydrodynamic pool loads were applied statically as olomont
pressures to the slab and walls of the SFP. Hydrodynamic pool loads were
calculated using tho methodology given in Reference 11 and were based on the
determination that the SFP walls and slab are ossentially rigid, as demonstrated by
calculations performod by GPUN (Reference 12). Static and dynamic fuel rack loads
corresponding to the throo conditions described in Section 3.1.1 and the cask drop
load were applied statically to the pool slab as elomont pressures. Solsmic inottia
loads woro applied statically to all structural olomonts of the SFP as a percent of
gravity based on floor responso spectra ZPA valuos.

The temperatures on the wet surface of the SFP and the innor and outer surfaces of
the shiold wall were explicitly applied at each nodo as specified in Tablo 3.2. Uniform
ambient air temperature war upplied at all the romaining surface nodos in the reactor

O building. Using the SFP thermal model (see Section 2.2.2.1) a steady state heat
! -transfer cnalysis was performed to dotormino the temperatures at the intermediate
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nodos in the shield wall and the SFP walls and slab. The temporature at each nc de
was stored on File 04 of the ANSYS heat transfer analysis and then retrioved in the
thormal Load Stop solution for the structural model.

The first stop in performing a distinct analysis (i.e.,lloration), was to apply each load
separatsly to the entire model, assuming linear elastic behavior, to datormine the
general effect of each load, its relative severity with respect to other loads, and its
participation in the load combination for the various structural compononts. Those
separate load casos (load stops) were thori scaled and combined to produco results
for each load combination.

Within this report, the following nomenclaturo is usod to describe SFP modot Inads
and load combinations:

(1) Londs and Lond Stops

Those are the individual loads applied to the SFP model, namely:

Load Stop 1 Concreto Dead Load
Load Stop 2 - Hydrostatic, Fuel Rock, and Storod Cask Loads

.

Load Stop 3 - Design Live Load
( Load Stop 4 Wintor Temperaturo Condition

Load Stop 5 Summor Temperaturo Condition
Load Stop 6 Cask Drop Load

(2) Analysis Caso

Those reprosent the four conditions proscribod by GPUN (Reference 2) referred
to as Analysis Casos A, B, C, and D. Each Analysis Caso is described in
Section 3.2.

(3) Load Combination

This represents the combination of results from individual. load stops with the
appropriato load f actors applied to sach load stop. Load Combinations (a, b, c,
d, and 0) are described for each Analysis Case in Section 3.3.

(4) ggration or Crackino iteration

This repmsonts a distinct computer run where the SFP modelis exocuted with
material proportlos revised to reflect a stiffness chango. In structural analysis,
the word iteration normally refers to a change in load during the analysis
process. However,in the SFP analysis, the word lloration refers to a chango in
stiffnoss with all loads hold constant during the analysis process. Thoroforo,' s
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each cracking iteration (or iteration) represents a distinct stiffness configuration
of the SFP to which loads are applied and results obtained based on a linear
elastic analysis. The iteration process is described in detail in Section 4.3

\
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3.0 DESIGN CRITERIA

The loads and load ambinations used in the evaluation of the SFP were developed
and appliou in accordance with Reference 3. Results were evaluated in accordance
with ACl-349 (Reference 4). Per GPUN direction only results for Analysis Cases C
and D were carried to completion (Reference 30). Results for Analysis Cases A and
B are considered preliminary and are not reported. However, Analysis Chses A and
B are bounded by the results of Annlysis Cases C 1d D.

Dead load, live load, seismic load, thermal gradients, and cask drop load each
constitute a separate load defif. ion as described below.

3.1 Definition of Loads

The individualloads defined in this section were used in conjunction with the Analysis
Cases described 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,

p 3.1.1 _ Dead Load

V The dead load applied to the SFP model consisted of the weight of
reinforced concrete at a density of 150 lb/ft', a 38'-9" column of water at a
density of 62.4 pounds per cubic foot within the SFP, the submerged welght
of fully loaded racks, and a local load in the northeast comer of the pool to
simulata a 100 ton cask temporarily stored within the Cask Drop Protection
System.

The 100 ton cask dead load was applied as a uniform pressure to the
elements within the ten (10) foot diameter circle centered as shown in
Figure IV-8 of Reference 13.

Three fuel rack conditions were considered:

1. 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 6
was neverinstalled (Reference 15). Approximately 980 fuel assemblies
were in the poolin 1983 located in rows 1,2 and 3. The weight of one
fuel assembly was 680 pounds and its net volume was 2326 cubic--
inches including the channel.

v
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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
0-7472, 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 fuel assembly -
(128 fuel rods), including tne canister, is 4158 cubic inches. The
weight of one fuel assembly fully loaded was 1350 lbc, (Reference 16).

,

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

3.1.2 Live Loads

Desian Live Loads

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

TABLE 3.1 - DESIGN LIVE LOAD

Elevation Load (ost)

119'-3" Columns A-C,4-7 1000
- 119'-3" Remainder 800-

95'-3" New Fuel Storage 800
95'-3" Remainder 400+20 kips

(The 20 kip load was applied as a concentrated load between column
line RD and RE).
75'-3" All Areas- 400

Eauipment Live Loads

Equipment Live Loads are as specified below (Reference 16 and 18):

Elevation 75'-3":

-
1. Two (2) Fuei Pool Heat Exchangers weighing 3200 lbs. each located

' near the junction of Column Lines R5 and RE-RF.
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2. Two (2) Spent Fuel Pool Pumps weighing 5000 lbs. each located near
the junction of Column Lines RS R6 and RE-RF,

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

\
4. Two (2) Augmented Spent Fuel Pool Pumps weighing 5000 lbs. each

located near the junction of Column Lines R7 and RE.
3

Elevation 95'-3":
_

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

3.1.3 Seismic Loao

The Operating Basis Earthquake (OBE) horizontal acceleration used in both
the north-south and east west directions was 0.24g. The OBE vertical
acceleration used was 0.10g (Reference 3).

The Safe Shutdown Earthquake (SSE) horizontal acceleration in both the
north south and east-west directions was 0.48g. The SSE vertical
acceleration was 0.20g, per Reference 3.

,

The equivalent static selsmic load of the reinforced concrete was equal to
the weight of the concrete multiplied by the appropriate vertical and
horizontal accelerations.

The verticalinertial load on the SFP slab was equai to the weight of the
38'-9" column of water multiplied by the SSE vertical 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 loads during a seismic event with the pool full of
racks, the buoyant weight of fully loaded racks was multiplied by the vertical
acceleration. No horizontal inertia load was applied (Reference 15).

The seismic loads were applied independently in each direction and the-
results were comb;ned algebraically. Several different algebraic
combinations were used in the load combination equations to produce the
most conservative results (see Section 4.2.4.2).

*
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3.1.4 i nermal Gradients

The thermal gradients for Analysis Cases C and D were assembled
considering the Reactor Building air temperaturu varying from 40 F to
110 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 demand on 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 pool walls. The interior drywell
concrete shield wall temperatu es were the lower bound operating
temperatures 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 surface 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.

O
V
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All thermal gradients were considered to be steady state conditions.

TABLE 3.2 (Reference 21)_
SPENT FUEL POOL ANALYSIS TEMPERATURES PF) s

INTERIOR SURFACE REACTOR BLDG.
EL. (ft.) CONCRETE SHIELD WALL FUEL POOL WATGR AMBIENT AIR

Winter -
Condition

_

50 105* N/A 40-
80 176* 100 40
92 200* 100 40
95 200" 1F 40
110 200" 1bJ 40

Summer
Condition

O 50 126' N/A 110
20 176* 85 110
92 200* 85 110
95 200** 85 110
110 P.00" 85 110

* Calculated
** Measured

3.1.5 Cask Droc Accident-

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

-

diameter circle centered as shown in Figure IV-8 of Reference 13.

O
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3.2 Description of Analysis Cases

3.2.1 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.

3.2.2 Analysis Case B

1

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

3.2.3 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 loed
as described in Sections 3.1.2,3.1.3 and 3.1.5. Analysis Case C is the
licensed' condition for tiie plant.

3.2.4 Analysis Case D

This analysis assumed normal plant operating loads and tne maximum rack
and consolidated fuel loads as given in Section 3.1.1, Rack Condition 3.
Reduced rebar embedmont and ti.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.

L

| 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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simultaneously with other loads. As discussed in Section 5.2, the primary concern
is for the SFP slab where a reduction in dead load on the pool slab surface could
reduce margins in load combinations which include thermal gradients. Thus, the load
combinations below are not the complete set of all load combinations used in the
analysis. The complete set of load combinations used to evaluate the SFP and to
demonstrate compliance with Section R2.3 of the Code are presented in Section 5.2.

3.3.1 Analysis Cases A and B

The following load combinations were considered for Analysis Cases A and
B (References 2 and 16). -

a. 1.4D + 1.7L
b. 0.75 (1.4D + 1.7L + 1.4T )

Where: D = dead load as specified in Section 3.1.1, Rack Condition 1
L = design live load as specified in Section 3.1.2
T = thermal load due to temperature differential across the slab

or wall as specified in Table 3.2

3.3.2 Analysis Cases C and D

The following load combinations were considered for Analysis Cases C and
D (References 2 and 16),

a. 1.4D + 1.7L 1 9E1

b. 0.75 (1.4D + 1.7L + 1.4T,)
c. 0.75 (1.4D + 1.7L + 1.4T, 1.9E)
d. D + L + T E'o

e. D + L + T + Co

Where: D = dead load as specified in Section 3.1.1, Rack Conditions 2
and 3

L = design live load as specified in Section 3.1.2 .

T, = thermal load due to temperature differential across the slab
or wall. Two critical cases were considered as specified in
Table 3.2

E = OBE seismic load as specified in Section 3.1.3
-

E' = SSE seismic load as specified in Section 3.1.3
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1 (

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 Ma'ierial Properties and Section Capacity

Section capacities, stresses and properties were determined in accordance with
ACI-349 (Reference 4) and staridard engineering texts on reinforced concrete
analysis and design (References 9,10 and 20). Ultimate moment capacity was
based on the fundamental assumptions of ACI 349 Section 10.2 and used the
Vinitney Stress Block for concrete as described in ACl-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 thermat 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 calculation of the moment capacity of a member at
critical sections must account for the effects of axialload. The calculation of moment
capacity accounting for axial loads complied with ACl-349 Section 10.3.1. The
influence of axial forces on shear capacity complied with ACI-349 Section 11.312
and 11.3.2.3.

The calculation of concreta 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).

I
1

I

|
'
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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. It is this redistribution of the intemal forces
within the Reactor Building which leads to the intricate and complex behavior of the
SFP. Section 4 is concemed 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.

hQ 4.2 The Evaluation Process

The evaluation of the SFP structure integrates various analysis methods, criteria and
strategies with structural behavior to form an overall evaluation process. The oistinct
components of this process include: (1) an understanding of the Reactor Building
structural response to individualloads 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 methodology,I

and (4) load application and stiffness. The following sections discuss these
interrelated components which together make up the evaluation process.

4.2.1 Reactor Buildina Structural Response

|

This section discusses what was leamed from the results of iteration 0 (see
Section 4.3.2) regarding the response of the SFP model to each load step
defined in Section 2.4. The manner in which the SFP model responded to
these loads formed the basis for the development of the analysis strategy

,

in Section 4.2.2.
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4.2.1.1 _Desian Intent and the Primary Supportino 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 belew, 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 parts 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 to resist all ot me verticalloads developed'

by the SFP and its contents. This specific set of major structursl members
includes Girders 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 of these members at various
phases in the analysis process.

It is the primary supporting members which were desianed to carry the
vertical loads from the SFP. That is, the primary supporting members were
evaluated 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 desianed 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 load and are " qualified"
load paths, and those structural components which were not specifically
designed to resist SFP loads and are considered " unqualified" load paths.
The concept of qualified load paths is an important part of the analysis
strategy discussed in Section 4.2.2.

4.2.1.2 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
factored 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 load
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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 floor 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 elabs 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, it is important to
understand why they have an influence and the factors that effect the
degree to which they can influence the response of the primary supporting
membcs.

The responses of the floor slabs to mechanical and thermalloads are quite
different. To i!!ustrate this difference for the floor slab at Elevation 119',
which is shown in Figure 4.1, the principal tensile membrane stresses within
the floor slab are plotted in Figure 4.2 for the unfactored load 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 membrano 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 betterillustrate the tensile stresses in the floor slab for this
load combination, Figure 4.5 shows only the stresses in the floor slab
elements. In contrast to Figures 4.2 and 4.3, Figures 4.4 and 4.5 show
much higher levels of membrane tensile. strest Thus,- the winter
temperature condition alone subjects the floor slab to significantly higher-
membrane stresses than all the nischanicalloads .ombined. Also, as can;

be seen in the stress trajectory plots in Figures -,.6 and 4.7,' the general
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
mechan!cci 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 afterthe slab's membrane stiffness has been reduced
by the concrete cracking. This is not the situation for the stresses resulting
from the mechanicalloads 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-limiting 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
stresses (forces) restrain the SFP, preventing 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.g., concrete dead load) can be soon
from the horizontal (x) and vertical (z) displacement contours plotted in
Figures 4.8 and 4.9 respectively.

4.2.1.3 Influence of Floor Stabs on SFP Response

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 0 to iteration 1 on the redistribution 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 stiffness

p was an increase in load in all primary supporting members. This load

Q transfer is further illustrated by compaiing 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 slabs as restraining membranes which
reduce the loads in the primary supporting members is probably
underestimated by the results shown in Tables 4.5 to 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 ur. cracked. Had the floor slabs been released after the
shield wall and SFP walls cracked, the resulting load in the primary
supporting members would have been the same since the overalllevel of
cracking would have been the same, however, a greater contribution of the
totalload due to the release of the floor slabs and the cracking of the shield
wall and SFP walls would 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 1

temperature conditions. For example, Tables 4.5 and 4.8 show that !

reducing the stiffness of floor slabs to simulate tensile cracking causes a
p significant load change in Girders RD and RE, so much so in fact, that load

d reversal occurs between iterations 0 and 1. This load change can also be

I
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observed in the stress changs which takes place at the bottom of
Girder RE between Figures 4.16 and 4.17.

4.2.1.4 Conclusions Reoardino Floor Stab Behavior

Based on the discussion above, it is concluded that (1) the temperature
condition will cause extensive cracking of the tloor 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 original design
intent for the floor slabs would 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 steel
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 slab at elevation 119'showed that
the winter condition dominates floor slab cracking. For the shield wall, SFP
(see Section 4.2.1.5) and floor slabs, the winter temperature condition
produces much higher tensile stresses over larger regions of the SFP

Q model. As a result, load combinations with the winter temperature condition
will produce far greater relative stiffness changes within the structure and
mere 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.

4.2.1.5 Effect of Temperature Conditioris on Shield Wall and SFP Crackino

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. wal! 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 model.
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4.2.2 Analysis Strateov

The objectives of the SFP analysis were to qualify the SFP for increased
loads in accordance with the Code requirements of ACl 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 maxim' zed 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 maximizing 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 of the magnitude of the loads that the primary
supporting members may actually resist. Recognizing that unqualified load
paths do participate 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 element 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 to
accumulate all of the load relieved through the normal cracking of the shield
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 supporting 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 irternal 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 supporting 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 purpose.
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 unqualified
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 to 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 floor 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 slabs
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 thin 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.O
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' The Muonow Report (Reference 8) quantified the cracks that had beer,
observed in Girder RE and the floor slab between Girders RE and RD. The
report concludes that the cracko in Girder RE do not penetrate the width of
the girder and are confined to the first few inches of its surface. However,
the floor slab at elevation 75', which is adjacent to girder RD and RE and
forms their compression flange, contains a crack through its entire 3 foot
thickness. The cresence of this crack and its potential significance were
included in the analysis process by the complete release of this slab (i.e.,
stiffness reduced by a factor of 1,000 in iteration 4 and all subsequent
iterations).

-

A walkdown of the SFP conducted by the analysis team, pnor to
implementation of the analysis, identified the presence of cracks in the
upper elevations of the shield wall which suggested that some structural
support for the SFP may be coming from the shield wall. It was recognized
that the integral and indcterminate nature of the SFP and shield wall would
allow the shield wall to partially support the SFP through cantilever action.
However, this load path was not a qualified support mechanism since the
reinforcement between th9 shield wall and SFP south wall was never
detailed to perform this function. Therefore, as part of the analysis process,
tha shield wall cantilever support mechanism was entirely removed and9 forces were allowed to redistribute to other load paths within the structure
in iteration 5. (It should be pointed out that the shield wall was already
crackod in iteration 2 and all subsequent iterations based on the application
of the Branson Equation, as will be discussed in Section 4.2.3. Iteration 5
took a step beyond this to ensure that no support for the SFP would come
from the shield wall.) _

To achieve high confidence M the safety of the SFP design, the cracking
process was interrupted ior the puroose of examination to study structural
behavior at critical iterations (see Sections 2.4 and 4.3). In this manner
evaluations could be performed at each critical iteration to ensure that the
most severe cases had been evaluated for each structural component of
the SFP.

4.2.3 Application of the Crackina Methodoloav Usina the Branson Eauation

The cracking methodology whin was used consistently throughout the
cracking iteration process was based on the use of the Branson Equation
as discussed in Section 2.3.1. The intent in using the Branson Equation
was to have a reasonable and consistent basis to account for the changes
in stiffness which occur due to concrete cracking. As originally derived, the
Branson Equation is not intended to be applied in an incremental loading9 manner, as would be done in a tangent stiffness approach where stiffness

Page 49 of 284

_ _ - - - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _-



. -. - _ .

A 3p gp Report No. 03-0370-1341
P%B989 Revision 0
ASE & BM0ese ROvt fit

ABB 1mpell Corporabon

is updated at each successive load iteration. Rather, the Branson
Equation is intended to predict deflection (flexural stiffness) at or near
servica 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 intemal forces computed from a linear elastic
analysis. Based on these intemal 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 walls, 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 computer 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 Icad 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,N

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 constant 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
stiffness 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 forthe cracking process. Surface stress
contours for each of these load combinations are shown in Figures 4.26
and 4.27 for different sides of the SFP. Both load combinations "b" and "e"
produce very similar results even though they have somewhat different load
factors. The real difference between these two load combinations is that
"e" 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 parts of the structure when the girders were
cracked, since the level of cracking would be greater than if the cask drop

V load were not present. Since this was consistent with the analysis strategy
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a and since all of the load factors in icad combination "e" wmo 1.0, load
combination "e" was selected as the service load to be used in the cracking
iteration process. However, as part of the avalua!!cn process all load
combinations were checked at criticaliterations laae Section 5).

To implement the cracking process utilizing the Brar> son Equation, the total
load for load combination "e" was applied to the S?P. Beginning with
iteration 1, stresses in the entire SFP model were scanned, and in those
regions where the concrete tensile stress exceeded 410 psi (the modulus
of rupture for 3000 psi concrete) the stresses were integrated through the
thickness of the shield wall, pool walls and pool slab to determine the -

moment and axial force acting on each cross section and the equivalent
linear strer distribution. The resulting applied moment together with the
section cracking moment were input to the Branson Equation to determine
an effectiva directional concrete modulus to simulate the reduction in
stiffness due to concrete cracking. As described in Reference 24, the two
in-plano directional moduli calculated from the Branson Equation were
compared to a predeveloped 3 x 10 x 10 material property matrix (array)
to select the three digit ANSYS materitJ number representing the rows and
column of the matrix location which most closely approximated the actual

,

set of directional moduli calculated from the Branson Equation. These sets
of directional moduli were used in subsequent analyses (iterations) to(
reflect the cracking which took place. By the conclusion of the cracking
iteration process, individual ANSYS material numbers had been applied to
over 2300 of the 2889 solid elements to simulate the effect of stiffness
reduction due to concrete cracking.

4.2.4 Load Application and Stiffness

The loads applied to the SFP ttructure during the cracking process include
concrete dead load, hydrostatic pressure, fuel rack load, design live load
and winter temperature condition. In addition, as explained in
Section 4.2.3, the cask drop load was also included since it complemented
the analysis strategy. The unfactored combination of all of these loads is
load combination "e". This load combination was applied statically to the
structure and tracked throughout the cracking process. As explained
below, seismic inertia and hydrodynamic loads were not included in the
cracking process. (They were included in the evaluation process.)

G
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4.2.4.1 Incorporatino Seismic Loads

Although seismic inertia and hydrodynamic loads were applied statically, .

they are still dynamic loads which produce oscillations about a static
equilibrium position. As the structure moves in one direction, its stiffness
changes as crack opening and closing occurs. When the structure moves
in the opposite direction, cracks which opened on the previous half cycle

Jnow close and vice versa. In the absence of large moment reversals, the
average structural stiffness accompanying this process can be assumed to
be that which exists at the static equilibrium position. Therefore, the

,

converged structural stiffness which exists at the end of the application of -

'

all actual sustained loads, including thermal gradient, was the stiffness used
for the statically applied seismic loads. <

It should be omphasized that analyses for seismic loads are not cracking
iterations. Concrete cracking in this analysis only takes place under the
application of sustained mechanical loads and thermal gradient. The
cracked state (iteration) which results, is the cracked s' ate to which the
seismic inertia loads are applied. The only exception to this involves the
floor slabs at elevations 75', 95' and 119' which were " cracked" (i.e.,
released) in iteration 1 because they were unqualified load paths for the
membrane restraint of the SFP. Thase fioor slabs were "put back"
(uncracked)in the SFP model for all seismic analyses because they are
qualified load paths for resisting and distributing seismic inertia loads. The
lateral motion of the SFP due to seismic loads is intended to be resisted by
the floor slabs at elevations 119',95' and 75', and therefore their stiffness
and mass were included in the seismic analysis of that cracked stato _

(iteration). A rule which was applied consistently for all seismic analyses
is that if the stiffness of a component is included in a seismic analysis,its
inertial mass is also includad, and if the stiffness of a component is not
included (i.e., released as in the case of the floor slab at elevation 75'in
iteration 3R and the shield wall in iteration 5) then its inertial mass is also
not included in the associated seismic analysis for that iteration.

Very late in the analysis an error in the boundary condition used for the
seismic analyser was discovered. Specifically, the error was that
symmetric boundary conditions at column line R4 were used for the north-
south (X) seismic analyses rather than antisymmetric boundary conditions.
All of the load combinations and evaluations in the Reference Calculations
24, 27 and 28 contain the error. This situation was investigated
(Reference 34) by running the north-south seismic for the configuration of
iteration 3F This is consorvative since it maximizes the loads to the
primary support members. The following conclusions wore drawn:
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- 1. This error substantively affects 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 selsmic inertia to the cracked
state are still valid.

3. All of the descriptive materialinvolving 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.

4.2.4.2 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 resu|ts for seiss, 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 extsrior 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 to 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 1
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 rosponse of the SFP
slab from the winter and summer thermal gradients (see Sections 3.3 and

p 5.2), and therefore 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 5.2.2. The results show that downward seismic
acceleration in combination with winter and summer thermal gradients does
not result in the minimum capacity margins N 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 evaluation for the SFP slab, it was not the focus
in this evaluation. For the bulk of the SFP structure, the following 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
combinations, 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 Crackino Iteration 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 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
' stab. 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 SCP as described by the iterative process is given
in 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 load combinations
are sometimos 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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4.3.1 Spant Fuel Pool Behavior and the Iteration Process

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 to ,

develop an understanding 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 in Column
C6 where it intersects the bottom of Girder R6. The forces in all of the
tables are unfactored so that quantitative response comparisons can easily
be made for the various types of K: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.)

4.3.1.1 Analysis Case C - Hiah Density Storaae

Iteration 0

in iteration 0 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 sigr,ificant impact on the cracking of the
shield wall, the SFP walls and the floor slabs. As a result of the extensive
cracking of the floor slabs caused by the temperature condition and the fact
that the floor slabs were not a qualified load path (see Section 4.2.2) for
providing support to the SFP, the floor slabs at elevations 119',95' and 75'
were cracked (i.e., released) except for the portion of the floor slab at -

,

; elevation 75' from column lines R5 to R7 and RC to RF (see Section 2.2.3).
| iteration 1 contains the analysis results with these floor slabs cracked.
l

l
' Iteration 1

As again discussed in Section 4.2.1, the cracking of the floor slabs 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 to 4.8.
Based on the stress distribution for load combination "e" with the winter
temperature cordition, 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
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of intemal forces due to shield wall, SFP walls and slab cracking in iteration
1 are given in iteration 2.

Iteration 2

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 to 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 redistributed 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 to 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'

t v 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 eastu
and west faces of Girder RE for load combination "b" of iteration 2. Based

i 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
intemal forces and final stresses are given in iteration 3R.

Iteration 3R

j Based on the Muenow Repod (Reference 8), the floor slab at elevation 75'
_

contair s 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,

i to act as a compression flange to produce Tee beam behavior in Girders
| RD and RE is questionable. 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 SF' extending from column lines RC to RF and R5 to R7. This
cracked portion of the floor slab was intentionally made larger than the
actual region containing the crack because of the uncertainty._that the
proper reinforcing details exist which would allow the floor slab to provide
positive moment restraint at its connection to the SFP wall (see Section

' %./
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\) 5.3.1). As discussed in Section 4.2.2, this floor slab was never designed"

to resist SFP loads and therefore is considered an unqualified load path.

The cracking of the portion of the slab adjacent to the SFP at elevation 75'
was the only change made in iteration 3R and, as such, it showed not only
what portion of the applied loads were resisted by this slab, but also an
upper bound on the loads that the primary supporting members would have
to carry due to the functional limitations of this slab. From Tables 4.5 to 4.7
it can be seen that the sustained load in Girders RD, RE and R6 increased
by 11%,14% and 22% respectively when the floor slab at elevation 75' was
released. These results show that the floor slab at elevation 75' along the
north and west walls of the SFP can reduce a significant portion of load to
the SFP primary supporting members. The principal tensile stresses in the
girders for load combination "e" of iteration 3R are shown in Figure 4.43.
Due to the magnitude of the loads accumulated in the girders, iteration 3R
is a critical iteration for the evaluation of Girders RD and RE. (It is
important to recognize that the loads accumulated in Girder RD and RE in
iteration 3R are conservative, since the girders have not been cracked and
therefore have not redistributed any portion of their load.) Based on the
results of iteration 3R, Girders RD and RE were cracked. The resulting
redistribution of internal forces and final stresses are given in iteration 4.

v
Iteration 4

Using the stress results of iteration 3R, Girders RD and RE were cracked.
This cracking resulted in the state of stress given in iteration 4, which is
shown in Figure 4.44 for load combination "e". The redistribution of forces
to the primary supporting mrambers which occurred when these girders
cracked is again shown in Tables 4.5 and 4.6. The results show that due
to the redistribution of internal forces, the combined sustained load in
Girders RD and RE was reduced by 208 kips (1096+920-969-839), which
constitutes a 10% reduction in load. As expected the reduction in load in
Girder RD and RE resulted in an increase in load in Girder R6 and Column
C6 (see Table 4.7 and 4.8). However, the 208 kip reduction is greater than
the 75 kip (299+1444-276-1392) increase in load experienced by Girder R6
and Column C6. As discussed in the section below titled " Membrane
Behavior of the SFP Stab," part of the load not distributed to Girder R6 and
Column C6 was redistributed to the negative moment regions of Girders RD
and RE which lie within the slab of the SFP (see Figures 2.15 and 2.16).
Using the results from iteration 4 the shield wall was released. The
resulting redistribution of internal forces and final stresses are given in
iteration 5.

f3
b
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iteration 5

As part of the normal cracking process, the shield wall was cracked in
iteration 9 in accordance with the cracking criteria of Section 2.3.1 and the
stress re c.:s from iteration 1. The shield wall between elevations 80' and
119' was never designed or intended to support the SFP, although, as
evnlained in Section 4.2.1, the highly indeterminant nature of the SFP and
.. ctor Building structure makes it inevitable that some support for the
SFP will be derived from the shield wall. Since this was never the design
intent, the reinforcing details necessary to provide this support were not
incorporated into the original design.

To adde:iss this issue, and to ensure that the objectives of the cracking
process for Analysis Case C were met, the reactor shield wall was removed
(1.0., stiffness reduced by 1000) between elevations 80' and 119' and from
column line R4 to where the shield wall intersects the south wall of the
SFP. This analysis was performed in iteration 5. As can be observed from
Tables 4.5 to 4.8, additional load was redistributed to the primary
supporting members. The amount of load increase between iterations 4
and 5 in Girders RD and RE was approximately 10%.

d Iteration 5 concluded the cracking iteration process using the Branson
Methodology to redistribute internal forces within the Reactor Building /SFP
structure due to the normal cracking of concrete and the release of
unqualified load paths. With the completion of iteration 5 the SFP became
structurally isolated from all the load paths which had never been designed
or intended to resist SFP loads. What the iteration process showed is the
high degree of redundancy which exists in the Reactor Building /SFP
structure and the unquantified margins which exist due to this redundancy.

Other iterations, such as iteration 3SU, addressed rebar embedment in the
SFP slab by decoupling adjacent solid elements to assess the effect of
robar pull-out on the redistribution of internal forces in the SFP stab.
Additional iterations using the fully transformed cracking criteria were
conducted to address specific regions of the structure, such as the SFP
walls and SFP slab (e.g., iteration 4S), where the Branson Methodology
under-estimated the level of cracking associated with moments which
approached the ultimate capacity of the structural component. Each of
these secondary iterations, which focused on a more localized ma, were
based on one of the primary iterations (i.e., iteration 4) discussed earlier.
What is important to emphasize, is that each of those iterations with its
different variation in the stiffness of the Reactor Building /SFP structure were

O. evaluated for their severity and impact on the structural components of the
d SFP.
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Membrane Behavior of the SFP Slab

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 to 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
directly 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 transfer from
the girder. With the fuel pool slab acting as a tension flange fo.r the girder,
the local negative moment 'oending in the pool slab due to hydrostatic
pressure and rack load causes the south edge of the slab adjacent to the

O bending and shear because the membrane tension in the slab significantly
shield wall to be a critical location for the evaluation of negative moment

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
mechanism 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 membrane tension is caused by
the greater circumferentialthermal expansion of the reactor building shield
wall relative to the thermal expansion of the SFP slab. 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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U iterations, they are, nonetheless, still present and have the effect of
reducing the moment and shear capacity of the SFP slab.

Tippina Behavior of the SFP

As can be seen from Figure 4.9, the northeast corner 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 supported 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 traasfer significant load.

p This tipping has two effects on the response of the SFP structure. The

Q1 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) and r" iterations
(see Figures 4.29, 4 36, 4.43 and 4.41 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 displacement 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 of the southeast slab
relative to the west side causes tensile strees 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 appSed to the dab (e.g., concrete der d
load) adds directly to the negative moment caused by loads applied dirdly
to the pool surface, to make this region an important loca:lon for evaluatk a

j [An inconsistency exist: ' en Ttbles 4.5 to 4.8 and Tablos 4.9 to 4.12
caused by an analysis L s rorin Analysis Case C. The only difference

'

between Analysis Case C and D is the increase in pool slab load. As such,
only the load step for pool slab loads (i.e., hydrostatic + fuel racks + stored

Q]
/ cask) 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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conditions and cask drop should bo the same for a specific iteration and
structural component. As can bo observed in those tablos, this is not true. ;

The difference in results arisos because of an orror in Caso C for iterations
0,1,2,3R,4 and 5. The error was in the stiffnoss valuo used at the baso
of column C6 (elevation 23') to reprosent the stiffnoss of the doop nirdor
which spans over the torus and upon which Column C6 rosts. The

incorrect value was 75% of the actual stiffnoss of the torus girder.
However, due to the relatively high axial iloxibility of Column C6 botv.oon
olovations 23' and 70', the offect on pool responso wau vwy small. Using
itoration 4 and concreto dead weight loading as a basis for compar: son, the
errors in responso in Girdor RD, RE and R6 and Column C6 aro 0.5%,-
0.8%, 2.2% and 44.5% respectively. Givon the specific rr ombors that
those errors offect, as well as tho magnitudo and direction of the error,it
was not necessary to perform a roanalysis. The error was corrected in
iteration 4S of Analysis Caso C and alliterations of Analysis Cuso D.)

4.3.1.2 Analysis Caso D - Consolidated Fuel Storano

The procoding discussirn focused on the structural behavior and cracking
iteration process for AnalyA Caso C. Tho general bohavior of all SFP
structural components its $naly' Caso D was the same as their behavior
in Analysis Caso C. t 9 on(. d!daronco in responso was caused by the
loads applied directly to ;ho pool sit which were higher in Analysis
Caso D.

Consolidated fuel storage in Analysis Ca.,o D increased the total sustained
load on the SFP slab by 32% from the Analysis Caso C loading for high
density storago (Reference 26). For other portions of the SFP structure the
increase in total sustainod load was much loss. For examplo, from Tables
4.5 and 4.9 the responso of Girdor RD to total pool slab loads for iteration
3R increased by 18% [(373-315)/315 = 1.18), while the total sustained load
in Girder RD only increased by 5% {11461096)/1096 = 1.05). While the
increase in sustained load carried by different structural components varios
considerably, the actual significance of those increases must bo ,ludged in
terms of the nctual margins in the SFP sah and primary supporting
members. Fr0m the standpoint of cracking, however, this overall load
iricrease is relatively small, when considered in cr.ioination with other
sustained loads and temperature. When viewed frum the standpoint of the
changes in stress which occurred in load combinatl n "o" for Analysis Case
D, the increase in SFP loads had a negligible influence on the cracking
which had occurred in the iterations for Analysis Case C. Thorofore, the
same ' racked states (iterations) were used for Analysis Case D as were
used ior Case C. The only change made in Case D was an increase in
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pool surf ace load to ref|oct the weight increase for consolidated racks and
fuel. The stiffnoss proporties of all Case D iterations woro unchanged from
those of Caso C.

*4.3.2 Description of Crackina llorations for Analysis Caso C

A briof description of tho stiffnoss characterist!cs of each iteration is given
in Tablo 4.3. Tablo 4.13 displays this same information in an array format
for easy referonce. For a description of the cracking iteration process, the
reason for perform!ng each iteration, and SFP behavior, soo Section 4.3.1.

Iteration 0 - Uncracked model.

The first analysis was performed with the entire structure uncracked. This
iteration showed the relative importance of each Individual load type and
the distribution of stressos throughout the entiro structure caused by each
load. The load stops in this lloration woro:

'

L.S. 1 - Concreto Dead Load
2 - Hydrostatic + High Density Fuel Racks + Stored Cask

( 3 - Design Live Load
4 Winter Temperature Condition
5 - Summer Temperature Condition
6 - Cask Drop

Sinco the winter temperature load stop has a higher thermal gradient and
produced higher thermal stresses with more extensive cracking than the
summer temperature load stop, the summer temperature load stop was
only included in this iteration and iterations 4W and 4S. (See discussion
in Section 4.2.1.)

lloration 1 - Floor Slabs cracked.

Based on the stress results from iteration 0, the Fiffness of the floor slabs
at olevations 75',95' and 119' were reduced by a factor of one thousand
(1000). The stiffness of the solid element portion of the floor stab at
olevation 75' (soo Section 2.2.3.3) was left unchanged to allow 100 beam
behavior in girders RD, RE and R6 and to determine the extent to which
the slab carried load. The SFP load steps included woro:

O L.S. 1 - Concreto Dead Load
2 - Hydrostatic + High Density Fuel Racks + Stored Cask
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3 - Design L;vo Load
4 - Wintor Temperaturo Condition
5 Cask Drop

The regions specitically crackod on the basis of this iteration include the
shield wall, the SFP s'ab and tho SFP walls.

Itoration 2 Shloid wall, SFP walls and SFP slab cracked, plus the
cracked properties from iteration 1.

Based on the stress results from iteration 1, the shleid wall, SFP walls and
SFP slab were cracked in acc;rdance with the methodology described in
Section 2.3.1. The analysis of the SFP structure was performed for the
same load stops as in itoration 1:

L.S. 1 - Concrote Dead Load
2 - Hydrostatic + High Density Fuel Racks + Stored Cask
3 Design Uvo Load
4 - Winter Temperature Condition
5 - Cask Drop

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

liaration 3SU - SFP Slab Uncoupled, plus the cracked properties from
lloration 2.;

| Under the action of mechanical load the SFP slab develops positivo
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 robar
embedmont along these supporting edges, which may not be able to resist
a significant positive moment, the degrees of froodom in the direction of the
rebar (perpendicular to the potential crack) were uncoupled along the
bottom surface of the pool slab at the supporting edges to simulate rebar
pullout, see Section 2.2.3.4. This itoration used the same element stiffness
properties for the SFP model and the same load steps as iteration 2.
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lloration 3US SFP ,U_ncouple.1 for Solsmic, plus the cracked
proportlos from lloration 2.

'

This itoration was the equivalent static solsmic run used in combination with
lloration 3SU. However the stiffness dovlates slightly from itoration 3SU
sinco, in a solsmic event, the floor slabs are designed to transfer the3

! horizontalinortia loads to the ortorlor walls and couplo the rospense of the
shiold wall and SFP with the exterior walls. Honco, the stiffnoso cf all the'

floor slabs, including the solid elomonts at olevallon 75' woro !ntact
(uncrackod). The following directions of solsmic accoloration woro applied
to the model:

L.S. 1 Solsmic X and Hydrodynamic
2 - Soismic +Y and Hydrodynamic,

3 Seismic +Z and Hydrodynamic

The following combinations were considered and the various solsmic
directions were sumtr ed algebraically.

L.S.1 : +X+Y+Z
2: X+Y+Z
3: +X-Y+Z,

4XY+Z'

|

|

Based on a review of the four soismic accoloration load stops, load steps
2 and 4 woro shown to contributo most to the forces in the primary
supporting members. Honce, only load stops 2 and 4 were used for load
combinations and ovaluation (soo 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, plus the cracked proportics from lloration 2.

The floor slab at olovation 75' contains a crack along the edge of the pool i

wall between girders RD and RE through the an?. ire three foot thickness
(Reference 8). As a consequence, the ability of this slab to resist
significant Icad and, also, to act as a compression flango to produce too
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 R5 to R7, was cracked (1.0, reduced in
stiffness by a factor of 1,000). By so doing, this also datormined the
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portion of the appiled loads which woro resisted by those slabs. This was
the only Oango mado betwoon iteration 2 and itoration 3R.

The stiffness of ".ho slab solid elomonts at olevation 75' was reduced to
maximizo the loads in the supporting girders and dolormine the extent to
which this floor slab was resisting mechanicalload. The prosonce of the
thru thicknoss crack at tho bottom surface of the slab mado it ossential to
perform this iteration. Thorofore,in iteration 3R the girdors are resistingi

load ac rectangular sectiona not as too beams. The following load stops
wore includod:

| LS.1 Concreto Dead Load
2 - Hydrostatic + High Density Fuol Racks + Stored Cask
3 - Design Live Load
4 Wintor Temperaturo Condition
5 Cask Drop

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

Iteration 3SS - Stiffnoss and mass of Holid clomonts in the floor slab
at Elevation 75' were noglected, plus the cracked
proporties from lloration 2 for golsmic.

This iteration is the equivalent static seismic run used in combination with
iteration 3R. Similar to iteration 3US, the stiffness of all the floor slabs !s
intact (uneracked) except for the solid elomonts at olevation 75' where the
stiffness and mass were noglected to ensure rectangular beam behavior in
the O rders. The same solsmic accoloration directions and load stops werei

used, as in iteration 3US.
|

Iteration 4 - Girders RE, RD and R6 cracked, plus the cracked
proporties from lloration 3R.

Based on the results of iteration 3R girders RD, RE and R6 woro cracked
and load was redistributed to other parts of the structure. Iteration 4 is
identical to iteration 3R except for the revised (crackod) elastic moduli for
nirders RD, RE and R6. This iteration included the load steps shown
talow:
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L.S. 1 Concreto Dead Load
2 - Hydrostatic + High Density Fuel Racks + Stored Cask
3 - Design Uvo Load
4 - Winter Tomparature Condition
5 Cask Drop

lloration 4SS - Same as lloration 3ES_ with girders RE, RD and RG
cracked as In lloration 4.

This itoration is the equivalent static solsmic run to be used in combination
with iteration 4. Similar to iteration 3SS, the stiffness of all the floors is
intact except the solid elements at olevation 75' for which the stiffness and
mass were noglected to ensure rectangular beam behavior of the girders.
The same seismic accoloration directions and load stops wore used as in
itoration 3SS.

Iteration 5 - Shleid wall stiffness abovo Elovation 80' noglected plus
the cracked proporties In lloration 4.

[Vh
This itoration was done to assess the rollance of the SFP structure on the
shield wall for support. The stiffness of the shield wall from o! ovation
79'-10" to elevation 119'-3" and from column line R4 to where the shield
wall intersects the south wall of the pool was reduced by a factor of one
thousand. The stiffness of all other member is the same as iteration 4.
The load stops included were:

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

Iteration SS - Same as S_olsmic iteration 4SS plus the crack
proportlos from lloration 5.

This iteration is the equivalent static seismic run to be used in combination
with lloration 5. Similar to iteration 4SS, the stiffness of all the floors is
intact except the solid elomonts at olevation 75' where the stiffness and
mass woro noglected to ensure rectangular beam behavior in the girders.

/O In addition, the shield wall was " disconnected" to be consistent with iteration
k
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5. The same solsmic accoloration directions and load stops woro used as
in iteration 4SS.

.

Iterations _Usina the Fully Transformod Crag _kina Criterio for Caja C

The following itorations woro performod ucing the fully transformed cracking
critoria. This critoria is dosenbod in Section 2.3.2 and the methodology in
Section 4.2.3.2. The summor temperature condition was included in the
analysis because it offects the negativo moment regions in the SFP oast,
west, and north walls and pool slab. The cracked proportlos of the walls
and pool slab based on the fully transformod cracking critoria wore added
to lloration 4 to form llorations 4S and 4W.

Iteration 4W - SFP Walls have cracked proportlos based on the fully
transformed cracking critoria plus the cracked
proportlos from itoration 4.

Cracked proporties for the SFP walls based on the fully transformed
cracking critoria woro ured togethor with the crackod proporties from
iteration 4.

The load stops included in the analysis worc:

L.S. 1 - Concreto Dead Load
2 - Hydrostatic + High Density Fuel Racks +

Stored Cask
3 - Design Livo Load
4 - Wintor Temperature Condition
5 - Cask Drop
6 - Summer Temperaturo Condition

lloration 4WSS - Cracked p40porties for SFP Walls based on the fully
transformed cracking critoria plus the cracked
proportlos from lloration 4.SS

This iteration is the solsmic run used in combination with itolation 4W. The
stiffnoss of all the floors is intact except the solid elomonts at elovation 75'
for which the stiffnoss and mass woro noglected to ensure rectangular
beam bohaviorin the girders. The following seismic accoloration directions
and load steps woro used:
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L.S.1: Seismic X and Hydrodynamic
2: Seismic +Y and Hydrodynamic

'

3: Seismic +Z and Hydrodynamic

lieration 4S - Cracked transforrned properties for the SFP glab i

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.

Iteration 4SSS- Cracked transformed properties for the SFP Elab
based on the fully transformed cracking criteria plus
the cracked properties from iteration 4 WEE.

This iteration is the seismic run to be used in combination with iteration 4S.
The stiffness of allthe floors is intact except the solid elements at elevation
75' for which the stiffness and mass were neglected to ensure rectangular
beam behaviorin the girders. The samo load steps of iteration 4WSS were
used in this iteration.

4.3.3 Description of Crackino iterations for Analysis Case D

The cracking of the shield wall and SFP walls and slab, which resulted 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 rocks and fuel to the SFP slab
would not appreciably change the cracking patterns or the level of cracking,
as measured by thJ 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 properties from iteration 2 of Analyris Case C were used
for iteration 2 of Analysis Case D.

,

\

>

.
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iteration 2 Shield wall, SFP walls and SFP slab cracked, plus the
cracked properties from iteration 1.

Elomont stiffnossos are based on cracked concrete proporties developed
from the lloration 1 results of Case C. The analysis of the SFP structure
was performod for the same load stops as iteration 1:

L.S. 1 - Concroto Dead Load
2 Hydrostatic + Consolidated Fuel Racks + Stored Cask
3 - Dosign Live Load
4 Winter Temperature Condition
5 - Cask Drop

in this lloration, the portion of the slab at elevation 75' consisting of solid
elemonts is uncracked and is the only portiori of the floor systems at
elevations 75',95' and 119' to carry load from the SFP structure.

Iteration 3SU - SFP Slab Uncoupled plus the cracked propertiss 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 gradiant, 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 robar !

ombedment along these supporting edges which may not be able to resist
a significant positive moment, the degrees of freedom in the direction of the
rebar (perpendicular to 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 samo element stiffness properties for the
SFP model and the same load stops as iteration 2.

Iteration 3US - SFP Uncoupled _for Seismic in addition to cracked
properties from Iteration 2.

This itoration was the equivalent static solsmic run used in combination with
iteration 3SU. However the stiffness deviates slightly from iteration 3US
since, in a selsmic event, the floor slabs are designed to transfer the
horizontalinertia loads to the exterior walls and couple the response of the

O shield wall and SFP with the exterior walls. Hence, the stiffness of all the
floor slabs, including the solid elements at olevation 75', were intact
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(uneracked). The following directions of seismic acceleration were applied
to the model:

L.S. 1 - Selsmic X and Hydrodynamic
2 - Seismic +Y and Hydrodynamic ,

3 - Seismic +Z and Hydrodynamic j
,

'
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):

L.S. 1 - X + Y + Z
2XY+Z

lteration 3U designates the combination of iterations 3SU and 3US to form
,

load combinations for evaluation.

Iteration 3R - Solid elements in the floor slab at Elevation 75' were
( cracked to allow for Sectangular be9m behavior in the
\ girders, plus the crackmf 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 R5 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 mechanicalload. The presence of the
thru thickness crack at the bottom surface of the slab made it essential to
perform this iteration. 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
V. 2 - Hydrostatic + Consolidated Fuel Racks + Stored Cask
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3 - Design IJve Load
4 - Wintor Temperaturo Condition
5 - Cask Drop

This iteration formed the basis for cracking the girders in lloration 4.

lloration 3SS - Stiffness and mass of golid elements in the floor slab
at Elevation 75' were noglected, plus the cracked
proportles from lloration 2 for Rolsmic.

This lloration is the equivalent static solsrnic run esod in combination with
iteration 3R. Similar to iteration 3US, the stiffness of all the floor slabs is
intact (uncracked) oxcept for the solid elements at olevation 75' where the
stiffnoss and mas 4 were noglected to ensure rectangular beam behavior in
the girders. The same solsmic accoloration directions and load stops were
used as in iteration 3US.

Iteration 4 - Girders RE, RD and R6 cracked, plus the cracked
proporties frone lloration 3RB.

\
Based on the results of iteration SR girders RD, RE and R6 were cracked
and load was redistributed to other parts of the structuro, lloration 4 is
identical to iteration 3R oxcept for the revised (cracked) olastic moduli for
girders RD, RE and RG. This iteration included the load stops shown
below:

L.S. 1 - Concreto Dead Load
2 - Hydrostatic + Consolidated Fuel Racks + Stored Cask
3 - Design Live Load
4 - Winter Temperaturo Condition
5 Cask Drop

lloration 4SS < Same as Iteration JES with girders RE, RD and RG
cracked as in iteration 4.

This iteration is the equivalent static solsmic run to be used in combination
with iteration 4. Similar to iteration 3SS, the stiffness of all the floors is
intact except the solid elements at olevation 75' for which the stiffness and
mass woro noglected to ensure rectangular beam behavior of the girders,

f] The same seismic acceleration directions and load steps were used as in
() iteration 3SS.
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' Iterations Usina the Fully Transformed Crackina Critoria for Case D

The following iterations were performed using the fully transformed cracking
critoria. This critoria 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 offects 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 critoria wore added to
lloration 4 to form iteration 4S.

!
Iteretion 4S - SFP Walls and S_ lab have cracked properties based on l

the fully transformed cracking criteria, plus the
cracked properties from lloration 4.

Cracked properties for the SFP walls based on the fully transformed
cracking criteria were used together with the cracked proporties frorn
iteration 4.

The load stops included in the analysis are:

L.S. 1 - Concrete Dead Load
2 - Hydrostatic + Consolidated Fuel Racks + Stored Cask
3 Live Design Load
4 Wintor Temperature Gradient
5 - Cask Drop
6 - Summer Temperature Gradient

lieration 4SSS - Cracked properties for the SFP walls and glab based
on the fully transformed cracking criteria, plus the
cracked properties from iteration 433

This iteration is the seismk run used in combination with iteration 4S. The
stiffness of all the floors 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 following seismic acceleration directions
and load steps were used:

L.S. 1 - Seismic -X and Hydrodynamic
2 Seismic +Y and Hydrodynamic
3 - Seismic +Z and Hydrodynamic

O
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STEPS IN THE CRACKING ITERATION PROCESS FOR C ASE C

[ ttermiono |
t

{ lieration 1 |
1

{ tierat.on 2 |
I ,

1 I,

{ seismic nun aua]-.-{A5aten ast$] hief aton 3R f-* ismM Pon 3SS |

- [toa3 combinanon] _
..j Load combination } _

_.__._.
_ _ _ _ . {1 _.[----*{ Geismic non 4ss |

'

tierat,on 4

__j Lead Combinaten h _.

{ iieraton 5 H---| se,mc nun SS {

,_d tond comb;naton h .

. .__.I =

.----* {smsmic R an 4WLLen:,on 4w
.

,

I t cad combinaion 4_
l ~ " _ . -

. ._.I . _ _ _ .
-- '

n,., anon ..s ] -* coismic non ASS!]
I

_ _ _ . _

_ ,I L cal Combic enon ._}
1

Tablu 4.1
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STEPS IN THE CRACKING ITERATION PROCESS FOR CASE D

| licration 2 |
t

t t
'

hsniac Run aus H lieraten asu | | 11eraten 3R f-d Scistnic Run 3SS |

_ { Load Combinaton h _
Load Combinaten ,__,

| Iteration 4 f-*{ Seismic Run 4SS |

.| Load Combination h_
v

| t!oraton 4S f *{ Seismic Run 4SSS |
!

._ Load Combinaten h._

:

.

]

Table 4.2
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(TERATION RRIEF DESCRIPDON FOR CASE C

0 Structural Analyus Cracung iteraten 0
Enbre model uncracked.

1 Structural Analyss Crading fleraton 1
floors at Elevation 75',95' and 119", except the sohd eluments at Elevation 75', had their
stiffness reduced by a factor of one thousand.

2 Structural Analysis - Cradung fieraton 2
Shiold Wall, SFP Stab and SFP Walls cracked.

3SU Structural Analysis Cracking iteraton 3Su
The bottom edge of the SFP Stab a orxxxC .d. in additon to tierahon 2 stsffness
propertes. Fioor Slab at 75' is actue "SU- denotes the SFP Slab in Uncouplexf.

Shuctural Analysis - Soismic Run 3US

SFP S!ab is uncoupi.ed for seisanc, en adddeon to Itoraten 2 stiffnoss proporties. All floor
slabs hxjuding tfm sohd elements at 75* wore active "US* denotus SFP Slab Uncouplud
for Seismic.

3R Structural Analysis - Cracking hralon 3R
Sohd alornent of floor Stah at 75" are fully cracked, en addition to Itoraton 2 steffness
proporWs. "R" denotts Rectangular beam behavior,

'

Structural Analyse - Seismic Run 3SS

( Al floors are active except the solid elements at Elevation 75' which had a reduc 4x3
stattnuss and mass by a factor of one thousard (1000) in addstion to Itoratron 2
*SS denotus seismic with floors st ffness included-

4 Structural Analyss - Crackng iterahon 4
Gutier RD, RE and RG cracked in adddian to iterahon 3R stiftnoss proportios.

Structural Analysis Seemic Run 4SS

Cardws RO, RC and R6 cracked an add. hon to Soismic Run 3SS shffnnss properties.

5 Gtnttural Analysrs - Cracking iteraton 5
Sh iks wall shtfons and mass were reduc 4.d by a factor of 1000, in ariditan to itgration 4

fsti tness properties.

Structural An,alysis - Seismic Run SS ~

Sheld wall sbftness and rnass above Elevahon 70 -0" wore reducmf by a factor of 1000,,

;
in addihon to Seismic Run 4SS-

|

4W Structural Malyss - Crackug Iteraten 4W
Cracked traitsformas proper 1=Ls for SFP Walls, in adddron to Itoraton 4 proport:os.

Stnictural Analysis Soismic Run 4WSS
Cracked transformed propertos for SrP Walts,in add. tion to Soesmic Run 4SS
properWn..

45 Structural Analysis - Cracking lieration 4S

Cracked transforrned propertms lot SF P Slab in addd.on to itori. tion 4W paperbes.

Structural Analysis - Seismec Run 4SSS -

Cradaf transformed proportius for SFP Slab in add. tan to Soc.mic Run 4WSS
propones.

i

(
-s

Table 4.3
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ITERATION BRir_F DESCRIPTION FOR CASE D

2 Structural Analysis Cracking lloration 2
Shiold Wall, SFP Slab and SFP Walls cracked.

3SU Structural Analysis Cracking Itoration 3SU
The bottom odge of tho SFP Slab is uncouplod, in addition to iteration 2 stiffness
proportios. Floor Slab at 75' is active. "SU" denotes the SFP Sinn in Uncoupled.

Structural Analysis Soismic Run JUS
SFP Slab is uncouplod for seismic, in adddion to Itoration 2 stittnoss proporties. All floor
slabs including the solid elements at 75' woro activo. "US" denotas SFP Slab Uncoupled

' for Soismic.

3R Structural Analysis - Cracking iteration 3R
Solid elomont of floor Stab at 75' are fully crackod, in addition to iteration 2 stiffness

O proporties. *R" denotes Rectangular beam behavior.

Structural Analysis Soismic Run 3SS
All floors are ac;ivo except the solid elomonts at Elovation 75' which had a reducod
rtiffness and mass by a factor of one thousand (1000) in addition to lloration 2.
. SS" denotes seismic with floors stiffnoss included."

4 Structural Analysis - Cracking lloration 4
Girdor RD RE and R6 cracked in addition to Iteration 3R stiffness proporties.

'

Structural Analysis Seismic Run 4SS
Girders RD, RE and RG cracked in addition to Soismic Run 3SS stiffness proporbos,

4S Structural Analysis - Cracking fleration 4S
Cracked transformod proporties for SFP Stab in addition to lloration 4W proportios.

Structural Anafysis Seismic Run 4SSS
Cracked transformed properties for SFP Slab in addition to Seismic Run 4WSS
proportius.

O
(.' x

Table 4.4
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VEPTICAL SHEAR FORCES (k i ris ) IN GIRDER RD AT FACE OF QOLUMN D-7

ANALYSIS CASE C CRACKING ITERATIONS 0 T11 ROUGH 5
LOAD STEl'

O 1- 2 3R 4 ds 5

Concrete Dead Lo&d 403 485 565 623 551 60b 607

Irydrostatic Pressure
+ High Density Packs 171 221 281 315 277 320 304
+ Stored Cask

Design Live Load 97 112 342' 158 141 153 168

Sum of Sustained 671 818 988 1096 969 1073 1079
Loads,

Winter Temperat"re -639 25 369 417 355' 293 615

* * * -* -59Summer Temperature -523 *

Cask Drcp Accident 77 110 147 164 138 157 173
m_

Notes:

1. The shear forces in the girder are unf actored values and are taken at the face of the
embedded wall column.

2. The results reported in this table are in error by approximately -0.5% for all
I iterations except 4S (See Section 4.3.1 for discusnion).

|:

,

r},

|
,

4

|
,

|

|
Table 4.5
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VFHTTCAL SHEAR FORCES Oins) IN GTRDER RE AT FACE OF Coi,t!!el E-7

i
4

..r.., ,-

ANALYSIS C; JE C CEACKING ITERATIONS 0 THROUGH 5
4

0 1 2 3R 4 45, 5LOAD STEP

Cencrete Dead Load 363 396 455 520 475 530 515

Hydrostatic Pressure
High Density Racks 168 204 257 294 264 285 285

4

+ Stored Cask

i Design Live Load 66 73 93 106 100 117 120

Sum of Suotained -597 673 805 920 839 937 920

Loadad

Winter Temperature ~534 97 366 395 344 304- 585
*-85* * *

Summer Temperature -514

Cask L p Accident 44 39 43 47 46 32 66

i

( Notes:

1. The shear forces in the girder are untactored values and are taken at the face of the
embeded wall coltimn,

2. The resulto reported in this table are in error by approximately -0.Si for. all
iterations except 45 (See Section 4.3.1 for discussion) .

.

Table 4,6
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VERTICAL SHEAR FORCES (kirs) IN GIRDER R6 AT FACP OF COLtMN F-6

|-

ANALYSIS CASE C CRACKING ITERATIONS 0 TliROUGli 5

.
0 1 2 3R 4 4S 5

i concreto Dea Load 118 115 140 169 182 195 192

Ilydrostatic Pressure
,

liigh Density Racks 48 53 64 77 R4 85 90+

+ Stored Cask

Design Live Load 19 17 23 30 33 41 37

Sum of Sustained 185 185 227 276 299 321 319
Loads

Wintet Temperature -253 -132 -51 -50 -37 -5 17

* * * * -109 *Summer Temperature -206
? Cask Drop Accident 5 -5 -7 -9 -7 -12 -5'

--

Not os :

1. The shear forces in the gttd.. are unfactored values and are taken at the face of the
enteded wall column.

,

2. The results reported in this table are in error by approximately -2,21 for all
-it crations except 4S (See Section 4,3.1 fcr discussion),

,
.

I

a

Table 4.7
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i

VERTICAL FOPPES (kirs) IN COLUMN C-6 AT PAT E M OF GIRDER b6
1

,

ANALYSIS CASE C CRACKING ITERATIONS 0 THROUGH 5

.
0 1 2 3R 4 4S 'S^

Concrete Dead Load 484 591 737 792 822 974 893

Hydrostatic Pressute
+ High Density Racks 179 231 289 316 330 360 360

Stored Cask
-

+

Design Live Load 211 211 268 284 292 351 326

Sum of sustained 874 1033 1294 1392 1444 1685 1579

Loada

Winter Temperature -1104 -657 -320 -260 -238 -230 16

* * * * -159 *

Summer Temperature -525

Cank Drop Accident 125 184 238 260 269 325 313
,

Notes:

1. The axial forces in the column are unfactored values and are taken at the bottom of
Gi rder Rti .

4 - 2. The results reported in this table are in error by approximately_ +4,5% for all
iterations except 45 (See Section 4.3.1 for discussion),

,

4

i

|

i

Table 4.8

:
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VERTICAL SHEAR FORCES (ki ris ) IN CTRDER RD AT / ACE OF CottHN D-7

s. -

ANALYSIS CASE D CRACKING ITERATIONS 0 THROUGil 4S
LOAD STEP

2 3R 4 45

Concrete Dead Load SCO 617 548 600
!!ydtostatic Pres:sur e
+ Consolidated Racks 335 373 .329 372
4 Stored Cask

Desian Live 1,oa d 140 156 140 153
Sum of sustained 1035 1146 1017 1125
Loada

Winter Temperature 379 428 371 293
<

Stuner Temperature * * * -59

o Cask Drop Accident 146 162 138 157_

_Nnten:

1. The she,r forces in the girder are mtactored values and are taken at the face of the
embeded wa11 column.

2. The results reported in this table are in error by approximately -0.5% for all
iterations except 4S (See Section 4.3.1 for discussion).

' abic 4.9
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t

VTRTICAL SHF.AP FORCPS (kins) IN CIRDER RE AT FACE OF COLtpeJ U-7

'
4

ANALYSIS CASE D CRACKING ITERATIONS 0 THROUGli 4S
LOAD ETCP

2 3R 4 4S
.

Concrete Dead Load 458 524 479 530

ifyd rostat ic Pr essure
+ Consolidated Racks 329 375 336 35#
+ Stored Cask

Design Live Load 94 107 100 117 <

Uum of sustained 881 1006 915 1001
Loads

j. Winter Tenocrat ure 368 397 345 304
,

Sununer Temperature -85* * *

Cask Drop Accident 43 47 46' 32
. , . _ .- . . _ _ _ __

Not es :

1. The shear forces in the girder are unf act ored valued and are t aken at the face -! rit i
embeded wall column,

2. The resulta reported in this table are in error. by approximately -0,5% . f o; all
iterations except 4S (See Section 4.3.1 fet circussion).

.

Tabic 4.10
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1

VEPTICAL SHEA? FORCES (kipr) IN OIRDPR R6 AT FACE OF COLWN F-6

_ _ _ _

ANALYSIS CASE D CP>sCKING ITERATIONS 0 THROUGII 4S
LOAD STEP 2 3R 4 4S

Concrete Dead Load 143 173 186 195

Hydrostatic Pressure
Consolidated Racks 87 104 112 108

+

Stored Cask+

Deston Live Load 24 31 34 41-

Dum of Sustained 254 308 332 344

Londo

Win t e r "'empe r a t u r e -54 -53 -48 -5

-109* * *
Sununer Temperatut c

Cank Drop Accident -7 -8 -6 -12

i unt ey

1. The shear forces i t: the girder are untactored values and are taken at. t he f ace of the
embed.:d wa11 column..

2. The result s reported in thin table are in error by app roxi ra t ely -0.51 for all

it erat ions except 43 (See Sectico 4,3,1 for discussion).

_

i
,

|

|

Table 4.11
i
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yjPTICAL POPgr.n (kipn) Itl cotAfMtf C-6 AT D'VI'KMJf CIFtTI' P0

7 - - - - --_.- . - -- - - - --- -- m'

AHA!JS1!, CASE D CD ACK1!Fi I TT: PATIO!; . 0 171800G11 4 5
|| 1,OAD ST!T

|? 31: 4 4S !
_ ,. . - - . . -- ._ _ . . . . - -, _ -. _ . - . . - _ - - -- - _ - - . . - ----. - . - - . .

ar>cr et e Dea 1 1.nad 775 831 861 974,

ifydront at ir Fr ennure
4 Consulid at ed Park: 357 386 401 409 !

,_D t o r ed _(M k. _ _ . . _ _ _ _ _ . .
.._ __ ___ , - _

!
4

_-

! _D_e n i o n 1. t v ei . . a d____ 270 296 . . _ _ _ . 304 351 |n __ _ _ . -. .
.

Cuta of runtained 1410 1513 l t t,6 1734
1,ondo

Win *et- 'J ep pe;r at u r e - 3 'i l - 2 it 6 -282 -230

nunvwi Tempe a t ui e - * *

! Cank Drop Ace ndent. - - -
.

_ .. -
-159

247 2 */ 0 27 32$--____._,,m,__.__,_-._';___,____%._ _, _ _ , ,_.,._

))n t e r . :

}. T))* > .ixial I < i t s ' 4 '. 1n f }ie- C O ) ulni t at un!a: t > t t+d Va l u e! . nd a t t' t o h i_> ') ilt t }1e lent t ( An Of
-

'

Gildet F6

2. 1he lebdit 14 pottt'd i ti t lni ? table ole i t) ciin! I ">' d | +j d () ( 1 m.1 t e l y 44.b% (01 is l l
_it er at ionn em "pt 4 .5 ( c+ e rect iori 4. 3.1 t ot cli ncun i on ) ,

Table 4.12
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CRACKtNG STATUS ADAAY FOR AN ALYSIS f7EAATIONS

_

! $ f7ER AT;ON*" k
p REGIONS CRACKED

fi ) | 0 43 I 5
,

f | 4W| | 2 j 3US 3R | 41

f Fbor Stats a* el T. 95',119' | | yes'' | yes*' | yes* | yes* | yes* | yes" f yes * | y*s* fno

b eof stad a* e4v. TS' i | |
'

F oc m yes* yes* y*s* yes' y*s* >no no

f consistN c'sOM ee*e's ! -

r hh,

,

$ ft S%en We ! I yes | | yes ves* I 5gg! yas ! yas |no i no 'yes yes

$ f SrP Stab | | || yes I yes | yes I yes y*s yes" yes | *IFno ro =-

a :a ===*
f || SFP Wes _ _

f yes f yes f f | yes" yes" yes g
,

T=pno no yes yes
-

yi Greer 93 |
t

|
,

| | yes yes | yes 2 3p|ra no ro no rc e no yes
co

h Greerr ^ |
m#

| | | || | | s,no no no no re yes yesyes yes
u

j Greer A6 - | | | |no | no || yes |j
-

yes |no. no re *s yes
h

lj in cd Retar Embemm in tSe no re no yes no no to re no
3e m se wee ed j

f | ! ! ! | |
i i i i i 1

,
1 I. t i l. i ,?

a

h
--

! ! ! I !' ! ! _! S
*L The rmoubs of e:aswty was reesced by a tactor cf one thousanr1 9

'' " The vf transtonne cracNng cr eMa was used (See Sae*on 23 2). g*" Yes - cracked, no - uncracted
(1) Not cracked for seisoc r;ns. [Oi- (2} The fmdubs o' e!as-icdy was feesced by a tr*0' c' ca4 t"ousand ate.e etva* c180' iy

a:
E

o --

O
a
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5.0 SUMMARY OF RESULTS

5.1 The Evaluation Process

The evaluation of the SFP structure, es discussed in Section 4.2,integratos various
analysis methode critoria and strateglos with structural behavior to form an overall
evaluation process. The objectivos of that process were to requalify the SFP for
existing high density rack loads considoring oxisting cracks, to evaluate the SFP for
consolidated fuel rack loads, and to explain why cracks exist in the SFP structures.
As explained in Section 4.3, the cracking iteration process ensured that the sequence
of cracking and the resulting rodistribution of internal forces maximized the forces in
the primary supporting members of the SFP and the SFP slab, As the analysis
procooded, the cracking process was intenupt04tc study structural behavior and to
porform ovaluations. Soction 5.0 summarizos the rc;utts of those evaluations.

In the ovaluation of a linear elastic structure for static load, the magnitude of the
internal forces at a particular location can be determined for a varloty of load
combinations at the end of the analysis and then chocked against code allowablo
values. Howevor, this approach cannot be usod for the ovaluation of a structure
which exhibits nonlinoar bohavior, such as the SFP. Due to the complex bohavior
of the SFP structure and due to the redistribution of internal forces which takes place

l as concreto cracking occurs, the most sovem load condition for a structural
component may not occur at the end of the cracking process. Thorofore, to achlove
high confidence in the analysis results, the cracking process was interrupted for the
purpose of evaluating structural components at vario;s stagos within the process (soo
Section 4.3). In addition, iterations were added to the cracking process which woro
not directl/ related to actual lovels of cracking. Those added llorations allowed
unintended support mechanisms, such as the floor slabs and shield wall,' to be
released during the lloration process to dotermine their influence on SFP responso
(soo Section 4.2). Evaluations woro porformed for normal concroto cracking
iterations and for thoso llorations which wore added to account for the roloaso of
unintended support mechanisms (Soo Section 4.2.2). Whenover load corrMations
were formed ior a particular iteration, as shown in Tables 4.1 and 4.2, avaiuations
wore performed.

The llorations selected for ovaluation of the primary supporting members, the SFP
slab and SFP walls were based on a review of Tables 4.5 to 4.8, a comparison of
stress contour plots for all itorations and specific load combinations and individual
load casos, and an understanding of SFP structural behavior developed through the
cracking itoration process, as discussed in Sections 4.2 and 4.3 and lator in
Section 5. The specific iterations selected for ovaluation and the reasons for
selecting them are discussed in Section 5.2. In addition, based on the examindon
of stress contour plots for each structural component for diffstent iterations and load

,

\ combinations, locations were selected within the component for processing and
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V tabulating internal forces and stressos (1.0. linearized stresses, soo Section 5.2.4.1).
Not only wore specific locations of maximum stress selectet N also onfire regions
containing mhny individual locations whero relatively high wessos woro observed.
For examplo, Figure 5.2 shows all of the locations within the SFP slab whero extreme
fiber surface stressos woro processed for each load combination and then tabulated.
As explained further in Soction 5.2.4.2, stress critoria woro developed to choose the
most sovoro combinations of surface stressos from the tabulated data for codo
evaluation.

It is the combination of solecting internal forces and stressos at many locations for
several cracking llorations and the processing of stress data for many load
combinations which, togother with stross scrooning critoria, constitutos tho ovaluation
process. This procass was used in the ovaluation of the SFP slab, the SFP walls
and the primary supporting members of the SFP.

5.2 Evaluation of Critical Sections

Tabin 5.1a shows all of the load combinations which woro used to process stress
data throughout the cracking iteration process. Combinations a, b, c, d and o (See
Section 3.3.2) include the winter temperature condaion and one of the critical

Q directions of solsmic load (soo Section 4.2.4). Combinations a' and c' are the same
\g as a and c except that they contain the second critical direction of solsmic load.

Combinations c , d , c', and d', correspond directly to combinations c, d, c' and d'
except that they contain the summer tempwe condition. Load combinations b
and o woro not ovaluated for the summer tempmatt 9 condition because their results
were bounded by load ccmbinations c, and d,.

Table 5.1b shows all of the load combinations which were specifically developed to
demonstrato compliance with ACI 349 80, Section 9.2.3 (soo Section 3.3). This code
provision is directly applicable to the offects that combined dead load and thermal
gradients have on tho SFP stab. The winter and summer temperature conditions
produco reversals in curvaturo in the SFP slab and dead load produces offacts which
both add to and subtract from the thernial responso. In addition, both dead load und
temperature produce axial tensito forces which reduce the moment and shear
capacity. The concern is that, since the dead load and thermal conditions are always
taken in the same proportion in the load combinations given in Tablo 5.1a, a slight
change in that proportion could trigger a largo responso, because the response may
be the result of a small dithrt nco betwoon large numbers. Thorofore, the Codo
requires that where any loac ..e., daad load) reduces the offects of other loads (l.o.,
thermal) the corresponding load factor for that load shall be taken as 0.9 if the load
is always present. Since load combination c is a dominant contributor to the lowest
margins in the SFP slab and girders, it was selected to monitor compliance with

7 Section 9.2.3 of the Code (Reference 33). Downward seismic acceleration was also(Q included in the load combinations of Table 5.1b, since this has the same offect as
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reducing dead load and could result m even larger thermal respontos in the SFP
stab. The results of Codo ovaluations using the load combinations 6 Table 5.1b are
discussed in Sections 5.2.1 and 5.2.2.

Evaluations of the SFP slab and girders woro performed for cracking iterations 3U,
3R, 4 /S and 5. The llorations for which load combinations wore formed and1

processed are shown in Tables 4.1 and 4.2. Tablos 4.5 to 4.8 show that iteration 3R,
4,4S and 5 dominate the responso of the girders. Based on this and a review of
stress contour plots for all iterations, these iterations were selected for girder
ovaluation. A review of stress contour plots for the SFP slab for alliterations and
specific load combinations showed that iterations 3R and 4 produced more severe
results for thermal load combinations, due to increased axial forcos, than iteration 21
and more sovere results for mechanical load combinations than iterations 0 and 1.
Therefore itorations 3R,4,4S and 5 woro selected for SFP slab evaluation, in
addition, iteration 3U was also ovaluated for the SFP slab since this iteration
simulated the offects of robar pullout at locations along the edge of the slab where
tho bottom reinforcement could not be developed to full capacity.

The sections and locations of the girders and SFP slab whore internal forces and
stresses were processed for each load combination are shown in Figuros 5.1 and 5.2.

O Not all twelve load combinations woro tabulated from the processed data for each
V iteration and each component. A preliminary scroon of the processed data usually

eliminated soveral 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 scrooning critoria, the most
sovoro 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 itoration process (soo Section 4.3), the
shield wall providos 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 membrano forces in the SFP oast and west walls. To ensure that the shleid wall
ar J SFP walls woro not primary mechanisms for the support of vertical SFP loads, '

the shlold wall stiffness was removed in lloration 5. As a consequence the horizontal -
membrane stresses in the SFP oast and west walls decreased significantly. For

,

example, at the south end of the SFP west wall the horizontal membrano forces'

acting on a vartical section through the height of the wall showed a 10% incroar
i betwoon iterations 3R and 4, and a 22% decrease between iterations 4 and 5 to th s
; level required to restrain the hydrostatic pressure. These results show that in

O iteration 5 the walls sore not restraining load intended for the primary supporting
V 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 to the negative moment
region of the girders and SFP slab, and into the shield wall through the SFP walls.
Thorofore the SFP walls were evaluated in iteration 4S. The ten most critical load
combinations from Table 5.1a were tabulated at 85 locations in the walls. Based on
a review of the tabulated data, together with stress screening criteria, the most severe
locations were selected for code evaluation.

Both higi dc ? %' *torage (Analysis Case C) and consolidated fuel storage
(Analysit Om4 4, t ' ove T.ed in this section. Since the only difference between
the two LW 9 & 9$hw tack loads in Case D, it is convenient to discuss the
behavior aned 7en of specific structural components for Analysis Casos C and D
together.

5.2.1 Evaluattun of Girders and Columns

5.2.1.1 Hioh Density Fuel Storace - Analysip Case C

Tables 4.5 and 4.6 show that the maximum shear force carried by Girder
RE is bounded by the resuPS for Girder RD for all iterations, therefore,

/^ capacity margin results win only be discussed for Girder RD since both
\ girders have the same cross soction dimensions, robar size and reinforcing

details. Table 4.5 shows that for unfactored loads, iteration 3R produces
the highest sustained load shear forces in Girder 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
Girder RD is 3% which occurred in iteration 3R. Table 5.3a shows that
Girder RD has a moment capacity margin of 16% and is controlled by
iteration 3R. Details of the methods used to obtain moments, shears and
axial forces from the stress results in the finite element model, and dete'!s

i of the ACI Code evaluation performed on the girders are found in Section
5.2.4.

The results of nondestructive tests (Reference 8) conducted on Girder RE
show the prasence of 9 very large (i.e., greater than 2") diameter steel 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 girderis bundled. 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 girder could have been

CT constructed.
'A
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' Bundled bars require additional embodmont length to develop the yloid
strength of the bar. Thus, the prosonce of bundled bars could offect the
momnnt capacity at specific sections along the girder. Thorofore, in the
ovaluation of the girders, it was conservativoly assumod that the
reinforcomont was grouped in 4 bar bundles, and evaluations wore
conducted at critical sections along the span of the girders based on
developmont length requiremonts for 4 bar bundlos. (No splicos wore
assumed sinco the drawings do not show any.) The ovaluation of
embodmont longth olfocts along the girdor span was conducted for load
combination "c'" of iteration 3R using the results from the moro highly
stressod Girdor RD. Load combination c' of itoration 3R was used because
it produced the lowest margin in the girders. The moment capacity diagram
for the girdor was constructed based on the ombodmont ioquirements for
4 bar bundlos. This capacity diagram was compared to the moment
diagram along tho girdor span in Figuro 5.8A. This figuro shows that the
minimum capacity occurs at the maximum moment section. Ther9forc,
ombodment offects duo to bar bundling do not offect girdor capacity.

Other results from the nondostructivo examination of Girdor RE show the
prosonce of low density matorialin a small pocket located in the bottom few

~

inchos of the girder at throo to four foot from the face of column E7
(Roforanco 8). The location of the small pocket within the tension
reinforcement region will not offect the shear capacity of Girdor RE,
however, it can have an offect on the moment capacity at various sections
along the girdor, because the rabar cannot develop additional forces along
the length of the pocket. The location of the pocket is such that it does not
offect the development of the bottom layer of reinforcoment (18 bars),
because this layer is ombodded into the column and has already achloved
its full development longth before the pocket is oncountered. However, the
pocket could offect the development longth required for the second (18
bars) and third (5 bars) layers of reinforcement. To ovaluato the potential
effect of this low density material on girder capacity, the required
development length of the second and third layers of reinforcement was
conservatively increased by 16", which is the maximum extent of the low
density material along the length of the girder. (The 16" development
longth extension was in addition to tho extension already included in the 4-
bar bundio assumption.) This additional 16" development longth
requiroment was included in the ovaluation of Girdor RE discussed in the
previous paragraph. The results in Figure 5.8A and Table 5.3a show that
the offect of the small pocket of low density material does not impact the
minimum moment capacity margin.

(- Table 4.7 shows iteration 5 is critical for Girder R6 as load carried by
Girders RD and RE in iteration 3R redistributes after they crock in

t
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lloration 4, and as load is shod from the upper elevations of the shleid wall
due to its olimination as a supporting structure for the SFP in lloration 5.
Table 5.3a shows that Girdor R6 has a minimum moment capacity margin
of 32% and Tab!o 5.2a shows that it has a shear capacity margin of 46%
Table 5.4 shows that iteration 4S produced the lowest moment capacity
rnargin in Column C6 of 77% (Column C6 was also chocked for blaxlal
bonding).

Influence of Reduced Dead Load and Downward Seismic Accoloration

As discussed in Section 5.2, ovaluations were conducted to datormine the
influence of reduced dead load and downward solsmic accoloration on the
capacity margin of the girders. Specifically, the evaluations focused on the
offect of (1) reducing dead load to 90% of its value in load combinations
which include wintor or summer temperature conditions and (2) reducing
dead load to 90% of its value together with downward solsmic accoloration
in load combinations which includo wintor or summor temperaturo
conditions. The results of those evaluations are summanzod in Tables 5.2b
and 5.3b for the load combinations shown in Tablo 5.1a and 5.1b.

y]( These results show that reduced dead load and downward solsmic
accoloration from load combinations in Table 5.1b increase the capacity
margins for shear and moment in the girders. Thorofore, load combinations
in Table 5.1a, which do not reduce dead load and do not include downward
solsmic accoloration, produce lower margins in the girders than the load
combinations in Tablo 5.1b. Therefore, only the load combinations in
Table 5.1a were used throughout the iteration process to evaluate the
girders.

5.2.1.2 Consolidated Fuel Storaan Analysis Case D

The behavior of all SFP structural components in Analysis Case D was
similar to their behavior in Analysis Caso C. The only difference in
responso was caused by the pool slab load, which was higher in Analysis
Case D. Since Casos C and D are so similar, the lessoas learned in the
scrooning and ovaluation processos from Analysis Case C woro used to
more officiently perform evaluations for Analysis Case D. Knowing the
criticalload combinations from Analysis Case C and knowing locations of
highest responses within the structuro, allowed for loss information to be
tabulated during the scrooning process. The fact that the only diffocance
between the two analysis cases was the pool load enhanced the checking

Q process by requiring that the observed differences in response be
\. j consist 6nt with the difference in load.
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The increaso in rack loads from consolidated fuel sooms high when
comparod directly to the rack loads from high density fuel, however, the
overall responso in the primary supporting members duo to this increase
is rotatively small when considered in combination with all other loads. For
examplo, while the total responso in Girder RD to all pool slab loads
increased by 18% (soo iteration 3R in Tablos 4.5 and 4.9,1.0., 373-
315/315) the total sustalnod load in Girdor RD only increased by 5%.
Howevor, as explained in Section 4, this increase must be viewod in the
context of the actual margin involved. As Tables 5.5 and 5.6 show, the
lowest moment capacity margin was 13% for Girder RD and the lowest
shoar capacity margin was 0%, also for Girder RD. It should be noted that
the codo ovaluation for shear in doop girdors (soo Section 5.2.4.1) does not
allow an increase in shear capacity due to the prosence of an axial
compressivo forco. Thoroforo, no credit was taken for any increase inq
shear capacity due to the prosence of axial compression. Due to its high

'

margin in Caso C, Column C6 was not ovaluated for Case D.

5.2.2 Evaluation of the Spont Fuel Pool Stab

O 5.2.2.1 Hinh Density Fuel Storaqo - Analysis Case C

The SFP slab was ovaluated for shear at all section locations shown in
Figt're 5.1 and for moment at alllocations shown in Figure 5.2. The results
of the evaluation are snown at the most severo locations in Tables 5.7a for
shear and Table 5.8a for moment. As Tablo 5.8a shows, the lowest
moment capacity margins rango between 8 and 13% and result from load
combinations which include the winter temperature condition. Locd
combinations which do not include temperature havo margins of 18% or
more.

Preiiminary evaluativi.:. c: iteration 4 for load combinations with summor
temperaturo conditions resulted in negative mergins. The negative margins
wore caused by the fact that the cracked properties of the slab were based
on the Branson Equation using stress results from a load combination
which included the winter temperature condition. This produced rotatively
low levels of cracking in the negative moment regions of the slab. (In fact,
the south section of both the southeast and southwest SFP slabs did not
crack.) Unlike the winter temperature gradient, the summer temperature
gradient producos thermal moments which add to the negative moments
f rom hydrostatic pressure and rack loads, thus producing considerably more

O cracking in these regions. To revise the cracked stiffness properties of the
b slaa to reflect the higher levels of cracking which occur, the fully
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transformed cracking criteria, discussed in Section 2.3.2, was used for the
SFP slab in lloration 4S.

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 sections result from the load combinations which include the summer
temperature condition, even though the wintor temperature condition has
a highor gradient. This was expected since the summer temperature
gradient produces negative moment in the slab which adds to the negative
moment produced by the mechanicalloaos acting on the pool surface.

As Table 5.7a shows, significant margins exist for shear in the SFP slab for
alliterations regardless of the cracking critoria used, in all casos 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
5.7a and 5.8a:

(1) For the south section 0 the southeast (SE) slab, load combination
"a" in Table 5.8a shows a 50% decrease in moment betwoon
iteration 4 (Branson Equation based cracked proporties) and
iteration 4S (cracked transformed proporties). Table 5.8a also
shows a significant moment decrease betwoon iterations 3U,3R
and 4, and iteration 4S for load combinations containin0
temperaturo. This is expected because of the increased flexibility
of the slab in iteration 4S. However, the 50% moment decreasec

observed for mechanical loads 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 stiffness properties, but, because of the relativo
change in directional stiffness properties between iterations 4 and
4S. In iteration 4 the SE slab's flexural stiffness properties were,

! higher in th9 north south (i.e., about the Y axis) direction than in
the east ast (i.e., about the X axis) direction because the SE slab
acts lik6 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 moro cracking in the
east west direction. With the north south direction stiffer than the
east west direction, the north-south direction attracts more moment
in iteration 4 than it does in iteration 4S, where the flexural stiffness
is tho same in both directions.

Page 126 of 284
I

, - - , . -. - - - , . . - - . . - . , - . , . . , -. -- , - - . ,



..
._ _ _ _ _ _ _ _

A RD RD R : p rt N o. 03 0370 1341
Revision 0

A.m'%...gygy...

/O ABB impell Corporation

(2) The decreased stiffness of the slab in the north south direction in
iteration 4S decreases the not tonsion along the south section of
the southwest (SW) stab. This is shown in Tablo 5.7a (South of
SW) for load combination "a". Progrossing from lloration 3R to 4,
the tonsion forces in the north south direction of the slab increase
duo to hcitontal shoar transfer betwoon the negativo moment
region of Girdor RE and RD and the stab. When the slab stiffnoss
is reduced in lloration 4S, the pool slab, acting as the tonsion
flango of the girders,is relieved and shods load to the positivo
moment region of Girders RD, RE and R6, and to Column CG. The
amount of tensilo load rollof can be soon by comparing equations
"a" in iteration 4 and 4S. Although not shown in Table 5.7a, the
same load reduction occurs for the south coction of the SE stab.
To demonstrate this, Tablo 5.9 shows that in the South section of
the SE slab tensile loads are reduced from 840 kips to 575 kips for
equation "a" and from 470 kips to 338 klps for equation "a'"
betwoon iteration 4 and 4S.

(3) Tonsito membrano stress within the slab contributos to reducing the
moment and shear capacities at many locations in the stab. The

p tensito stresses originato from the thermal expansion of the shloid

Q wall and the negative moment bonding of Girders RD and RE
within the pool region. This behavior was discussed in Section
4.3.1.1.

Evaluation of Stab Reinforcement Development Lonath

in several of the negativo moment regions of the SFP slab the bottom
reinforcomont is not sufficiently embedded to be considorod fully developed
to rosist positive moment (tonsion on the bottom of the slab). Sinct the
wintor tempomture gradient producos positive moment in those regione, an
analysis was performed which assumod that the bottom reinforcement was
not offectivo. To implomont this offact in the finite olomont model, adjacent
nodos at specific slab boundarios woro uncoupled (disconnected) in the
displacement direction aligned with the reinforcement (soo Section 2.2.3.4).
The purpose of the analysis was to determino if the reduction in positivo
moment capacity in these regions could causo increased moments
otsowhero in the stab, and also, to determino the maximum size of the
crack which could form in those regions assuming the reinforcement was
not offective. As shown in Tables 5.7a and 5.8a, this cracking iteration,3U,
was includod in the ovaluations of the SFP slab for moment and shear.

(O
Table 5.10 shows the size of the approximate gap betwoon the adjacent

) nodos which were uncoupled. These numbers represent the maximum sizo

Page 127 of 284 1

__ -.__ _____-________.__________ _-_ -___.



- - - - __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

a gg gp Report No. 03 0370 1341
Revision 0finM

p m n nnpa cupu m on

v of a crack which could exist in those regions assuming that all of the tensile
strain accumulatos in a single crack. (It should be noted that the gap sizo
is dependent on slab stiffness and would be considorably loss if the same
analysis woro periormed for iteration 4S.) Most of the gap sizes aro on the
ordor of what could be expected for crack sizes in normal working concreto
(i.e.,0.010" or less).

In the regions of the SFP slab where the reinforcement may not develop
fully, iteration 3U ostimated the upper bound on the size of the crack that
might be expocted if all of the tensilo strain accumulated in a singlo crack.
Tho sizo of many of those upper bound cracks is such that they would i

appear to be hairlino cracks and, as such, the structure would show no
visible signs of distress. However, considoring that the robar does have
some ombodmont, all of the cracking may not accumulato in a singlo crack
which would make the cracks very difficult to soo.

Regardless of the extent to which this robar can bo developeri, an
ovaluation was performed (itoration 3U) assuming no robar development
and it was shown in Tables 5.7a and 5.8a that the SFP slab can
adequately sustain its licensed loads,

O influence of Reduced Dead Load and Downwnrd Solsmic Accelerations

As discussed in Section 5.2, evaluations woro conducted to determino the
influence of reduced dead load and downward seismic accoloration on the
capacity margin of the SFP slabs. Specifically, evaluations focused on the
offoct of (1) reducing the dead load to 90% of its value in load combinations
which include winter or summor temperature conditions and (2) reducing
dead load to 90% of its value togethor with downward solsmic accoloration
in load combinations which include wintor or summer temperature
conditions. The results of Peso evaluations are summarized in Tables 5.7b
and 5.8b for the load combinations shown in Tables 5.1a and 5.1b. Based
on the results the following conclusions can be mado:

1. Table 5.7b shows that reduced dead load and downward solsmic
accoleration increases or loavos unchanged the capacity margins for
shear in the SFP slab.

2. Tablo 5.8b shows that reduced dead load and downward seismic
accoloration decreases the moment capacity margin in the middle of the
southeast and southwest SFP slabs only for load combinations with
summer temperature condition. However, the minimum momsnt

h3 capacity margins in the middle of the SFP slabs are produced by load
V combinations with the winter temperature condition for which the
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moment capacity margin increases when dead load is reduced and
seismic accoloration 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
summor temperature condition load combinations.

3. Table 5.8b shows that reduced dead load and downward solsmic
accoloration 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 edgos of the SFP slabs are
produced by load combinations with the summer tornperature condition
for which tho moment capacity margin increases when daad load is
reduced and solsmic accoloration is downward. Thus the minimum
moment capacity margins produced by the summer temperature
condition load combi..ations 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 accoloration, produce lower minimum capacity
margins for the SFP slab than load comb! nations in Table 5.1b which
reduco dead load and/or apply downward seismic acceleration.
Therefore, the use of load combinations in Table 5.1a are sufficient for
the evaluation of the SFP slab since they produce minimum margins.

5.2.2.2 Consolidated Fuel Storaoe - Analysis Case D

The same bohav!or already discussed for Analysis Case C can also be
observed in Tab',os 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
allload combinations (Reference 32). The lowest moment capacity margin
for iteration 4S is 36% which occurs 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 mechanical loads. The lowest
margin for itoration 4S is 14% and occurs at the east section of the SW
stab 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
accoloration docreased 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 conditloa
for which the moment capacity margin increases v hon 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 prosented in 1,2 and 3 above demonstrate that the load
combinations in Table 5.1a, which do not consider reduced dead load or

(O/ 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 accoloration.
Therefero, the use of load combinations in Table 5.1a are sufficient for
the evaluation of the SFP slab since they produce minimum margins.

5.2.2.2 Consolidated Fuel Storane - Analysis Case D

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 margin is controlled by mechanical loads. The lowest
margin for iteration 4S is 14% and occurs at the east section of the SW
slab for load combination "a".

O
|
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5.2.3 Evaluation of the SFP Walls

5.2.3.1 Hiah Density Fuel Storaae - Analysis Case C

A preliminary evaluation of the walls of the SFP was performed for
iteration 4. The results showed that the moments from load combinations
containing temperature conditions exceeded the mcmont capacity at
soveral sections. Further investigation revealed that thG moment capacity
of the wall sections was actually loss than the cracking moment. This
meant that a cracked concreto model based on the Branson Equation,
which usos the cracking moment as the starting point to initiate stiffness
reductions, would result in a significant overestimate of cracked member
stiffness. This lod to thermal moments which woro higher than the section
could physically develop. Tharefore, to achieve a cracked stato more
consistent with the actual situation which exists after cracking occurs, the
cracked proporties of the walls wore set to the cracked transformed values
in accordance with the criteria of Section 2.3.2. The resulting cracked
stiffness proporties for the walls woro used in lloration 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
(1.0., moment about tho Z axis) at the north end of the west wall. The 7%
margin is controlled by sustalnod loads in load combination "a". In all
cases axial tension plays a significant role in reducing moment capacity.
In contrast to 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' and 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.

5.2.3.2 Consolidated Fuel Storaae - Analysis Case D

No ovaluations 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 t'0 upper regions of the walls where loads from the slab have
little influence.

i

|

|

>

|
|

|
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5.2.4 Examnto Code Check Evaluntions

The output of the finito olomont analysis of the SFP modelconsists of nodal
strossos and forces. Typically two or more solid elomonts are used through
the thicknoss or dopth of a member in the modol. Nodal stress or force
data by itself cannot be used to evaluato a structural componont for
compliance with the ACi Codo (Refors,1co 4). Those stresses must first be
translated into moments, shoars and axial forces acting on a particular

,

cross section in order to be used in a code evaluation. Tho intent of this
section is to show stop-by stop how raw data from the finito olomont model'

was translated into the information necessary to perform a code ovaluation
and how the code ovaluation was performed.

In the sections which follow, typical moment and shoar ovaluations nre
podormed for Girdor RE and the SFP stab. For complotonoss ANbYS
routine and filoname terminology and actual filenames are used. For load

1

casos (load steps) in a particular iteration analysis output (ANSYS File 12)
refer to Section 4.3.2. For a listing of a" analysis input files refer to
Appendix A.

O Since the code ovaluation of tho SFP walls is similar to the code ovaluation
for the SFP stab, it is not included as a specific oxamplo.

.

5.2.4.1 Girdor RE Evaluation Examnfo

Girdor HE is ovaluated for Analysis Case C, iteration 3R, load combination

"c" (soo Rotorence 24).

The results of ANSYS iteration 3R contained in output File 12
(CCl3RB.F12) and the File 12 (CCl3SS.F12) for the solsmic run 3SS woro
placed in the samo directory. Filo CCl3RB.F12 was renamed to

,

FILE 12.DAT and Filo CCl3SS.F12 to FILE 40.DAT. Using ANSYS Post 27
and input file ECl3RLC.2F5, the unfactored load stops of iteration 3R and
seismic run 3SS were added with the appropriato load factors applied to
form all of the nocessary load combinations. The load combinations were
stored in filo ECl3RLC.F10 in which load step 3 is load combination "c"

|

| Using input filo ECl3RLC.1F5, which road file ECl3RLC.F10, the elomonts
! pertaining to Girder RE between the north face of the SFP wall and column

E7 were selected (see Figure 5.3). Figures 5.4 and 5.5 show the nodo
numbers on the east and west faces of the selected portion of Co Jer RE.

O To this point the evaluation processos for both the moment and acar are
the same. Beyond this point the ovaluation processos are distinctly
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difforent for each and in the paragraphs below each is discussed
separatoly.

}Aoment Evaluation

The bonding stressos (SX) taken through a vertical section of each face at
the location of maximum moment (soo Section ME in Figure 5.1) are plotted
in Figures 5.6 and 5.7. In Figure 5.6 the stresses are plotted from node
930 to node 210 and in Figure 5.7 frorn node 940 to node 310. These
figuros show that the actual bonding stress distribution is nonlinear through
the depth, particularly in the compression zone. This noriilnear bending
stress distribution is integrated through the depth ucing the ANSYS Program
(PLSECT Command) to obtain an equivalent linear stress distribution on the
saction. (The linear and nonlinear stress distributions are equivalent in the
sense that they both proc'uce the samo resulting axial force and bending
moment when integrated through the section.) These stresses are referred
to as the "linearized stresses," and both the linear and constant (mombrane)
parts are given. The linoanzod stressos at the extreme fibers (i.e., the end
point nodos) for all stross components are printed in Table 5.15 and 5.16
taken from output filo ECl3RLCS.1F6.

Shown below are the top and bottom linearized bonding stressos (SX) on
the oast and west faces (with the associated node in parentheses) as well
as the average values at the top and bottom.

East Faco West Face Average

top -1774(930) -864(940) 1319
bottom 1158(210) 1430(310) 1294

(Noto: The difference betwoon the strcsses on the east and west faces
shows that weak axis bonding is occurring. This is discussed at the and of
the Section.)

Using the computer program RCBEAM (Reference 31), the averagt
linearized stresses, reinforcing details, and girder section properties are
ontorod. From the linearized stresses and cross section geometry the
program computos the moment and axial force acting on the cross section. |
The girdor properties and reinforcing details entered are given below: l

h= 108"
b 60"=

{ f'c = 3,000 psi
y fy = 40,000 psi
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Distance from
Robar Area Como. Face

18#11 (1st layor) A , - 28.08 in' d, = 104.5 in
18#11 (2nd layor) A., = 28.08 in' d = 101.7 in3

5#11 (3rd layor) A,3 = 7.08in' d - 98.9 in3

18#11 (4th layor) A,4 = 28.08 in' d= 3.5 in4

The output from the RCBEAM program is given in Table 5.17 and
summarized below.

Factored Momont = 12699, ft klps
Factored Axial Load = 81 kips (compression)

Those values are plotted on the intoraction diagram given in Figure 5.8.

From the interactioi, curve or Table 5.17, the Declgn Moment Capacity at
81 kips compressions is, M = 18935 ft kips. Therefore, the moment

Os
capacity margin of Girder RE is 100(1893512699)/18535 = 33% The
results glvon above are those shown in Reference 24.

As mentioned earlior, the stress results for each face of Girder RE show
the prosenco of weak axis bending. This bonding can be easily seen from
the displacement plot viewed from above the girders and shleid wall shown
in Figure 5.10 (See Figure 5.9 for reference). This weak axis bending is
caused byit.a winter temperature condition and the unrestrained east west
thermal movement which occuis between the SFP nor1h wall and the
Reactor Building exterior wall due to the absonce (reduced stiffness) of the
slab at olovation 75'. The effect of reducing the stiffness of the floor slab
at elevation 75' is clearly soon in Table 5.18. In iteration 3R the top and
bottom stress on the east and west faces for the concrete dead load case
are comparable in magnitude, where as for the winter temperature
condition they are quits different and show the prosence of significant
weak axis bonding.

With the slab at full stiffness this relative thermal growth is restralned by
the shear stiffness of the stab. This can also be seen in Table 5.18 for
iteration 2. For this iteration the concrete dead load stresses at the top
and bottom of each face are almost the same, and the difference between
the east and west face thermal stresses has been greatly reduced from
what they were in iteration 3R. The restraint provided by the floor slab at
elevation 75' can be seen from the inplane shear stresses (SXY) in Figure
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5.11 for this samo load combination in lloration 2 (soo Figures 5.97 and
5.98 for referenco). This figuro also shows the high shoar stress in the
slab betwoon the west SFP wall and the Roactor Building exterior wall due
to the restraint of relativo therma! growth in the north south direction. The ,

samo inplano shear stresses are also shown in Figuros 5.12 and 5.13 for
itoration O. The principal tensile stressos and predicted cracking of the
floor slab at elevation 7F are discussed further in Section 5.3.3. For
completonoss the weak axis bending occurring in lloration 3R, although
fictitious, was nonethotoss ovaluated and shown to be well within code
limits.

Shoar Evaluation

Girdor RE was ovaluated for shear in accordance with the Code provisions
for doop flexural members found in Section 11.8 of ACI 349 80. The
criticai section for shonr ovaluation is located mid way betwoon the face

,

of tho supporting column and the north face of the SFP wall (see Section
SE in Figure 5.1). Sinco the critical section location occurs half way
betwoon nodal planos, the stress results from the adjacent nodal planos
were averaged at the critical section. On the onst faco linearized stresses

O woro dolormined at sections through nodos 282 and 212, and nodes 283
and 213 (soo Figuro 5.4), and on the west face through nodes 382 and
312, and nodos 383 and 313 (soo Figure 5.5). The results are shown in
Tables 5.10 from output file ECl3RLCS.1F6. The epocific stress results
nooded from Tablo 5.19, as well as the final average valuos used, are
shown in Tablo 5.20.

The section proporties of tha girder and tho values of the ACI Code
defined variablos are given below:

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

Section Modulus, S = 116,620 Irf,

Ag = b,h = 6480 in',

p, = A/b.h = 92.04/60 x 102.5 = 0.0104,

and I, = 117".

The span to depth ratio

1/d = 1.14 < 2.0,
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therefore the maximum nnminal shoar strongth shall not be greator than

V,(max) = 8/f'c b,d = 2695 kips.

From Table 5.20 the average bending stress at the top and bottom of the
critical section are 744 psi and 696 psi, respectively. The average shear
stress is 238 psi. The factored moment, M , axialload, P,, and Shear, V,,
are converted from stresws as follows:

M,= (Half the absolute sum of the top and bottom
stressw,(Section Modulus),

P, = (Half the algebralc sum of the top and bottom
stressos)(Gross Area),

V, = (Average shear stress)(Gross Area).

Substituting into the above expressions givos,

M,= ( 0.744+0.696)(116640)/2 = 83,980 in kips,

P, = ( 0.744+0.696)(6480)/2 = 156 klps
(compressioni.

'

V, = ( 0.238)(6480) = 1,542 kips.

The exlal compressive force is taken as positive to comply with ACI Code
convention.

The concreto contribution to shear capacity, V,, is calculated from Code
Equation 11-29

V, = (3.5 2.5M/V d)(1.9/f'c + 2500 p V d/M,)b,do o

and results in

V, = 2,041 kips,

The expression

(3.5 - 2.5 M/V,d) = 2.17
,

is loss than the Code allowable maximum valuo , f 2.5. In addition the
Codo requires that:

V, s 6/f'c b,d = 2,021 kips.s
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Thoroforo, the concreto contribution to shear capacity at the critical section -

is V, - 2,021 kips.

The shear reinforcement contribution to shear capacity, V,, is calculated
from Code Equation 1130:

V, = ((A/S)(1+1/d)/12 + (ads,)(11 ljd)/12}f d,g

A, = 2.2 in' (5 #6 stirrups at 10")

S 10in=

A#= 1.58 in' (2 #8 bars, slab reinforcement
noglected)

S, = 25.7 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 cf 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 capacity from ACI 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 oapacity margin of Girde'r RE -
Is:

100(2031-1542. /2031 = 24%.

This is the value shown in Reference 24.

O
Page 136 of 284

___

w. _., p y , _.. . .,m a . _ . _ _ , _ _ _ _ _ _ , _ _ . _ , _ _



.._ -_ . _ - . __. - _= . - - . __.

i

:

A BD RD Report No. 03 0370 1341
M,!,lP Revision 0

A ABB Impell Corporabon

5.2.4.2 Spent Fuol Pool Slab Evaluation Example

in this section, the SFP slab is ovaluated for Analysis Case C,lloration 3R.
Moment is evaluated for load combination "c'" and shoar for load
combination ''a"' (soo Tables 5.7a and 5.8a). Following the same
procoduro described in Section 5.2.4.1, the factored load combinations for
itoration 3R woro formed. Load combinations "a'" and "c'" are load stops
6 and 7 respectively on ANSYS file ECl3RLC.F10. -

Moment Evaluation

The solid elomonts reprosenting the SFP stab (Type 7, Section 2.2.2.2)
woro selected by the ANSYS Post 1 input filo ECl3RLCS.1FS, which
computed linearized stressos in the X and Y directions (SX and SY) at the
top (wot surface) and bottom (dry surface) of the SFP slab at alllocations
shown in Figuro 5.2. The results, taken from output file ECl3RLC.1 F6, are
tabulated in Reference 24. Table 5.21 is an example of this tabulation at
four of the nodo locations shown in Figuro 5.2.

The SFP slab has #11's at 9" In both the east west and north south
O directions. For a 9" wide section of slab the program RCBEAM was used
V to create the design capacity moment /axialload interaction diagram shown

in Figure 5.14 (soo Tablo 5.22 for the specific numerical values). Based
on the interaction diagram for this section a stress scroonino critoria was
developed to scan the tabulated data to datormino the most severe casos.
From the interaction diagram (see also Table 5.22) it can be soon that for
no axial load the section has a design strength in pure bonding of 227 ft-
kips, which is equivalent to a linear bonding stress distribution of 622 psi
acting on a 9"x54" section of stab. 4t a moment of 227 ft kips, the
compressive load capacity is 830 kips which is equivalent to a uniform
compressivo stress of 1708 psi. For no moment, the section has a
capacity of 112 kips in tonsion 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 compros .n are
satisfactory if the following two conditions are satisfied: (1) half of the
algebraic sum (membrano stress)is loss than 1708 psi, and (2) half of the
absoluto sum (bonding stress)is less than 622 psi. For sections that were
in not tonsion, three ovonly spaced points on the tension portion of the
interaction diagram (0-0., Figure 5.14) were chosen and the resulting _
rnoment and axial tension converted to three sots of equivalsut membrano
and bending stress pairs. Any tabulated stress data having mombrane

( and bonding stress values loss \han any orN of the three scrooning critoria
w ,

Page 137 of 284

., - ._- - . . __. .-



_ _ _ _ _ _ _ _ _ _

Jk IID ED Report No. 03-0370 1341
03.M,D Revision 0

ABB ImpeH Corpornon'

stress pairs was satisfactory, sinco this meant that the stress stato in tho
slab was within the design strength interaction diagram.

Stross data that came close to the scrooning values were flagged and
checked using the RCBEAM program to dotormino actual margins. Ono
such location which was flagged occurred at surf aco nodos 6398 and 6098
for strossos in the X direction (soo Tablo 5.21). The actual ovaluation for
this location, performed on the RCBEAM Program,is shown in Tablo 5.22.
The results show that

the factored momen'. M, = 229 ft kips,

the factored load, N, = 17 kips (compression),

and that the desigt. moment capacity is 250 ft kips at this levol of axial
compression. At this location the moment capacity margin is:

100(250 229)/250 = 8%

O\ Those results are shown in Table 5.8a.
b

Shear Evaluation

in this section the southwest slab of the SFP (See Figure 2.1)is evaluated
for the factored shear forcos of load combination "a'" at section E E, also
referred to as the " East Section of the SW Stab." (Soo Figure 5.1 and soo
Referenco 4, Section 11.11.1.1 or Reference 9, Fourth Edition, pages 662
to 665 for an interpretation of section width for shear ovaluation of slabs).

To determine the forces acting on the cross section, the southwest slab,
cut at Section E E, was selected using the ANSYS Post 1 input filo, and
the nodes along the section were isolated. The nodal forces were then
summed in the vertical and axial directions to dolormino the resultant
shear and axial force acting on the section. (The nodalline through which
section E-E is taken is slightly loss than a distance "d" from the west face
of Girder RD, which resuits in slightly higher shear forces.) lhe factored
shear and axial load are 771 kips and 80 kips (compression) respectively.
These results can be soon in Table 5.23 from the ANSYS Post 1 output
file ECl3RLCS.1F6.

EJ
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The geometric proporties of section E E are:

h = 54",

b, = 243",
d = 50.8",

also,

A, = b,,h = 13,122 in', and (f'c = 54.77 psi.

Shear is ovaluated in accordance with the ACI Codo Equation 11-4 of
Section 11.3. The design shear strength of tho section with axial
compression acting is:

4V,- 4(2(1+Nj2000 A,)/f'c b,d)

where N, is the axial compressivo load. Substituting into the above
equation gives:

/ 4V, = 1,153 kips

which is also the design shear capacity of the section since shear
reinforcement is not present. Thus, the shear capacity margin for the cast
coction of the SW slab for load combination a of iteration 3R is

100(1153 771)/1153 = 33%.

This is the same result shown in Table 5.7a.

The SFP slab was also evaluated for shear in accordance with the
provisions of ACI 349 Section 11.11.1.2 for two-way action. The shear
evaluation in accordance with Section 11.11.1.2 of the Codo producoci
significantly higher margins than the shear evtJation of Section 11.11.1.1.
In addition, as part of the scrooning ovaluation for shear in the SFP slab,
the minimum shear capacity, corresponding to the maximum tensile stress
on any of the critical sections, was found to exceed the applied shear on
any section in all cases,

f3

Page 139 of 284

_ _ _ _ _ - _ -



w ism mm.zm u.-

A gp RD Report No. 03 0370 1341
4'% Blip B] Revision 0

,

ABB hpN CorpotaM

5.3_Cyr, gip' ion of Analysis Results with Observed Crackina

Prior to developing tho SFP finito olomont model, GPUN personnel took the project
team on an inspection tour of the Roactor Building and Spent Fuel Pool. The primary
purpose of the inspection was to provido a clear understanding of the goomotry of
the SFP and Reactor Building as represented on the structural drawings from which
the finito olomont model would be constructed. Another purpose of the inspection
tour was to observo any sigrificant visiblo cracks which had occurred in the SFP and
primary supporting membors. The project team's inspection included all accessible
areas on olevations 51', 75', 95' and 119' in the viciriity of the SFP. The team
observed cracks in the shield wall abovo elevation 95' and the SFP oast and west
walls. Vertical cracks woro noticed at the intersection of the south SFP wall and the
shiold wall on both the oast and west sidos above elevation 95'. Cracks were also
noticed in the floor slabs on olovations 75' and 95' on the north side of the SFP and
on olevation 119' near the southeast and southwest comers of the SFP cavity.
(Cracks woro not observed at the northeast and northwest corners of the SFP at

'

Elovation 119 because the floor in those areas was hidden from view by a paper
covering.) The crack bonoath the floor slab at olovation 75' and the crucks in Girdor
RE woro closely inspected from scaffolding which had boon erected to perform a
nondostructivo examination of the cracks (Reference 8).

All of the concreto surfaces inspected appeared to be heavily painted. As a result
it is safo to say that minor hairlino cracks which wou|d be visible on unpainted
concrote woro probably not observed, in addition thoso cracks which wore observed
through the paint probably cycle in size with significant changes in the relativo
temperature distributions of the shield wall, SFP, and exterior Roactor Building walls.
This will becomo clearer in the following sections.

Before beginning the discussions of crack prediction there are two topics which
generally effect all of the discussions. The first is the surface stress level at which
cracking should occur. This is generally considered to be equal to the modulus of,

| rupture which is equal to 7.5 times the squaro root of the concreto compressive
| strength (See Section 2.3.1). While tha design compressivo strength is 3000 psi the
' insitu strength based on limited tests of Girder RE (Reference 8) is approximately

5000 psi. However, those highor insitu stumgths may not consistently apply to all of
| the concreto in the Fianctor Building. Thorafore, for the purpose of crack prediction,

cracking is expected to reur when surface stress levels are above 410 psi, which
corrosponds to a concretc sirer.gtn of about 3000 psi.

Socond, since cracks occur perpendicular to the direction of the maximum tensile
stressos on the surface cf the cuncrete, figures showing maximum tensile stress
trajectories are used to prsdict crack direction, it is important 10 keep in mind that
the trajectorios 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 trajoctory arrow is showing the direction
of the maximum tensito stress. For examplo, this means that in most of the SFP
walls the stress trajoctory is showing the direction of the maximum tensile stress 18"

.'

below the surface, since the six foot wall has two elements through its thickness.
Whenever either membrano or bonding stresses dominate the responso of a
component the stress trajectorios give a very accurato representation of maximum
tonsilo stress diroction. Howevor, when bonding stresses through the thickness of
a structural component are comparable to the membrane stressos, the trajectories
observed give a loss accurato representation of maximum tensile stress directions
on the surface. In generalit is believod that most of the tensile stioss trahctorios
shown in the figures approximato the actual surface trajectories.

5.3.1 Crack Boneuth the SFP North Wallin the Floor Slab at Elevation 75'

At olevation 75', a throo-foot thick floor slab spans betwee 1 Girders RD
and RE in the east west direction and betwoon the SFP north wall and the
Reactor Building exterior wall, R7, in the north south direction. At the
bottom of this stab, just bonaath the north wall of the Sf P, thoro is a crack

O 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 Referenco 8).

The tensile stress distribution at the bottom of the slab is shown in
Figure 5.18 for load combination "e" of iteration 2 and in Figure 5.17 for
load combination "b" of iteration 2. Both of those combinations represent
service load conditions and give approximately the same siross results for
the stab. Section A A in Figure 5.15 passes through the crack plane.
Taking this same section through the slab and girders of the finite element
model and vioAing 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 unfactored combination of dead load, livo 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 levelin the slab
at the crack is about 500 psi under service load conditions. A better view
of the strass distribution through the depth of the dab can be seen in
Figure 5.22 which corresponds to Section B B in Figure 5.1 A (see also the
geometry plot in Figure 5.21). Because of nodal stress averaging, the
maximum stress in the slab shown in Figure 5.22 does not appear to occur

d under the north face of the north wall; however, by viewing only the slab
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(") portion of the section, the nodal stross averaging with tho wall olomonts
is oliminated and a maximum stress of 482 psiis obsorvod to occur below
the faco of the north wallin Figuro 5.23. Figuros 5.20 and 5.23 show that
significant positivo moment (i.e., tonsion at the bottom of the stab) oxists
at tho section whoro the crack occurrod, and that the strossos are
sufficiently high (abovo 410 psi) to have produced cracking.

Thoto are throo cross soction details which show the reinforcomont at the
location whero the stat? at olovation 75' connects to the baso of tho SFP
walls. They aro Section P P along tho cast wall, Soction S-S along tho
west wall, and Section T T along the north wall (Roforonce 29). Tho
ossential features of Section P P aro shown in Figuro 5.24. In this section
view, tho top and bottom reinforcomont have sufficient ombodmont whero
the slab joins the north wall to resist both positivo and no0ativo moment.
The ossential featuros of Section S S and T-T are represented in Figuro

= 5.25 which shows that sufficient ombodmont has boon prov.Jod for the
negativo (top) reinforcement, but not for the positivo (bottom)
reinforcement.

Based on the abovo discussion, thoro are two reasons why a single, !argor
O crack exists bonoath the slab at olevation 75': (1) thoro is sufficiont
Q positivo moment on the cross soction to cause cracking, and (2) all the

positivo moment reinforcement at the section is terminated just beyond the
south face of the stab. Figure 5.25 (Soction T-T)is the reinforcing detall
that was used to join tha slab to the north wall of the SFP. Sinco all of the
positive reinforcement terminatos in the maximum positivo moment region,
a stress concentration is created at 'ho material discontinuity where the
reinforcement onde. This can cause promature concroto cracking at stress
levels well below the nominal cracking stress (although, as alread,e
discussed, analysis results show that the nominal stress is sufficiently high
to causo cracking). Once the concreto cracks, the lack of continuous
reinforcoment through the positivo moment region allows the concrete
tonsilo strains to accumulato in a single, largo crack rathor than bo
distributed among several smaller cracks. Thus, it is expected thr.t a i
single, large cro;k would occur near the termination of the bottom
reinforcement as shown in Figure 5.26.

It is important to montion that *'s crack does not joopardizo the integrity
of the SFP. In fact, cracking aoration 3R was developed specifically to
addross this issue, to ensure that no relianco would be placed on the floor
slab at olovation 75' to carry any SFP load and to ensure that all loads
which could be carried by the slab would be carried by the primary load
carrying members of the SFP.

v
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Figuros 5.16,5.17,5.19 and 5.20 show that the slab betwoon Girders RD
and Column Line RC is more highly stressed than the slab botween Girdor
RD and RE. This is consistent with the vertical displacement contours
shown in Figuro 5.27. Based on th'4, and knowing that all portions of the
slab along the north wall woro cor'structed in the same way, it must be
concludod that a similar crack exists b9 neath the slab between Girder RD
and Column Line RC. Since this area is not accessible, the existence of
a crack has not boon confirmed.

Figuros 5.19 and 5.20 also show that the portion of the slab west of Girder
RE is stressed to the same lovel as the slab betwoon Girders RD and RE.
Howevor, largo cracks in this region have not boon observed. This may
be due to the fact that the slab reinforcement was detailed in accordance
with Section P P due to the prosonce of local beam 3B33 (Reference 2r *

5.3.2 Cracks in the Shiold Wall and 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 crack at a specific location is perpendicular to the direction'

of the arrows on the plots showing principal stress trajectorios, in some
casos those figuros 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
.ae 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
(floor 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 SFP walls are not cracked in those
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
loe.d and includes concreto dead load, hydrostatic pool load and high
density fuel racks, *LL" represents floor live load, "T,," represents the
winter temperature condition, and "T," represents the summer temperature,

- condition.

-
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Before discussing the shield wall and SFP walls separately, it should be
mentimd that, except for a few very localized areas, Figures 5.30,5.36,
5.42 and 5.48 show that there is no cracking in the shield wall or the east
and west SFP walls due to dead load plus live load in either iteration 0 or
1. As discussed earlier in Section 4.2.1 and as will be observed in the
following discussions, cracking is always dominated by load combinations
containing a temperature condition.

Shield Wall

in iteration 0 for service load with winter temperature condition, Figure 5.32
and 5.33 show that the conical region of the shield wall between elevations
55 and 75'should contain vertical cracks. In fact, all figures from 5.32 to
5.53, which include a temperature condition, show that vertical cracking
should occur en the east, west and north faces of the conical region of the
shield wall. This vertical cracking pattern is presented in Figures 5.83 and

!

5.84 which show the predicted cracking patterns on the west and east
faces of the shield wall for stress contours and trajectories corresponding
a Figures 5.38 and 5.39 and Figures F % ind 5.51 respectively.

O At the west portion of the shield wall between elevations 75' and 119', u
comparison of Figures 5.32, 5.34, 5.36 and 5.38 show that, although
cracking is predicted for the summer temperature condition, the winter
temperature condition dominates. Between these elevations, Figures 5.33
and 5.39 show very similar cracking patterns for iterations 0 and 1 except
that for iteration 1 cracks are more vertical at the junction of the south iFP
wall with the west shield wall. Cracks near elevation 119' are very nearly
vertical but begin to turn diagonally as they proceed down the wall to
elevation 95'. Between elevations 95' and 75' the cracks farthest from thc
SFP have a nearly vertical orientation while cracks clotest to the SFF,
near the shield wall and pool wall intersection, are vertical at 119', turn
diagonal at S5', and become nearly horizontal toward elevation 75'. The
basic similarity in stress trajectories for iterations 0 and 1 means that it is
expected that the same cracking patterns will exist regardless of the extent
to which the floor slabs restrain the shield wall and SFP, As further
discussions will show, the floor slabs on the west side of the shield wall
and SFP provida relatively little restraint compared to the floor slabs on the
east side. This can be seen la the deformed shape and stress contour
plot of the floor slab at elevation 119'shown in Figure 4.5.

On the east portion of the shield wall, cracking is again dominated by the
winter temperature condition. Unlike the west shinld wall, however, crack

9 orientation changes considerably between iterations 0 and 1, as shown in
Figures 5.45 and 5.51. After the floors crack in iteration 1, the diagonal
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cracks tum sharply tv.ard the vertict kw ilevations 119' to 95' and then
from nearly horizontal to almost verth +., tween elevations 95' and 75'.
The great difference in stress trajectuises between iterations 0 and 1
means that the orientation of cracks in the east shield wall will be
dependent on the extent to which the floor slabs restrain 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 figures are
required. Rathor 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 shield wall and
SFP taken at elevation 108'. All of the figures discussed below are
derived from one of these two 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 5.58 and 5.59 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 cylindrical 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 ci cumferential stresses la 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 shleid 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 shle!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 t'y 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 responso is entirely related to the temperature condition. As the
membrane stiffness of the floors is reduced in iteration 1, the shield wall
expands, relieving most of the (nombrane thormal stress in the shield wall.
This can best be seen in the linearized circumforentla! stress plots shown
in Figures 5.68 and 5.69 for a nodal lino in the east shield wall at elevation
108'. Those plots show ti,at the membrano compressive stress was
reduced from approximately 350 psi through the shield wall to about 50
psi, while exterior surface bending 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 fuel transfer opening sinco this region provides the least
restraint to thermal expansion. The east-wo:,, apansion of the SFP south
wall rotates the southeast and southwest cornors of the SFP because of
the restraint provided by the SFP oast and west walls. Figures 5.62 and
5.63 show the change in principal stressos and Figures 5.64 and 5.65
show the chango in both the magnitudo and the distribution of
circumferential stressos in the shield wall as thermal expansion occurs and
larger bonding stressos are introduced into the shiold wall near the
intersoction with the SFP south wall. Because the east wallis thickor than
the west SFP wall, it provides more rotational rostraint. In addition,

d because there is significantly loss floor on the west side (and thorofore
less stiffnoss) loss change occurs on the west side between iteration 0
and 1. This can be observed in the deformation plots of Figures 5.66 and
5.67. The rostraint provioud by the east SFP wall, rotates the southeast
corner counterclockwiso, thus increasing the circumferential bonding stress
in the east shield wall which results in an increase in the circumferential
tensile stress on the shield wall exterior surface. Again, this is clearly
soon in Figures 5.64 and 5.65. Since the circum'erential tensile stresses
now dominate, the tensile stress tr.Actorios 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 exterior surface of the SFP east, west or north walls
in either iteration 0 or iteration 1. This can be soon 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
5.32,5.33,5.38 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 those elevations, however, because this portion of the wall
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is behind the now fuel storago vault, many of those cracks woro not
observed. In the contral region of the west wall, above and below
elevation 95', thoso same figures show that large fluctuations in crack
orientation occur betwoon iteration 0 and iteration 1. Itoration 0 predicts
nearly horizontal cracks in this region, while Itoration 1 shows a distinct
shift in orientation to vertical cracks. Since the mechanical loads have
horizontal stress trajoctories within this contral region for both iterations,
it is likely that vartical cracks will occur. These vertical cracks should be
visible betwoon olevation 85' end 95'. The predicted crack pattern for the
west SFP wallis shown in Figure 5.83.

_

in the east wall of the SFP betwoon Columns C5 and C6, Figuros 5.74,
5.75,5.76 and 5.77, which isolate the SFP wallin Figures 5.44,5.45,5.50
and 5.51, show many diagonal stress trajectorios in iteration 0 but

] predominantly horizontal trajectories in iteration 1. '..cs change in crack
orientation betwoon the two iterations can be attributed to the increase in
horizontal bonding stress which occurs in iteration 1. This is consistent
with the bonding rostraint that the SFP east wall providos in resisting the
thermal growth of the shield wall, as discussed in the previous section.
These horizontal bonding stresses (SX) in the east SFP wall at elevatWn

9 108' can be soon in Figure 5.77A for the winter temperature condition.
Thus, in the region betwoon columns it is expected that vertical cracks will
begin at about olevaticn 80' and continue to olovation 119', in the region
of the east wall north of column C6 between elevation 80' and 105', both
iterations 0 and 1 predict the presence of horizontal cracks. In addition,
the stress trajectories and stress magnitudos in columns C5 and C6 for
itoration 0, and to some extent iteration 1, strongly indicate that those -

columns should have horizontal cracks at possibly several olovations, with
the most likely location being in Column C6 at about olevation 100' The
predicted crack pattem for the east wall of the SFP is shown in Figure
5.84.

A geometry plot of the north wall of the SFP is shown in Figure 5.78. The
tensile stress magnitude on the surface of the north wall for iterations 0
and 1 are shown in Figures 5.79 and 5.81, and their associated stress
trajectories are shown in Figures 5.80 and 5.82. These figures show that
both itorations 0 and 1 predict very similar stress trajectory patterns over
most of the wall. Based on these trajectories and the surface stress
magnitudes, vertical cracks should occur betwoon elevations 100' and
119', and horizontal cracks should occur between elevations 80' and 90'.
The predicted crack pattern for the north wallis shown in Figure 5.85.

O
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Correlation With Observed Cracks

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 almost
all locations where cracks were observed the analysis predicted the same
orientation of the cracks.

The only region where the ci;;erved crack orientation 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 horizontal 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

O elevation 95' down), could trigger vertical cracks in the biaxial tension field.
V Therefore, the presence of vertical surface cracks in this blaxial tension

region is possible, based on the analysis results.

The only crack not predicted was the horizontal crack between Columns
C5 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.

5.3.3 Crackina 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, to 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 load (DL), live load (LL) and winter
temperature (T,) are shown in the stress contour plot 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 the large 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 5.91 and 5.92. 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. \Nhile 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 occur.

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 co ntour plot showing the

y 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 which 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 slabs at Elevations 119',95' 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!ans where cracks are expected, and all of the cracks have

| orientations consistent with predicted results. The only exception is at the
l northeast corner of the SFP where cracks were observed in the floor slab
i at Elevations 75' and 95'. (Similar cracks were not observed at

'

j , Elevation 119' because the floor in that area was hidden from view by a
|
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paper covering.) As shown in Figures 5.96 and 5.99 these cracks occur
in regions where membrane tensile stresses exist, but are below 400 psi.
While membrane cracks are not predicted in this region, the observed
cracks could be caused by tensile bending stresses on the top surface of
the floor stab. Since the winter temperature condition causes the warmer
shield wall and SFP to be displaced vertically to a much greater degree
than the cooler exterior wall, the top surface of the slab between the SFP
north wall and the exterior wall could be subjected to significant bending
due to the differential vertical displacement. This displacement behavior
is illustrated in Figures 5.135 and 5.137, which snow the vertical
displacement contours of the floor slabs at Elevations SS' and 119' for an
unfactored load combination of DL+LL+T,in iteration 0. Figures 5.136
and 5.138 show the maximum tensile stress contours on the top surface
of the floor slab at elevations 95' and 119' for the same load combination
and iteration. These figures clearly show that the fan type cracking of the
floor in the vicinity of both the northeast and northwest corners of the SFP
should occur. Therefore these cracks should be observed on elevation
119' after the paper floor covering is removed. Figures 5.136 and 5.138 C

also show that surface cracks due to slab bending may be observed in
other regions of the floors as well.

t
( Figures 5.90,5.96, and 5.99 show that tne floor slabs at Elevations 119',
"

95' and 75' on the west side of the SFP and shield wall are more highly
stressed than on the east side. This means that more relaxation of
membrane restraint should occur on the west side than on the east side.
This unequal relaxation of the membrane restraint provided by the floor
slabs was not investigated in the analysis. However, the only effect that -

this could have on the analysis results would be a reduction in the load
transferred to Girder RD and Column C6. Since the analysis assumes the
complete release of the floor slabs as restraining membranes supporting
the SFP, the resulting loads in Girder RD and the other primary supporting
members have been conservatively estimated based on the expected
behavior of the floor slab system.

5.3.4 Cracks in Girder RE

An elevation view of Girder RE as it ' exists in the finite element model is
shown in Figure 2.17. This view, looking west, shows a portion of the
north wall of the SFP and Column E7 which supports the north end of the
girder. Figure 5.107 isolates just the girder elements and shows the west
face in the top window and the east face below. Figures 5.108 through

O 5.127, which occur in pairs, show the maximum tensile stresses on each
V face and the assnciated tensile stress trajectories between faces (i.e., at
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the olomont controld) for iterations 0,1 and 2 and difforent load
combinations. For referenco purposes, the specific itoration and load
combination associated with each figuro are shown at the bottom of the
photograph. DL is dead load which includos concreto dead load,
hydrostatic pressure and high density racks and fuel, LL is the floor live
load, T, is the winter temperaturo condition and T, is the summor
temperaturo condition. in the discussions which follow, attention is
concentrated on the region of the girder betwoon the north face at column
E7 and the maximum moment section (i.e., section ME in Figure 5.1).
This region coincidos with tha square area five olomonts long and six
olomonts doop in Figure 5.107, where only the bottom four layers of -

olomonts are physically visible in the actuni girder; the top two layers are
ombodded in the floor slab at olevation 75'.

Crack Orientation

in itoration 0 Figures 5.109 and 5.111 show that the wintor and summer
temperaturo conditions produco stress trajectory directions which are
distinctly difforent from the load combination of dead plus livo load (DL+LL)
shown in Figure 5.113. The resulting combination of dead and live load

G plus either the winter or summer temperaturo condition produces very low
stress levels betwoon the north face of the girder and the maximum
moment section, as shown in Figures 5.114 and 5.116. More importantly,
when compared to the stress trajectorios for DL+LL (Figure 5.113), the
stress trajectorios for load combinations which include temperature are
very flat, as shown in Figures 5.115 and 5.117, and Figures 5.128 and
5.129 where the scale of the trajectory vector has boon increased to -

clearly show the directions. From the discussion below, it will becomo
apparent that the orientation of the stress trajectorios in Figuros 5.128 and
5.129, and Figure 5.113 bound the orientation of predicted and observed -

cracks in Girder RE.

In iteration 1 the stresses in the girder increase when the floor slabs at
Elevation 75',95' and 119' are reduced in stiffness to simulate complete
roloaso of their membrano load carrying capability (see discussion in
Sections 4.2.1 and 4.2.2). This iteration produces the single most
significant load change in the girder as the shear force from the winter
temperaturo condition reversos direction. This shear forco reversal
between iterations 0 and 1 can be soon in Table 4.6 for the winter
temperaturo condition. In contrast to iteration 0, the stress trajectories for
DL+LL (Figure 5.119) and DL+LL+T,(Figure 5.121) now have the same
orientation in iteration 1. However, for the load combination of DL+LL+T,

G (Figure 5.123) the stress trajectories are not as diagonally oriented at the
north end of the girder as the trajectorios for DL+LL or DL+LL+Tw.
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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
temporature 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 orientations in the
other figures. Thus, in the uncracked structure, before any significant
thermal gradients occur, stress trajectories are oriented as shown in Figure
5.113. 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
orientation 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

7
gradients, the trajectory orientations predicted by the analysis fall between

,

\ specific limits. The actual crack pattem which emerges in the girder wif
depend on what stage in the cracking process the surface stressee in tha
girder reach the tensile strength of the concrete. The crack pattern
predicted from the stress trajectories in Figure 5.127 is sketched in Figure.
5.130 for the west face of the girder. Similarly the crack pattern predicted
from the average orientation of trajectories in Figures 5.127 and 5.128 is
sketched in Figure 5.131.

The observed crack pattem 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 pattem in Figure
5.130 which is the same for DL+LL in iterations 0,1 and 2 or DL4;.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) comparos well to the more vertical
crack pattern in Figure 5.131. What these comparisons show is that the
observed crack patter,is 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.

OO
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' Interpretation of Analysis and Nondestructive Evaluation Results

The SFP analysis results show that for all load combinations and all
iterations Girder RD is more highly stressed than Girder RE by about 10
to 20%, but since Girder RD is not visible no relative conclusions can be
dra#>n between the observed cracks in Girder RE and the absence or
presence 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 the cracks penetrate on!v the first few inches of the
airder's surface and that cracks on the east, west and bottom surfaces of
the girder are probably related. Based on the analysis results and the
results of the physical 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 mechanical and thermal loads, a
relatively homogeneous isotropic tensito stress field must have existed
within the first few inches of the surface of the girder at the time that
significant mechanical and thermal loads were applied. (An isotropic
stress field is a special case of a blaxial stress field where the stresses are
the same in both directions, i.e., Mohr's Circle is a point.) The most

p\g 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 tha width of the girder. This would
result in a nonlinear residual stress distribution within the girder web.
Terisile 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 compression within the laterior of the girder. Later, as mechanical
and thermal loads wero 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 surface as the
tensile stresses decrease rapidly with distance from the surface. With an
isotropic 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 toO which the SFP structure'has been subjected and the degree to which
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cracking has taken place in the SFP structure, must be consistent with this
fact. It is reasonable to initially assume that the load levels that the SFP
structure has actually been subjected to over its life time are close to the
Case C dead load plus winter temperature condition. The maximum
bending stresses in the girder for the load combinations of DL and DL+T.
are shown in Table 5.24 for iterations 0,1 and 2. To determine when
cracking might occur, these stresses must be related to the actual tensile
stress at which the girder would be expected to crack. Nondestructive
examination of the girder concrete showed that it had an average
compressive strength of 4980 psi (Reference 8). This gives a modulus of
rupture equal to 530 psi. Assuming that the isotropic tensile field on the
surface of the girder was approximately 200 psi, the maximum bending
stress in the girder must have exceeded 330 psi to cause sudace cracks.
Comparing this stress to the stresses in Table 5.21,it is concluded that the
level of cracking and/or the extent of cracking was conservatively
estimated in the analysis la iterations 1 and 2. This is quite possible,
particularly for iteration 1. With the dramatic change in stress magnitude
that occurs for the case of DL+T, between iterations 0 and 1 (see Table
5.24), it is very probable that most of the conservatism lies in the complete
release of the membrane restraint of the floors at Elevations 119',95' and

p 75'. (See discussion in Sections 4.2.1 and 4.2.2 regarding the release of
unqualified lead paths.) Realistically these floors d_o participate in
restraining the SFP and reducing the loads in Girders RE and RD. The
effect of this perticipation by the floor slabs is one of the reasons why
Girder RE does not have cracks through the web. Also, the fact that the
two long vertical cracks nearest the maximum moment section in Figure
5.134 have an inclination similar to that predicted by the stress trajectories
in Figures 5.128 and 5.129 further reinforces a conclusion that the actual
level or extent of cracking is not too far from iteration 0. In addition, it is
likely that the 40 F interior reactor building temperature used throughout
the entire interior of the structure in the analysis may not have occurred
at all elevations or for a sufficient duration to have caused as high a
thermal gradient as used in the analysis. A lower thermal gradient would
have resulted in less cracking and less load being redistributed to the
girders.

Based on the results of the SFP analysis and the results of the
nondestructive evaluation of Girder RE,it is concluded that the cracks in
Girder RE are not a result of girder overload or other forms of distress.
These cracks probably occurred as a result of tensile surface stresses in
the girder produced during curing. These surface stresses added to the
normal shear and bending stresses caused by mechanical and thermal

p loads which,in turn, caused premature cracking of the girder surface. The

Q fact that these cracks are confined to the girder surface and are in a
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V normal crack pattom consistent with the analysis results, further supports
this conclusion. in addition, this is consistent with the lo'N number of
observod 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 and 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 Pool is valid,
particularly as evidenced by the ability to match and explain the observed cracks
in the SFP structuro. 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 temperatura conditions, applied after the
sustained loads, which drive the cracking of the structure. >

O
| (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. In correlating analysis results 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 strategy these load
paths were systematically released to ensurs 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 membrano tension loads on the SFP slab
which were accounted forin 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 results 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.

O
U.
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(4) The analytical results and Code evaluation show that the SFP structure can
support consolidated fuel loads. However, the analysis also shows that
Girder RD has only 0% margin when the poolis loaded with consolidated fuel.
GPUN must be aware that (1)if consolidated fuelis added to the pool, Girder
RE could crack further, which is undesirable, (2) Girder RD would have to be
inspected and evaluated in detail prior to any decision, and (3) the bottom of the
SFP slab would also have to be inspected. These points must all be considered.

and evaluated before a decision is made to increase SFP loads to consolidated
sevels.

o
L.]
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,

1,

LOAD CO!GINATIO!iS

EOUATTON LOAD CO!GifJATIOli

a 1.4D 4 1.7L 4 1. 9 E (-X-Y4 2) '

b 0.7E (1.4D + 1.7L + 1.4T )

c 0.75(1.4D + 1.7L + 1. 4 T, 4 1.9E(~X-Y4Z))

d D, L4 T, 4 E'(-X Y4Z) i

i
t

e D4 L4 T, 4 C,

a' 1.4D 1 1.7L 4 1.9E(-X4Y4Z)
;

c' O.75(1.4D 4 1.7L 4 1. 4 T, 4 1.9E(-X4Y4Z))

d' D4 L4 T., 4 E'(-X+Y+Z)

c, 0.7S(1.4D 4 1.7L + 1. 4 T, 4_ 1.9E(rX-Y4Z))

d ,, D4 L 4 T, E' ( -X-Y4 Z)4

c; 0. 7 5 (1.4 D + 1.7L 4 ' 4T,+ 1.9E(-X4Y+Z))

d; D 4 1, 4 T, E'(-X+Y+%)
!

i

Dead LoadD e .

Concrete Dead Load
Pool Water
liigh Density Racks and Fuel (Analysis Case C)

,

Consolido d Racks and Fuel (Analysis Case D)! ;

I Stored Cank

Floor Design Live LoadsL =

Thormal Load Winter ConditionT, =

4

T, Thermal Load Sunmer Cendi t ion-

Ol3E Seismic-LoadE :

i

:- SSE Seismic Load
.

E'

C Caok Drop Accident
Table 5.1a

.
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:
.

LOAD COMDINATIO!1S SPECIF1CALI.Y DEVELOPED TO.
SilOW COMPLIA13CE WITil ACI 349-80 SECTIOli 9.2.3 '

i

i

EOUATTQlJ{ LOAD COf4BillATIOt1

c* 0.9D + 1.28L 4 1. 05T + 1. 4 3 E (-X '/4 Z)

c'* 0.9D 4 1.28L 4 1.05T,4- 1.43E(-X+Y+Z) i

|
c' O.9D 4 1.28L + 1. 0 5T, 4 1.43E(-X-Y4Z)

c;* 0,9D 4 1.28L + 1. 0 5T, + 1.43E(-X4Y4Z)

c'* 0.90 4 1.28L 4 1. 0 5T, 4 1. 4 3 E ( -X-Y-Z)

c'** 0.9D 4 1.2bb 4 1. 0 5T, + 1.43E(-X4Y-Z)

! c'* 0.9D 4 1.2LL 4 1. 0 5T, 4 1.43E(-X-Y-Z)

4 1.43E(-X4Y-Z)c;** 0.9D 4 1.28L 4 1. 0 5T,
,

t

e

-

,

I

: Table 5.1b
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4

:
,

j SHFAR CAPACITY MARG 111 It1 GT ADERS RD, RE, AND R6 ANA1,YSIS CASE C

|
1

.

i
__

IITER. EO. GIRDER AXIAL SHEAR SHEAR MARGIN
FORCE * FORCE CAPACITY ti

(kips) V, (kips) eV,, (kips)

3R d' RD 126 1,963 2,031 3
!

3R d RE 81 1,769 2,031 13 '

__

I
__

4 a R6 45 518 982 47

I

'

t

| 4S a R6 45 SS3 1,029 46

| '

| 5 a R6 54 570 1,017 44 ,

. . = - -- =w - _ _ .,
,

|
'

i

| A negative axial force produces a _tencile axial stress on the* *

'
j girder crons section.
.

.)

t
,

1

!

!

,

Table 5.2a
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MOf4Ef1T CAPAC iTV 14APGif1.111 GT PDf'RS Rn, EE AtJD 96 AtJAINSIS CASE C

..=. _ _
- - . . - --

ITER. EQ. GIRDER AXIAL MOME!JT MOMElJT MARGIt1
FORCE * CAPACITY 't
(kips) !( M,,

(ft (ft-kips)_..__._ -kips).__
_ _ _ . _ . . . _ . . _ _ _ . _._.

. _ . . _ _ . _ _ _ . . _ _. _

3R d' RD 126 15,897 18,982 16

3R J RE 78 14,065 18,931 26

. . -.
-

4 a R6 30 3,534 5,52S 36
__

-~_

4S a R6 40 3,586 5,S29 35

5 a R6 40 3 , */ 3 8 5,529 32
t===.====,=- - - . = = = = . = . = - . = = . - - --- -- A

.

A negat ive axial force producca a t enaile axial at t ens on '_he*

girder cro n wetion. . ,

(
Table 5.3a
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,

blaxial Moment Capacity Margin in Column C6

Iter. Eq. Column C6 Axial Moment Moment Margin
Bending Force * Capacity %**
About (kips) M, Mn

(ft-kips) (ft-kips)

3U d Y-axis 818 475 3,985 77

X-axis 664

3R c Y-axis 1,178 623 4,445 77
_

X-axis 640

4 d Y-axis 1,094 606 4,341 77 |

X-axis 663

4 a' Y-axis 2,693 664 5,266 80'

X-axis 593

4S c Y-axis 1610 787 4,881. 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

X-axis 186

A negative axial force produces a tensile axial stress on the*

girder cross section.

The margin was based on biaxial bending capacity.**

|

l' ('
: \
'

Table 5.4
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L40MEf1T CAPACITY I4ARCT!1 Tf t_ GTHDERS RD, RE AtJD R6 A11ALYSIS CASE D

,

ITER. EQ. GIRDER AXIAL MOME!JT MOMENT MARGIll
.

FORCE * CAPACITY %

(kips) M M'
a n

(ft-kips) (ft-kips)
- . - - . -. -- - - -. . . . . . - . - . . - . - . . - . . _ - - . . - . - - - - - - . . . -.---... -

3R d' RD 139 16,461 18,995 13

3R d RH 97 14,862 18,951 22 ,

4 a R6 36 3,871 5,542 30

S a R6 38 4,095 5,527 26
_.,,.n. . . . . ..

---

,

SilRAR CAPAc1TY I4ARG1f1 If1 GTHDERS RD, RM, AfJD R6 ANALYSIS CASE D

,

. - - - . . -.
.

ITER. EQ. GIRDER AX1AL SiiEAR SilEAR MARGIN
FORCE * FORCE CAPACITY %

(kips) V (kips) eV (kips)
.o n

,

,
,

3R d' RD 143 2,035 .2,03i 0
,

3R d RE 181 1,879 2,031. 7

4 a R6 59 588 1,011 42

i

. 5 a R6 69 646 1,029 37
___

_. . _ ~ _ . . . _ _ _ _ .

| * /> negative axial f orce produces a tensile axial stress on the -
girder cross section.

,

-

t
Table 5.6
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SIIRAR CAPACITY f4ARGT14 T!J THE SFP SLAB FOR ANALYSIS CASE C

,

'''Lh
.

ITER. EQ. SECTION OF AXIAL SHEAR SHEAR MARGIN
SLAB FORCE * FORCE CAPACITY ** %

(kips) V (kips) eV (kips)o n

3U a West of SE -4 582 1,149 49

3U a South of SE -821 338 536 37

3U a' East of SW -217 646 1,111 42

30 a South of SW -950 512 749 32
___

3R a West of SE 291 782 1,162 33
_

38 a' South of SE -435 364 602 40

3R a' East of SW 80 771 1,153 33

3R a South of SW -925 445 753 41

4 a West of SE 304 812 1,163 30

4 a' South of. SE -470 360 596 40

4 a' East of SW 81 783 1,153 32
,

4 a South of. SW -1,044 427 733 -_4 2. - - . .
-- - . - - - - . . - - - ._ - ..

4S a' East of SW 177 783 1,157 32

4S c East of SW -1,207 415 938 56s

4S d; East of SW -910 641 990 35

4S a South of SE -575 281 578 51
_

| 4S d South of SE -783 195 543 64s

! 4S. a South of SW -559 339 815 58

4S d', South of-SW -712 257 789 67
N neg[ative axlal'fGrce proBuces a tensD e axial stress on the

~

'

Table 5.7a
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a

i

tiOMI*ttr CAPACITY MAPGifJ !!J Ti!E SFP Pl.AD FOR Af3AhYSTS CASE C

-

ITEF. I.1:o. SI:CT10tJ or AXI AI, MoMr.,r MountJT MAnalti
2

j St.AB FORCE' CAPACITY ** 1 i

|
(kips) Mo * * * M.'

(ft-kips) (iL-kips)
.

3U c Central SE 1 164 (N 1 228 28

3tl c Central SW 43 202 (Y) 2 * ** 31

,

~

3R c Central SE -13 174 (Y) 201 13
,

3R a Sout h of SE -51 _99 (Y) 129 23

_ Y) 250 83R c' Central SW 17 229 (

-40 98 (Y) 150 353R a South of SW _'

,

4 c Centra's SE -20 170 (Y) 187 9

a So'ith of SE -53 102 (Y) 125 16_4
4 d' Central SW 17 227 (Y) 251 10

4 a Sout h of SW -44 98 (Y) 142 31

|i

, _ _ __

4S | c Central SE 11 67 (X) 243- 72 j

4S c; West of SE -74 48 (X) _ _ 82 41

4S d: West of SE -77 -40-(X) 77 48
|

-

4L a South of SE -49 53 (Y) 133 60

4S d South of SE -62 54 (Y) 107 50
7

45 c Central SW -20 82 (X) 189 57
,

48 c; East of SW -66 67 (X) 99 32

4S d; East of SW -61 72 (X) 110 35

45 a* South of SW -36 44 (Y) 157 72

4S c; South ut SW -32 52 (Y) Ic5 68
LM" stay"'s**"A**Lg!1"fLJ%'i"ioi ce p: di7Ws~a"'tTnTN7"aYal"ria es. s. ori

cross r.ect ion. Tbc mceent capacity is teed on the sarno axial f or ce.
** Axia force, Honent , and Moment Capacit y .in e f or a 9 * wide scotion of

| slab
i *** The lett er in parenthesis is the glotal axis atout which the inoment is
| taken (see rigure t.t or 5.11

,

[
.

. \v
Table 5.8a
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MOME!C CAAAO!M MARGIN (%) IN NE SFP SLA3 FOR LCAD CCMBINATIONS IN TAB!E 5.lb
ANALYSIS CASE C, ITERATICN 45

If

4 LCAD CCMEINATIONS (See Tal,ie 2 :1b)
..

r

N LOCATI O*t ' 2 ' l.0!! and Seismic "pward* k O.90 snd Seis-ic Upward 0.9D and Salmic Ocwnward

fe*u c;. ; gj.| c' | c, f c," f c* | c '* | c* f c,'* |c uC

. Middle of SE tlab (SX) 79 f "9 | 91 | 93 h 79 | 79 |f 9; | 94 gg g) q g .

| 94 | 74 | 70 97 95 76 72 94 92 | b '

pj ddle of 7 Slab (SY; f 72 | j gata
y

||Mideia cf sw sie ssx) 75 j ; 97 { 93 | '6 | 75 97 97 | n n 95 g h

EE| 93 f 65 65 | 99 99 *MMMid31a cf ^W 5;nb (sy) | Se 59 | 93 | 91 f 62 { 15n
h WW(n T

k 02f G3 99 | 95 | 93 | , gg | 95 ! G3
'

of SE ' lab (CY 44 9e e4p ;| East
W*st of V Sid (GYi k 91 97 f 49 | 4; f 94 | ! 47 100 75 51 5793] 44

h|| 9;$ M rth of SE Slab fSX) h 92 | 93 | 9c | 99 f g; , q g g g ggg

f 34 f 90 | 96 | 51 39 h E1 97 61 | 47cf iW Sinb fSY' !! 94 | 3 46fleas *
West cf SW Sise (s() f it; f gg | 43 | 67 || 97 | 86 53 71 f 21 |90 60 7s

. f 99| gg | g3 | g5 gg j G7 94 86North cf EW Slab |} h 99 66 | 96 87

Scath of SE Slab (eg | 100 | 97 51 56 || 99 100 57 61 | 94 99 67 69

(SXi h 97 | 99 67 69 k 99 99 | 71 , 72fSouthofSWSlab f 77| 98 96 79

(1) Seiss e Upward rasns that the apprepriate seismic acceleration has be u applied in the upwarc (+-) directiera
80 .cr exarple, *Eist of SE Slab (SY)* reans the Eat,t ed;;e of the gouth gast STP Slab fo'-g ] e.., n j m nolo 7/;

- s w..ch pro "ce stress .n the Y direction. a ;

, (3) This table was sp ecifically develcred to demonstrate co pliance with ACI 349-e3 Sectien 9.2.3. Z
.O.

6 oy
g' O.

Wo<N
6' 9
6-
U
o-

. .. .

.. .. . ..
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SIIEAR IN SOUTTIRAST F.AB (Kips) FOR ANAI,YSIS CASE C

1TrJRATION 4 ITERATION 4S
_ _ _ _ - . _ _ _ _ _ _ _ _ , _ _ _ _

SECTION EQUATION A EQUATION A' EQUATION A EQUATION A'
SilEAR SilEAR SHEAR SHEAR
AXIAL AXIAL AXIAL AXIAL

1

East 48 251 265 486
364 -282 343 -378

West 832 595 729 471
303 .-258 386 -317

_

North -108 -42 -8 3S
-465 -362 -283 -234

South 317 360 281 306
-840 -470 -575 -338

_ _ = ___ _ _ . _
,_

_

(
Table 5.9
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,

i

SI'S AT THE IfW'OUPI,FD PF1DPS IN TliC SFP SLAft

CASE C ITERATIOff 3U !/)AD COMT41tlATION ITUATION 'f4* .

,.f'FASTSECTION.OPESESLAB
. ..

WEST SECfIDAf f0fF SE:SLAll

Node In Adjacent Gap Node In Adjacent Gap
Slab 11 ode (111) Slab Node (IN)

6111 621 0.0154 6122 661 0.0187

1- 6112 622 0.0174 6123 662 0.0092

6113 623 0.0169 6124 663 0.0048

6114 624 0,0144 6125 664 0.0014

6115 625 0.0150 6126 665 0.0032

'

NOltTl! SECTION OF-NE SLAB SOUTii SECTION'Of* SE SLAB
'

,
6117 638 0.0056 6116 3569 0.0010

1

6119 648 0.0065 6118 3570 0.0002
0121 658 0.0055 6120 3571 0.0022

_

i

j...._. . . . , , . . . . . . . _ . - . . ~ y. . ~ . . ~ . . . . . - _ . . , _ . _ _ . _ . . . . _.

11:AST SECTION OF SW SLAD WEST'SECTION OF SW. SLAB

6127 671 0.0200 6140 921 0.0150

6128 672 0.0126 6141 922 0.0138
6129 673 0.0074 6142 923 0.0117

6130 t74 0.0027 6143 924 0.0271
_

6131 675 0.0039 6144 D.5 0.0086

1-

NORTil SECTIC. t.F NW SLAB SOUTH SECTION OF SW SIABi
i

6133 #88 0.0058 6132 3511 0.0047

6135 698 0.0066 6134 3512 0.0039

,

6137 908 0.0061 6136 -3513 0.0020

6139 918 0.0045 6138 3577 0.0020
(

,

|

Table 5.10
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EHUAP CAPAr1TY MAPGlH Ifl THP PFP TI,AP FOR A!! AI.YSIS CASit 11

[ ITI:R .
__. -_ . . . ,

i

I:Q. SECTIOtt OF AXIAL SHEAR SilEAR MARGIN |
SLAll FORCE * FORCC CAPACITY ** % |

, .(kips). . . . V.. (kips) e V,, (kips)-
.-- ., |

,
_ - .,

I

, _st of SI: 500 680 1,062 3630 a' ca
-

3U a South of SE -850 436 531 18

70 a' F.a n t of SW -224 838 1,110 25

30 a South of SW -999 698 741 S.8
_

i

-_ _ _.

3R a West of SC 257 884 1,161 24

|3R a Sout h of SC -61L 422 S37 21
.

i

3R a' l-:a n t of SW 128 972 1,155 16 j
i

3H a South of SW -939 633 751 10 !

|
.__ |

'
4 a West of SI: 255 <13 1,161 20

4 a S<>uth of SE -862 ;18 529 21

4 a' O. m t of SW 121 940 1,155 14

4 a Sout h of SW --l.064 615 729 16
J

i !
,

4S a' F.a s t of TW 275 1,000 1,161 14 |

4h c, 1:a a t. of SW -941 767 985 22 i

i
4* d; I:. m t of SW -636 80$ 1,003 20

. . _ . . - _ . _ _ _ - . _ _ . , _ _ _ . _

g

. _ . _ _ _ , . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ i
1

45 a South of SE -t66 377 580 35 '

|
4r d, South of SE -776 267 544 51 j

_ _ _ _ _ _ __ _.
!,_ _ . _ _a. _ . . . ._Sout h of SW ,558 484 E l ti 414E

4C d; Sout h of r.W -710 366 790 54 |,

: g ,= w~=-,.-- -. ----

t. Ull5 ll t * d X 1 al= a 1. I t ' . m' Of n ( } g ffti lif1(}d L L Vt ? dX1d1 L OI l'P j)I UuuCf'h d
_ . . . . . . - .a

Cldb Clos; sect lon.
** Axial Forco Shu r iorco and Shear Capacity are along ihe

ont t r e cr oa iction of tho ,1 ib a u shown in flgure 5.1.

Table 5.11

Page 259 of 284

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ ______ _____ _____________- _____ _ _



. .
. .

.

.

.

.

. .. _ _ _ _ _ .

Report tJo,03 0?704341
O ES R$ Revision 0
P%BWRF
4%f a P-Row *e gust its

ABB hiipoli Corpotation

Eggtrr cArterry MMfGIf1 111 THr: pp SLAP rok At TAI.YS I C CASI'. D.

==~~~a==*=~"'~~'"~~~~~m,,____m,---:---
AX1AL MOMLITP MOMctrr MARGIll

SI7["Flott OF
I TI-:p' t'm CAPACJTY** 1#'

;LAn l'OPCl:e
(kips) M. N

(it-kipu) (i t -kips)
_._

30 d C attal of -6 167 219 24
_

I SI: X-Dir. _

22,,, *83 7
'

3 tf c' Central of 35 '''

SW X-Dir. __. _
,_

_ _ -

!
. - - . . . - _ - .- -- - - - -

3p d cent tal ot ~1 170 130- 11..

S1: X-Dir. -
_ . _ , . _ _

. _ .

, _ . . _ _ _ _ _._
-- --

_ . _ _ _ _ . ,

.noo_t h o f St:
-53 113 126 ,0

.
_

3p 3 - - -

_ _ _ _ _ d. i. _- -- -

'f>3 9j jn c' Centra 1 01 ,j "0'a '

-

|
SW X-Dir,

_, _ _ _ _ . _ _ _ _ . . __ __ __
-

I_
SW ' >1 1e; 149 15.

sou-_._t h o t- - - - - - - - - --
_ _ _ _ _ . _ _ _ _ _ _

--

3e
.. ._

o

-- -

. _ _ . - . - . . - - - -

4 d centtal of - '7 W I" 0 !
SI: X.Dtr._ , _ _ . _ , _ _ _ , _ __ _ _, _ . , _ _ _ _ _ _ ..

__

. Nout h of SI: SS I I '- I2I 4
-

4 i a
. . .

1
- -.

4 11 cent t al of 11 ,y- ,4a 8
--

_ _ __ _-- D i-- , _ _ _ _ _ _ _ - _ _ .. .-SW x .

,

7, _ _ _ _ _ _ . _

} 4 a Sout h of SW -46 12h 138 I )

=-

[
-' -

__- . - - . - --,i.-
- -- --

H, 3b
.

. _ _ ' _ _ .. r4
.

o, _.._ _ a ._ _ _4s ; c; went ot _ - -
.

|

4 Sout h of 2 ~49 65 134 51 _
_

. |a___ _ . . . _ _ _ . - - - - -
_-

4s 1 vi Sout h oi n -65 60 l01 __Q_ ,

.t__'
,.

_ , _ _ _ _ _ _

,

b C
. .._

- - - - ---
- ' * * " ~ ' ' ~ ^'

:;W -36 62 158 61
,

45 a- Sout h 01-
- - . t.--.-

'3 b
C SOnllh Oi |W .=-~===-(.._...;__.4$ .a.,,' - - - - - , . ,y_,,., . 2: _

~ _ . - -~,

a tensile axial atiens on truA yeaative axial torce produce.

ulbb ctone act ion . The wa rit capacity 1: based on the J a tne
a.:i a l force '

.. .1 a 1 ro z , v , Mownt , o n<l W w nt C M" Cil Y "l' I"' " 1' . "'dg

n.ct i on of : lab

Table 5.12
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SHEAR CAPACITY MARGIN IN THE SFP WAI,LS ANALYSIS CASE C

ITER. EQ. SECTION OF AXIAL S EAR _ SHEAR MARGIN
WALL FORCE * FORCE CAPACITY ** %

(kips) V (kips) oV, (kips)u
:

East-Wall

4S a' North Sect. -34 27 69 61
.

4S c' North Sect. -27 31 71 56

West-Wall

4S a North-Sect. -43 30 48 37

4S d, North Sect. '7 29 49 41 -

,

North-Wall

[' 4S d' East Sect. -28 26 71 63
t

'

45 a West Sect. -29 31 70 56
J

* A negative axial force produces a tensile axial stress on the
slab cross section.

** Axial Force, Shear Force, and Shear Capacity are f or a 12" vide
section of. wall.

.

V
Table 5.13
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MOMENT CAPACITY MARGIN IN THE SFP WALT,S ANALYSTS CASE C

ITER. EQ, SECTION OF AXIhL MOMENT MOMENT MARGIN

WALL FORCE * CAPACITY ** 1

(kips) M Mu n

(ft-kips) (ft-kips)
- . - _ - - - - - - - - - - - . . - - . - - - - . - --

- - -

. - . . . - - _ - _ _ . .

East-Wall

a' North Sect. -34 103 166 38
I <t s <

,

4S c' North Sect. -27 48 287 74
*

I
West-Wall

1S a North Sect. -43 98 105 7
( ,

4S d North Sect. -37 103 118 13 -

s
t-

" North-Wall

4S d' East Sect. -28 122 185 34

4S a West Sect. -29 107 180 40
._

South-Wall
G Middle

4S c' Y-Dir. -39 173 19? 10
-

_

4S Z-Dir -54 44 91 51
.. _ _ .|d __

. . . _ _ . . __ _ _ __ o_ . .

* A negative axial force produces a tensile axial stress on the
slab cross section. The moment capacity is based on the same
axial force.** Axial Force, Moment, and Moment Capacity are for a 12" wide
section of wall.

121e 5.14
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****ese****ee************eene***eenee****ese***********eeeeee****e*******'

* *
* PROGRAM RCBCAM, REV.O CALC. NO.t ._ REV. : *DATE ..

* CLI ENT GPLHJ PREP.-BY : ~ DATE : * L

*- PROJECT SPENT PUUL POCL CIWD. BY : *
' * JOB Ho. . 0370-187-1683 PAGE NO.: OF,

*-

***********e******se*******2*********************e*******e********+++e**
e

P

(ItDN ID: 4614.33, PAGE 1 OF S)
.

ABB Itripoll Corporation
Engineering Division

Proqtam: ItCBEAM, Reviwion 0 Date: August 1990

itCBEAM is an ABB Impell pr oj ect speci fic program for the evaluation
reinf orced concr et e member of rect angular cross section. Tha

section 'nay be subject. to axial force (compression or tension),of a

bendirvy moment and shear force, or alternatively, the user may input
linearized normal st resses at the top and bottom edges and t he average

3 shear stresi act inq on the . ;cct i on . The evaluat ion is based on the
Strcngth Method of ACI 349-80.

14e f e rence Information:
Building Description .
Area investigated GIRDEF RE ANALYS h CASE C; ITER, 1R;
ANSYU Output Fi1ename O?I W LCS 11% ; IDAD COMBINATION COL'ATION

"C"

Material Propert.ien

Concrete Comp.essive Strength (psi) t'e = 3000,

Concrete Clastic Modultts (psi). Ec a 3.12?Ot006
Steel Yicld atiength (psj) fy1 4.000E4004

Steel Elactic Modulun (psi) En 2.900ELOO7

4 Section Properties :

Ecctanguiar Gection

(in) b= 60.000
I Width

Tot a l - Dept h - (in) ha 108.000

Reinforcing Steel Geometry

' Rebar Area (in**P) Dintanco from Top Edge (in)

A n ( 'l ] 23.090 d{l} 104.500
Pa, OHO dt2] = 101.700As[2] r

P

'

< Table 5.17
'
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*e RI:V . : ~'~~ ** Pl<OGRAM - RClil .AM , I<EV.0 CA I .C . NO., ~ ~ ~ ~ ~

DATI: *

* ClJ f:NT : G PUN PRf:P. liY ~~ *,
~ ~ ~~ DATi' .

SPENT l't!!:L POOL Cll t'D . ItY : ** Pl40J i:CT *

* Joh No. 0370-187-1683 PAG E No. Of
e

eseaeee**esee<*seeesesea..e****eede,e**e***********ee*******e****es*see*

tjH9: ID: 4614.13, PAGE ? OF *;)

/sn J 3 ) 7.800 d[3] 98.900

An(4) 7H.080 d(4) 1. 6,n o

shea r inn nt or conent :

(stirtulm or t ien)
(In**)) AV . 200

Aled
( i nrc he n) 10.000

Spacitsi

*oud-Moment I n., e r ac t i on
.

P l a n t. i c tent I aid of the '+c t i on
(measured from the * ap wlqe of
t' h e eet lon) '-7.108

For comprer 11ve 1 o +1 (anchen) xe >

(inchen) xt 77.3h8
t'o r t e n s i l e load

Ma x i mum Con. pre: = ion cap ic t y (kipo) Pc 19971
(Lips) Pt 300?

Ma x imum Ten . ion cap se i t y

Pure Bendin1 Mc nt Capactty ( f t -k ipu) Mo 20946

M Lu i a nced Straio ntndition
_

(Lipq) Ib '%1
A *a| Comptem .I to

( t t -kipu) Mb '.S96
P nding Moment ( i luche s ) eb 5 ? . .' 0 9

-

Inad l'.cce nt r i c i t y

(tneants ed i i r,m xe t.owa r d the
top edeje of the <ection) (inchen) xb 11.SH7

tieut t al Ax tr
(meanuted t' r < m the ccmpt e: n1on

_

edge of the cet lon) t

Point on t It" Irit eI act : on ''u t ve aliove

wt:ich bot h the 'ene t at e and utceJ
nro in compt m .. J o n o*11 y (Lipa) P 15321

( f t - k ipn} M 1/0%

%

Table 5.17 (Continued)
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*
* PROGIGM ItCDEAM , HEV.0 CALC. 110.t REV. 1 *

* C t.T EllT : G PUH PREP. DY : DATE : *

J * PRO.1ECT SPI:NT FUEL- l'OOL CHrD. DY. DATE : - *
0370 487-1683 PAGE HO.: DT _ _ *,

8 JOB 110. *

*
*****eseee**eeseeee********eae*****ee************e*****ee********ee*****

(HUN ID: 4614.33, l' AGE 3 OP 5)

1

s Nominal St rengt b :

Polnt Inad Moment Point Load Moment'

i (kips) ( f t --k i pn) i (Lips) (ft-kips)

55138
1 19971 0 26 7500

2 19500 1727 27 7000 3S206
3 19000 1561 2 11 6500 35072

4 18500 5396 29 6000 34803

5 18000 7230 30 5500 34397
6 17500 5064 31 5000 33855
7 17000 10898 32 4500 .13177

11 16500 12712 33 4000 32363
9 16600 14S66 34 3500 32412

10 15500 16400 35 3000 30326

11 15000 180 % 36 2S00 29103
12 14500 1 % 05 37 2000 27744
1) 14000 20920 38 1500 26249
14 13$00 22>85 39 1000 24617
l 'i 13000 23595' 40 500 22850
16 I?S00 24855 41 0 20P46
17 12000 067 42 -500 18274
18 11500 27236 4 .1 -1000- l'i4 Sb

19 11000 28365 44 -1b00 1259S
20 10500 29457 45 -2000 9727

21 10000 ' O S l 's 46 -2500 6857

22 9500 -il540 47 -3000 1980

21 9000 i?554 48 -3500 IO!h

24 8500 33$10 49 -3682 0

25 fl000 14504

Design Strength

St rength reduct ion f m:t or s - Phi =0.70 f or cornprension and 0.90 fortension and pending, a linear transition from the value for colunnn
to the value for beams is speciticd from th0.10 (l 'c) ( Aq) . to P-O

,

Po i rit. Load Mount Point Lnad Homont

i ( k i,)c ) ( f t.~ k i ps ) i (kipst ( f t -kips)

1 13980 0 21 4000 242115

13500 17 5'a ?2 3500 23699
''

1 13000 lW1 23 3000 22991

I

i

t

|

Table 5.17 (Continued) -|-
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DATE : *.

* CLI Lf f" GPUN PREP. BY : *DATE :.

* PROJ EC5 '0ENT FUEL POOL CilED . DY : *

* JOO 1L '79-187-1683 PAGE NO.t __ "UT __ *.

ae***e**eeee********ee*************ee****************aea*
*e,****e***

(3UN IDt 4614.33, PAGE 4 OF 5)
f

4 125GO f. 4 2 6 24 2500 22089

S 12000 7262 25 2000 20993- )

6 11500 009c 26 1944 20858 )

7 11000 10930 27 1500 20400

8 10500 I ? t.2 4 28 1000 19884 '

'

9 10000 14062 29 500 19368

' 10 9500 IS46t 30 0 -188S2

11 9000 16772 ?' 500 16172

'' 12 8500 1800s 3 ,: -1000 13340

1 8000 19186 33 -1500 10477

' 14 7500 20295 34 -2000 7603
,

15 70C0 21302 ;5 -2500 4731

16 6500 22368 30 -3000 1857

17 6000 23379 37 -3313 0
|

1 ti 5S00 2430F
19 5000 24653
20 4500 24530

2=0):
1,0 Cation No. 1 (Node Numberr lup 2 930, !!at t om "

Factored stre: nos and loadsa

Nortnal Sti. % at Top I:dge (pst) St - -1319.0

Nor mtil St rem at Bottom fdgo (psi) Sb - 1294.0

Average Shear Stt. inn (psi) Sc 226.0

Fact.ot o i Morwnt (!t-kips) Mu 12699.2

Pactored Axial (.na d (kip 6) Nu - -81.0

Fact ot ed Shea t- Load (kips) Vu r 1464.5

F. valuation for t iexure and axial loads
factored load Nu e SI kips (compression)
Factored moment Mu = 12699 fr-kaps

from the intet action curve, the design moment capacity in1^

M - I FR 3 9 f t - L i p:, , at P 81 kips
I

Theretore, the ractored neent and-axial load are O.r.

lL.

A/S1 va t oat ion for shear load:
|

Table 5.17 (Continued) _
>
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RAST AND WEST FACE BENDING STRESSES * TN GIRDER RE

.

Iteration-3R
- - - . _ . . - - . . - -

! East Face West Face

Load Case
-~~~

Top Pottom Top Bottom

Concrete Dead Load -231 309 -215 338

-276 196 -93 364
Winter Temperature

._

Iteration 2
_ _ _ . _ _ .

_

East Face West Face

Load Case
Top Bottom Top Bottom

Concrete Dead Load -151 269 -146 291

-136 266 -121 305
{ Winter Temperature

Normal stresses in X-direction, units = psi.*

<

t

\
|

Table 5.18 - .

.
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Li nna ri- od tit res ses for Girder RE*

=

f Section

East Face West Face Average
Modes _

(282,212) (283,213) (382,312) (383,313)

Top -1,111 -719 -685 -460 -744

(psi)

Bottom 671 392 1026 689 696
(psi)

Shear 214 214 256 267 238
(psi)

. - ---

* Prom Tabl e 5.19

,

_

a
.

.

,

Table 5.20
1

Page 274 of 284 l



_ _ _ _ _ _ _ _ . _ . _ _ . . . - _ . ._ _ . _ ._ _ _ _ _ _ _ . _

A ED ED. Report No,03-0370-1341
pggWgp Revision 0
A$f A pgm povtgi

f ABB Impell Corporation
.t
i

7 -- -- . _ . _ _ , . . . - - . . _ . . m_ m.y

| . 1.D
! >

| X t ,o
u . .-

CD N tsuw _c y e
p

N N 'N % C%

t7$ ,.! . D. N Nr N % D % "

5$$ k rlr k M N M M $ @-
ei t,f MCl O \T) th

%q
* p ga-+

RT t 1 $ % t % DO 1

MXb ?
_

D "o- Y $ 7-_4. yrp '' )
,

- y y ,
% N ts N Nt W.3 L1N. k1 .

01 Q th ev) % CkJ* .
8 h h,k UE0 M (T) 4

47 n) - m

tr I I ,i h)-
% 2 sn N. M-

- oQ H+- s
co m; N eq .

% TN % %h k, q % g e'
,

.WX> % m n)% .._L .1 * t .ci i ' 5( I*si
,_

\ .\ j N Ns* 4 *4 %Q. 3

N,~n g5 (E * N Y N
~~ = x ' b 'N"I s .

i %% -.

hM
WI I ~ Q) 7 e D ?.= %-

c1 h' 'OQ - s *a

ReiQ g y

O Y ! ) %., M N ) u
, g

- z-- +--,q q y ,g
e N t Wy rN m in % Ho,o g tv o 3 in 3 % CLL 9

- h:
' en f t&

,

b DU F) 5{ N Dh
w] ' f CmUG . OO - .

L* 3g ,M,l b c6]
c)m4 tf I 4 CW1 . v- V) 3 ,%

.y
%.y u x :. 6 - -

u-
i,ag_x L }! + i onn

P N s ,N. N >d
, w Q M q % y0(,5 {h 9 ,,

N. >

(u f'M h' e n.4 - "1

rw %

o b
%s s4 N .. m- .- s

. In, M# i mto t C; N ,* * I ccM11 ;. su .

Tv N , t( b wC
|'

:n h.OOy 0 -j mj
*

D,-% p} %, Nj h
% <,o t w m ouy. .

h 'O .u 6-I WX>*
-

L._,'.( [f q ___s-
' '

..

m

o| ''m x 9 % CoL x. m s.
il *1 r< Q % 3v7 - . 3 b <% 3<1

1

%, n,-
i .r a g oem

-O Q1 . fi I'[a *N bl.
A g3 S oo4 y ,c ogg am d % %.i c ,0

|uxO
|r1

v4 % ,Q %m
nN

wQ< \c n3m}
o- i

> N - at
J <1

E nj g' a
'

rJ -7
_ ecc '

ya
(j s. ;e ,,. e insv s w c em

h b N
rd, m1' - h ni boe 4ma s.1

'I n <n c.
vur un s,

'
e .ca ,c -., o m e

;* N % th N h eq OFs 4
%x cm] \:

|
s _L a -

c-, % q % qL -
cc| r 5 . < > oo._.a _ _ _ ,

-

yJ
.. _ . , _ . .j g.' g' '%. j gs N

t

N tg g %,"E - * s % m

*
f f.,

4 % f N S HMOj Cc
N c.,,t eCv m Oc C. ry x y 1< N,-4

&q q| HH N x % 6 0ow
st:1 I OO .

, U Q1 Ns
CM'

+. {
MJ B s.g w cy *; tr i i

1_. . .T et % i,_.
- p x >. sc ry > s - u

~,o ' x . c.a va .-

; O _3 V n t.s
_

OO
L1 di o g rup .

a . P t* 1 f. | S. g i-

t C .4 Df il \h' \g C
i : e o i % 4 r

-,au
1 .d \/ C=, .. S,-j 63

J _4
3w,

, #
r1 e p UC W \ in -

4; O
00

'dj o
G O NIli *** g rq N i 4' u p

Q| Q %n
C1 (: G = =.m :.L:.c- --- -I'.G Ct.:8 C' O

2 *C

I @! i_ L F2. M8 LDI s (f)!E C| t
'

i i i
7'"I

~

J j i i n gp gp ma m:3 /o -/8/1483,

<y ;
. ~] pitply ac m

- . - o,,

Mt Y M4 DA TI' C HI C RI O C A Il O'** N *#' * / O

' . ,C
\
s

Table 5.21

'

Page 275 of 284

I

i



. . _ _ _ _ . ._ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . _ _ . _ -_ _ . _ . _ __ _-- _ . _ _ . - _ . _ - _ _ _ -

_. .

,

1g gg gg. Report No. 03 0370-1341
Hevision 07%Ep89

eM & GNhirts gsystrer

ABi3 Impeu Corporabon
x

4

eeaeee*****eaeeseeeeeseenassee.***e**eaeaseeeeeasease**5ee*aaea******
*e

* PPOGPAM : I?CHEAM , RI::V . O C A li' . No.: ItEV. : *
* Cl.1 EffT : GPUN PREP..HY DATE : . *.

CliFD. IlY- : DATE-i e

SPI:NT IH,L:1, POO!,* Plu131:CT : - - -

0370-le -io83 PACE no. __-----o r ** JOtt NO. .
,

,

enoeee******aeeeea...***e4ea.............*******e**esseeeeeee**ee...ee

(FUti ID: 2b8.41, PAG E 1 OP 4 )

i

.

ABli Impell Cor porat lon
1:ng ineering Divinion

| Pi'og r a m : PCDEAM, Revision O Date; August. 1990 ,

petit:AM in att AhD 1mpell proloct speci f ic pr ogram f or t ho evalual.lon
of 6 s eittiot ced concr et e ine mbo t of r ec t a ngu l a t- cron. nect. ion. The
sect ion may be nut > j ec t to axial force (compt ec nlo." or t ennion) ,
bend i n<j noment - and nheat force, or alternat tvely, thn user may inputs

i- lineartzed normal ntter,sen at the top and bot t om' edges and the average
Mcar st renn act inq on t he cect ton. The evaluation is baned on thei

it t engt.h Met hod of ACI 149-8n.
,

l

Defeienee I t11of mat j ota;

tiuilding Doncription
Area I nvec.t. igat ed Sout h-Wes t- Sl*P blab (cont ral l oca t. i on ).

ANSYS Output Filename. Er 13 PICS . ? l e, . 1.nad s'ombinat ion Equa t irin "c'"

Matetidl Prope t.ien

conctote Compr essive St rength (161) f'c_= 3000

ecactete Elant ic Modulus (psi) Ec 1.172E+006
Steel Yield ut t engt h (pni) fy." 4.00004004
Steel 1:l a s t t c M od u l m, r im s ) En 1 2.000E9007

.

Gec' ion Propei t ie --

liec t a ngu l a r i ee t i on -

Width (in) b= 9.000
$4.000: Total liept u (in) h =

Peinforcing Steel Geometry

Hobar Atca ( l ti* * 2 D 2 : t a nce iron Top Ed pi ( i n|

l.'40 d[1) 49.400AS[lj '

An{2j 1. %O fl} 2 ] 4 . tiO O

!

Table 5.22
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Revision 0

P.w %no.W., su..E Ep
.

ABB impell Corporabon

..........+....................******. ..**........**........... . . . . * * . . .
.

* 11<OGRAM : PCl51;AM , REV.O CALC. t10. REV. *
.

* CLI1:NT G PUti P P.E P . BY ~ DA'I E *
.

SPENT FULL 100L CllED . BY DATE *

* PIMM I:CT *
*

* .1011 IK) . 0370-187-1683 PAGE flO . O F ..__ ,
,

.**.4..*........................*..*****.***....******........****...

(Duff ID: 258.41, PAGE 2 OF 4)
-_

Lo:ul - Mo me n t. I nt eract ion

Plartic Centroid of the Section
(meanuted f r om the top edge of
the certion) ?7.000I'or comprennive load ( i f1che n ) xc 2

Fo t- tensile load (inchen) xt 27.000

Max 1 mum Comprin;. ion Capacity (kips) Pc 1356

Maximum 'l ens ion Capacit y ( k ilis) Pt 125

l'i t r < tiondinq M om e n t. Capacity (ft-kips) Mo - 252

At Ita l a nced ;t ra in Condi t ion

Axial Compr e: ~; i o n (kipu) I ts 6%

in n.1ing Moine n t ( f t -k i pr.) Mb 920

I r> a d IN 4'ent i ic i t y (inchesj eb 10.819

(measured from xc toward the
top edq of 1he section)

t;eut r a l Axi:. (inches) xb 31.H4)

(measured trom t.h e corp 1ersion
edge <>t the section)

Point on th. I nt eract ion Cut ve above -

whIch bot h the concrete and ctce1
ate in su p t e? ilon only (kips) I' 1121

" 447(!t-ki[c)

Nominal S t. l e re i t h

Po i n t. I .o u t M o v i' t Point. Load Moment

i (kipE) sit-klps) i (kipn) (ft-kips)

1 13' n 0 21 400 83E

1 ISO !? 22 l'> O 794

1 1100 10 ~, 23 Jun 742

4 1 i 's n 207 24 '.O 680

M.-

Table 5.22 (Continued)
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#%5959 Revision 0 -
*3E A BROWig BMf R(

b

ABB Impell Corporation
L .

'

v

; ..

4 ,

a***********************************************************************
* *

* PROGRAM . RC13EAM , RIN . 0 CALC. 140.: REV. :
. * CLII:NT : GIUN PREP. IlY : ~ DATE :

. *
*

* PROJECT : SPENT PUEL. POOL Cff ED. 13Y : DATE : *

* JOll NO. . 0370-187-1683 PAGE No.: D}P *

* *

********e***************a***********************************************

(RUN ID: 258.41, PAGE 3 OF 4)

5 1200 297 25 200 609
0 1150 392 26 150 528
7 1100 480 27 100 -439
8 1050 554 28 50 346
9 1000 620 29 0 252

I 10 950 680 30 -50 157-
, 11 900 734 31 -100 55

12 850 782 32 -125 - 0'

'

13 800 824
14 750 662

'

15 700 894
16 650 9214

17 600 922
10 550 915
19 500 89P
20 450 873

Design Strength .

<ttength reduction factors Phl=0.70 for compression and 0.90 for
tension and bending, a linear transition f r om the value for columns
to t.he value for beams in go.<if3ed f rom P10.10 ( 1 ' c) ( Ag) to Peo. ;

Pt , a n t Load Moment Po i n t. Load Moment
i (kips) (ft-kips) .i (kips) (ft-kipn)

1 949 0 16 200 507
2 900 94 ll ISO 441

4

3 850 189 1R -146 435
.

4 800 284 .19 100 370
5 750 36b 20- 50 298- ,

2276 700 4'14 21 0 '

7 650 49) 22 -50 132
11 600. 543 23 -100 27
9 550 585 24 '-112 O

10 500 620
11 450 645
12 400 643
13 350 624
14 300 601
1S 250 561,

e

d

._

i

'

.

|

| Table 5.22 (Continued)
r
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A gggg Report No. 03 0370-1341
'

nevision 0 .

7%spgy.
enesnowusovsm

ABB impell Corporation ,
>

J

&

k

l

***etese***e****ee,e****ese***eeee****eeeeeeeeee*****e******ese********e
a

e

* PROGRAM : RCDEAM, REV.0 CAir . 110. : REV. : *

* PROJECT : SPENT PUEL POOL CllED. DY :
~~

DATE : *'

GPtJH PREP. DY :* CLIEllT *
DATE : *

* JOD 110. : 0370-187-1603 PAGE NO.: ''Tl *
*

i * ,

e***e***eene***eene*******enesee********e******eeee*********e******eee**
(RtJH ID: 258.41, PAG E 4 _ O F 4 )

1.ocation No. 1 (Hode Numbers: Top r 6 |M 8 , I!ottom = 6098):

Factored strennes and loads .

-663.0Normal LLrena at Top Edge (psi) St =
*

Normal Stress at Bottom Edge (psi) Sb e 594.0

f.verage thea r St rear (psi) Se = 0.0

Factored Mon.ent (ft-kips) Mu = 229.1

Factored Axial Inad (kips) Uu 16.8
!

Factored Shear Load (kips) Vu = 0.0

'

I Evaluation for flexuro and axial loads .
Factored load Hu.2 17 kips (compression)
Fact cred moment. Mu 229 ft-kips

from the int eract ion curve, the design moment ca pa c i t. y is
16 kipsM - 250 ft-kipc, at P >

i

| Theretore. the f act or ed moment and axial load are O.L.t

I
i

- End -

,
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** ** * Kii l MX>At 7 0NCE SJ9'A T ION *** "

LOAD s fi r a a liFitAf tok a 1

Tet FOt t EMINL 3.f,! (lwr ( $ arf !N Gl {$ At (tr40 lNAll $

#16 iA 3f f2 N Mt 42
uw l?S95 W 205 7.e40 44 M J987 0_00tomnN *c0 0 0(Mexit *00 0.0iX10tel1 00
N 2964! OM M)/3.840 24020.311 0.0tuMKs0f4 +00 0 0000ConrX +00 0,athjo0000t *00
t/A Jrct! t M 3 /tw4.587 11760.28/ 0. lX!O00000t o th.) 0.0000LM00s +0C 0 00Gitn)0t *0fl

St 11 1/W . SfM Il%'iq Orl -1715L 62/ O (KMXitnk)( +00 0 00C00060t *00 0 00cN0fM ml
ITil fo1M 30? 14%I TM -70562.911 0.000th1000E $U0 C C4M)of401 +00 0 ootccoout +0a
60 75 I N l .1 W 1801,l/n 9144 . 3 7t.7 0 fuXinixNun , X) 0 OiWWOofM *U0 0 0000C000(.00
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i

A/W. 16/h N( 40u', , h $ f 4 11101 8'56 0.LNatV WY1f*00 tJ . 0M>iRTref + 00 0.11000t% Ur *0u
620': 2 F 151.0 1141 sh-l 25Mt.lin 0.00NCoof +00 0. 0CM60601 00 0.007RomX erio
A110 4 MM f Rh 9419 P9tr. 4 9163. II.5 0.00(n.06t'CE +00 0 Croitcot't 400 0 nmxxwTraf 400
6 11 ' /f.'t . 4 M IMO5 . M5 6490a. 61/ G.OGJGumk'M .06 0,0Nif3400( =00 0 00ry}c(gjg ,pg
N l.: c4N !!tt ehtin9.6/9 /t% E ud il m WAMOrt+06 0 acimat'00t *00 0 000tuhW +00
Uni WO PC f M 5. 0 /i.6 -$7295 9M 0.000000te *C4 0.00tahW)f*co 0 or;001)utt 400
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TENSILE STRESS (osi) AT THE MAXTMUM MOMENT SECTION OF GIRDER''RE_

-

ANALYSIS CASE C ITERATION
LOAD

O 'l- 2

DL 335 390 465

DL 4 Tw 50 510 765
__

g

DL = Concrete' Dead Load 4 Hydrostatic Pressure + High Density Racks
4 Stored Cask

T, = Winter Temperature Condition

i
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Appendix A,

Input Files for the Spent "uel l'ool Evaluation'

-

Files A.1 to A.14 on Floppy lio. 1
Filen.A.15 to A.37 on Floppy 140. 2"

Files A.38 to A.55 on Floppy 14o. 3 -

Files A.56 to A.65 on Floppy 11o. 2
Files A.66 to A.76 on Floppy 14o. 4

?
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Input Files for Analysis Cgsf C (Reference 24)

Tae file extensions are explained as follow:
7F5: Input file for Prep 7
2F5: Input file for Post 27
1F5: Input file for Postl

Filename Description ib. of Pmm

A.1 TEMP.7F5 Fuel Pool lleat Transfer Analysis 51
for winter ano summer conditions.

A.2 CCIO.7F5 Struct ural Analysis - Cracking Iter. 0 51
Prior co cracking stage.

A.3 CCII.7F5 Structural Analysia - Cracking Iter. 1 51
Floors at elev. 75', 95' and 119'
ex :ept the solid elemento at elev.
75' had a reduced stiffness by one
thousand.

4 *A.4 CC11LC.2FS Load combination for equat ons 1

b and e based on Iteratica 1.

A.5 CCI1SCT.1F5 Linearized stresses for various sections 4
in the Shield-Wall, SFP Slab and Walls
based on equation ,- of Iteration 1.

_

A.6 CC12.7F5 Structural Analysis - Cracking Iter. 2 65
Shield-Wall, SFP Slab and Walls cracked.

A.7 CC12LC.2F5 Load combination for equations 1

b and e based on Iteration 2.

A.8 CCI2SCT lFS Linearized e.resses for various sections 1

in the slab at 75' based on etuation e
of Iteration 2.

A.9 CC13SU.7F5 Stri'ctural Analysis - Cracking Iter. 3SU 66
S" slab is unceupled. Slab at 75', so.id
e l dg.ent s , is active. "SU denotes the SFP
ilab is encoupled".

A,10 CCI3 SUI.C.2F5 Load combination for equations b and e 1

based on Iteration 350.

I
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A.ll CCI30S.7F5 b;ructural Analysis - Cracking Iter. 30S 65 |

SFP Slab is uncoupled for seismic. All
floors including the colid elements at
75' were active. 'US denotes SFP Elab
uncoupled for seismic".

A.12 CCIJUSLC.2F5 Load combination for different seismic 1 |

directions based on iteration 30S. j

A.13 EC13OLC.2FS Load conbination for all equations of 2

Case C based on Iterations 3SU and 3US. |
i
|

A,14 ECI3ULCS.lFS Printed results at all critical sections 32
for evaluation based on ECI3OLC.2F5.

A.15 CCI3RB.7FS Structural Analysis - Crocking Iter. 3RB 66
Slab at 75*, solid elements, is fully i

cracked beside all other floors. "RB
(.

denotes rectangular beam behavior *.

A.16 CC13RBLC.2F5 Load combination f ur equations 'a and e 1

based on Iteration 3RB. >

A.17 CC13RBST.lF5 Linearized stresses for various sections 2

in girders RD, RE and R6 based on equation
e of Iteration 3RB-

A.18 CCI3SS.7F5 Structural Analysis - Cracking Iter. 3SS 64
All floors are active except the solid
elements at elev. 75' had negligible
mase and stiffness. 'SS denotes
seismic with ficors stiffness included'.

A.19 CCI3SSLC.2F5 Load combination for different seismic: 1

directions based on Iteration'3SS. e

A.20 ECI3RLC.2F5 Load combination for all equations of 2

Case C based on 3terations 3RB and 3SS.

A.21 ECI3RLCS lFS Printed resalts at all critical 34

sections for evaluation based on
ECI2RLC.2F5.

A.22 CCI4.7F5 Structural Analysis - Cracking Iter. 4 67

Girders RD, RE and R6 cracked based on
-iteration 3RB.

A.23 CCI4LC.2F5 Load combination for all equations of 1

Case C based on Iterations 4.

u. ._ ~. -. - . _ _ _ _ - _. _ , ._ _ __._ , _ _ _ . . , , _ . .
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A.24 CCI4SS.7F5 Structural Analysis - Cracking Iter. 4SS 66 i

All floors are active except the solid '

elements at elev. 75' had negligible mass
SS denotes seismic withand stiffness. '

floors stiffness included'. |

|

A.25 CCI4SSLC.2F5 Load conbination for dif ferent seismic 1 ,

directions based on Iteration 4SS.

A.26 ECI4LC.2F5 Load combination for all equations of 2 l
Case C based on iterations 4 and 4SS, i

|

A.27 ECI4LCS.lFS Printed results at all cr3tical sections 34 |
for evaluation based on ECI4LC.2F5. j

A.28 CCIS.7F5 Structural Analysis - Cracking Iter. 5 65
Shield-Wall stiffnes and ness were
negligible.

A.29 CCISS.7FS Structural Analysis - Cracking Iter. SS 64
All floors are active except the solid
elements at elev. 75' had negligible mass

S denotes seismic withand stiffness. '

floors stiffness incitided'.

A.30 ECI5LC.2F5 Load combination for all equations of 2
Case C based on Iterations 5 arid SS.

A.31 ECI5LCS.lF5 Printed results at all critical sections 14
for evaluation based on EC15LC.2F5.

!

A.32 LOADDCC.lF5 Load distribution among primary members 15
i of the SFP structure for each Iteration

and each load acting alone. .

A.33 DISPCC lFS Displacements at critical locations in 14 . 3

the SFP structure for each Iteration-
| and Lach load acting alone.
o

| A.34 SLBDISP.lF5 Displacements at the-uncoupled degrees 1

freedom in the SFP Slab for Iteration
3U for load combination equation "b". -

I

A.35 ECCSLB.lFS Shear forces and linearized stresses 5'

in the SPP Slab at an alternative southL

section for all- eight load combination-'

I equations for-Iterations 30, 3R and'4.

- A.36 ECCGBWX.lF5- Linearized. stresses in girders for bending 3r

L about weak axis, Iterations 3R, 4& 5. r

!

..
= - -

,

.
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A.37 EC15LCIM.1P5 Linearized stresses in girders RD and RE 4
for negative moment region, Iteration 5.

I

! .

Input Files for Analysis Case D (Reference 28)
!

i

Filename Descrintion !b. of Paces,

A.38 TEMPCD.?F5 Fuel Pool Heat Transfer Analysis 51 I
for winter and summer conditions.

A.39 CD12.7F5 Structural Analysis - Cracking Iter. 2 63
Shield-Wall, SFP Slab and Walls cracked.

A.40 CDI3SU.7F5 Structural Analysis - Cracking Iter. 3SU . 64
SFP Slab is uncoupled. Slab at 75', solid
elements, is active. "SU denotes the SFP
Slab is uncoupled".

,

A.41 CDI3US.7FS Structural Analysis - Cracking Iter. 3US 63-

('' SFP Slab is uncoupled for Leismic. All
floors including the solid elements atg
75' were active. "US denotes SFP Slab
uncoupled for seismic".

A 42 EDI3ULC.2FS Load combination for all. equations of 2
Case C based on iterations 3SU and 30s.

A 43 EDI3ULCS.1F5 Printed results at all critical sections 32
for evaluati , based onLECI3ULC.2F5.

A.44 CDI3RB.7F5 Structural Analysis - Cracking Iter'. 3RB 64
S3ab at 75', solid elements, is fully ,

cracked beside all other floors. "RB
denotes rectangular beam behavior".

!A. 4 5 ' CDI3 SS .7F5 Structural Analysis - Cracking -Iter. 3SS 63
All floors are active except the solid
elements at elev. 75' had negligible
pass and stiffness. "SS denotes
seismic with floors stiffness included".

A.46 EDI3RLC.2F5 Load .com'aination . for all equations of 2
Case C based on-iterations-3RB and 3SS.

;

(
f
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A.47 CDI3RBST.3F5 Linearized stresses for various sections 2 !
i

; in girders RD, RE and R6 based on equation f
e of iteration 3RB.

A.48 EDI3RLCS.lF5 Printed results at all critical 35
sections for evaluation based on-; ,

c EDI3RLC.2FS.

A.49 CDI4.7F5 Structural Analysis - Cracking Iter 4 65 ,

Girders RD, RE and R6 cracked based on
iteration 3RB.

A.50 CDI4SS.7F Structural Analysis - Cracking Iter. 4SS 64
All floors are active except the solid
elements at elev.-75' had negligible mass

'

and stiffness. "SS denotes seismic with
floors-stiffnees included".

A.51 EDI4LC.2F5 Load combination for all equations of 2'

Case C based on ittrations 4 and 4SS.

A.52 EDI4LCS.lFS Printed results at all critical sections 35
for evaluation based on EDI4LC.2F5.

.

A.53 LOADDCD.lFS Load distribution among primary membera 7
'

of the SFP structure for each iteration
and each load acting alone.

,

A.54 ECDSLB.lF3 Shear forces and linearized stresses 5
in the SEP Slab et an alternative south- ,

section for all eight load combination '
,

equations for iterations 3U, 3R and 4.

A.55 ECDSLDPS.1F5 Shear forces in the SFP Slab at-the 12
punching shear section for all eight
load combination-equations for iterations
30,'3R and 4.

;
,

*

!

s,

W
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Input Files for Analysie Case C (Reference 27) .Applying Supplomontal Cracking critoria (Pully Transformod)

Filename Description Ib. of Paang '

A.56 CCI4W.7F5 Structural Analysis - Cracking Iter. 4W 61
Cracked Transformed Properties
for SFP Walls and Poisson Ratio
of 0.01.

A.57 CCI4WSS.7F5 Structural Analysis - Cracking Iter, 4WSS 60
Seismic run for Cracking Iter. 4W
In addition to changes made in
iteration 4W, all floors are active
except the solid elements at elev.
~5' had negligible mass and stiffness.
"SU denotes seismic with floors
stiffness included".

A.58 ECI4WLC.2F5 Load combination equations (10 Eqs.) 3
Based on iterations 4W and 4WSS.

l. 59 CCI4S.7FS Structural Analysis - Cracking Iter. 4S 58
Cracked Transformed Properties
for SFP Walls and Slab and Poisson
Ratio of 0.01.

'

-A.60 CCI4SSS.7F5 Structural Anal sis - Cracking Iter. 4SSS 57f
Seismic run for Cracking Iter. 4S

t .n additio". mv 7hanges mede in'

t iteratic.: 4d, a.1 floors are activa
except the soli d elements at elev.
75' had negligible mass and stiffness.
"SS denotes seinmic with floors
stiffness included".

A.61 ECI4SLC.2FS Load combination equations (30 Eqs.). 3
Based on iterations 45 and 4SSS.

A.62 ECI4SLCS.1F5 Printed results at all critical- 34
sections in the SFP Slab, girders
and column C-6 for ovaluation based
on file EC14SLC.F10.

I
1
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A.63 ECI4SLCW.lFS Printed results at all critical 11 '

sections in the SFP Walls based
on file ECI4SLC.F10.

A.64 LOADCI4S.1F5 Load distribution among primary members 4

of the SFP structure for iteration 4S
for each load step.

,

A 65 EC14SLNM.1F5 Linearized stresses in girders RD and RE 5
for negative moment region, Iteration 4S.

Input Files for Analysis Caso D (Reference 32)
Applying Supplemental Cracking Criteria (Pully Transformed)

Filename pescription JJD. of Paqm

A.66 CDI45.7F5 Structural Analysis Cracking Iter. 4S 58
Cre ked Transformed Properties for
SFP Walls and slab and Poisson Ratio
of 0.01.

A.67 CDI4SSS.7F5 Structural Analysis - Cracking Iter. 4SSS 57
Seismic run for Cracking Iter. 4S.
In addition to changes nude in
iteration 43, all floors are active
except the solid elements at Eles.
75' had negligible masc and stiffness.
"SS denotes seismic with floors
stiffness included",

A.68 EDI4SLC.2FS Load combination equations (10 Eqs.) 3

Based on iterations 4S and 4SSS.

A.69 EDI4SLCS.lFS Printed results at all critical 34
sections in the SFP Slab, girders
and Column C-6 for evaluation based
on file EDI4SLC.F10.

A.70 LOADDI4S.1F5 Loa.! distribution among primary members 4

of the SFP structure for iteration 4S
for each load step.

e_
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Input Files for Analysis Case C (Reference 33)
Itoration 48 with 0.9 Dead Load

Filename Dos cri pt i on ih. of Pym

A.71 CI4SL9U.2FS Post 27 input file for a)1 ten (10) Load 3

combination similar to ECI4SLC.2FS
of reference 9.

A.72 CI4SL90s.lF5 Postl input file to print linearized '34

stresses and fcrces at the critical
'

sections similar to ECI4SLCS.lFS
of reference 9.

A.73 C14SL9D.2FS Post 27 input file for all ten (10) Load 3
combination similar to CI4SL9D.2F59.

A.74 CI4SL9DS.lFS Posti input file to print linearized 34

stresses and forces at the critical
section3 similar to CI4SL9US.1F5.

Input Pilos for Analysis __ Case C (Referenco 34)
with Anti-Symmotry Boundary Condition

for Soismic Load in North-South Direction

F1ionama Description tb. of Panos

_

A.75 CCI3SSAX.7F5 Prep 7 input file. In 43dition to file 61
CCI3SS.7F5 the antisymmetry boundary
conditions were applied along column
line F4 for seismic inertia in the
north-south direction.

A.76 ECI3SSA.1FS Postl input file to prb't linearized 4
stresses in girders RD, RE and R6
and column C6.

k _ _ - - _ _ _ - _ _-
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10 PURPOSE

The purnose of tnis document is to establish the criteria that will
govern the analysis of the Spent fuel Fool (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 is established, the criteria that governs
changes in relative stiffness due to concrete cracking, how stiffness
changes 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

OV 2.1 Dead Load

Dead load shall consist of the seight of reinforced concrete at a
3density of 150 lb/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 loaded racks, and a localized load in the northcast corner of
the pool to simulate a 100 ton cask temporarily stored within the
Cask Drop orotection System.

The 100 ton task dead load shall be applied as a uniform pressure
to the elements within the ten (10) foot diameter circle centered
as shown in figure IV-8 of Reference 5.

Ihree 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 Wat.hter rack
drawings listed in Reference 19. The Harhter racks are as
located on Sketch No. 1 of Referenta 20, except that row 6
was aever installed Approximately 980 fuel assemblies
were in the pool in 1983 located in rows 1, 2 and 3
(Sketch No. 1) The weight of one fuel assembly is 680
pounds and its net volume is 2326 cubic inches including
the channel.

O
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Case 2. The weights 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
sithin the pool is shown on Joseph Oat Drawing D-7472,
Revision 2. The volume of the racks can be calculated
from the Joseph Oat Drawings. The weigat and volume 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 (iz6 fuel rods), including the canister, is
4158 cubi inches. The weight of one fuel canister fully
loaded shall be 1350 lbs. (Reference 21).

Fuel and rack loads may be anplied as an equivalent uniform
pressure to the pool slab elements .nich are directly beneath the
racks.

2.2 Live Load

2.2.1 Design _Lh!LloAd

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

IABLflAL _0fSIGtL11hLLOADJNG

flesation Area _ot haAing LivtLo1L.(ptfl

119'-3" Columns A-C, 4-7 1000

119'-3" Remainder 800
95'-3" New Iuel Storage 800
95'-3" Remainder 400 + 20 kips
75'-3" All Flocrs 400

2.2.2 [qylpmenLLLv1_ Lord

i Equipment 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 located near the junction of column lines R5 and
RE-RF.

2. Two (2) Spent fuel Pool Pumps weighing 5090 lbs. each
1(;cated near the junction of column lines RS-R6 and
RE-RF.

3. One (1) Augmented Spent fuel Pool Heat Exchangers
weighing 31,700 lbs. each located near the junction of
column lines R7 ano RD.

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

O and RE. '

Q1
Elevation 95'-3":

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

2.3 Seismic Load

The Operating Basis Earthquake (OBE) horizontal acceleration in
both the north-south and east-west directions shall be 0.24g. The
OBE vertical acceleration shall be 0,109 (Reference 6).

The Safe Shutdown Earthquake (SSE) horizontal acceleration in both
the north-south and east-west directions shall be 0.48 . The SSE9
vertical acceleration shall De 0 200 (Reference 6).

For the reinforced concrete of the SFP, the equivalent static
seismic load shall equal the weight of the SFP walls, slab, and
supporting girders multiplied ')y the appropriate vertical and
horizontal absolute acceleration.

Except as specifically noted, all references to horizontal thd
vertical accelerations shall pertain to the values given above.
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for the pool watt;r, the vertical inertial load on the SFP slab
-

shall equal the waight of the 38'-9" column of water mulU plied by
the vertical acceleration of the SFP slab. Statically equivalent
hydrodynamic loads . hall be applied to the SFP walls using the
methodology of Reference 10 and employing the horizontal =

acceleration values given above. The seismic acceleration to be
used for the calculation of sloshing loads will be provided by GPUN
based on the requency of the sloshing water as provided by Impell.

To account for fuel rack impact loads during a seismic event with
'

the pool full of racks, the buoyant weight of fully loaded racks
' hall be multiplied by the vertical acceleration. No horizontal
inertia loading shall be applied (Reference 20).

The directions of seismi'. loading shall be applied independently
and the re3ults combined by SRSS.

O
2.4 Thermal Gradients

fi:

The stress free condition shall be 60*F for all analysis cases. 'j
The thermal gradients for Analysis Cases A, B, C and D are based on 4

'
the Reactor Building air temperature varying from 40*F to 110*F,
the pool water temperature varying from 85'F to 100'F, and the =

temperature of the interior surface of the drywell concrete varying
with elevation. These variations result in two critical thermal
conditions as shown in Table 2.4 (Reference 26).

Thermal Cases 1 and 2 are intended to .naximize stresses in the SFP ,

walls and slab. The maximum stresses in the' concrete shield wall Iwill result when the temperature in the drywell is a maximum and
tne water temperature in the pool is a minimum. Maximum stresses -
in the pool slab will result w' a the water temperature is maximum.

ano the ambient . ir ter erature in the reactor building is minimum,
-but, per Tech. Spec., this gradient may not exceed 60*F. (Hith the

water temperature at the Tech. Spec maximum of 125'F and the
ambient temoerature in the reactor building at 65'F, the same 60'F
gradient will occur across the slab, but the gradient across the
shield wall will be minimized and, as such, this combination does
not control.)

All thermal gradients shall be considered to be steauj state
conditions and l'nearly distributed through the concrete thickness.

-- _ _
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JABLEld

SEEllLRLELE00Lleal151LIEMEEFAluRES (*F1

ELEVAlI0t1 INTERIOR SURFACE REACTOR OUILDING

__1f t L COERElLSHIELO.j{W. [UELEQQLHAIEB AMME{LAllL_

CascJ

50 105* N/A 40
80 176* 100 40
92 200' 100 40
95 200** 100 40

110 200** 100 40

O
V Casel

50 126* N/A 110
80 176- 85 110
92 200* 85 110
95 200*' 85 110

110 200** 85 110

' Calcula'ed
'' Heasureu

2.5 Cask Drop Accident

The effect of a cask drop accident shall be considered in the
analysis using an equivalent static load of 1560 kips applied to
the SFP slab (Reference 21). This load shall be uniformly
distributed over the slab eier<ents within a 10' diameter circle
contered as shown in Figure !/-8 of Reference 5.

O
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3.0 ANALYSIS CA5(S

3.1 Case A, Baseline Analysis

lhe baseline analysis assumes normal plant operation loads, the
rack and fuel loads in place in 1983 as given in Section 2.1,
Case 1, and twc thermal gradient cases as delineated in Section
2.4. No seismic or cask drop loads shall be considered and only
equipment live load shall be included for this case. Adequate
embedment longth of the rebar shall be assumed and pre-existing

,

cracks shail not be included.

3.7 Case B Analysis
,

inis analysis will use the same assumptions as in Case A, except
that a reduced embedment of the bottom slab rebar into the
supporting beams and walls shall be assumed.

3.3 Ci.se C Analysis

This ana!ysis shall assume normal plant operating loads and the
hi0h ('ensity rack and fuel loads as givel in Section 2.1, Case 2.
Reduced rebar embedment and the existing crack as described in
Reference 6 shall be included. The thermal gradients shall be as
delineated in Section 2.4. Seismic, cask drop, and design live
load shall be considered.

3.4 Case D Analysis

This analysis shall assuno normal plant operating loads and the
maximun rack and consolidated fuel loads as given in Section 2.1, s

'

Case 3. Reduced reoat embedmont and the existing crack as
described in Reference 6 shall be ircludcd. The thermal gradients
shall be as delineated in Section 2.4. Seismic, cask drop, and
design live load shall be considered.

4.0 LOAD COMBINAllONS

4.1 Analysis Cases A and B

1he following load combinations shall be consider-d for Analysis
(.ases A and B (References 6 and 21).

a. 1.4D + 1.7L
b. 0.75 (1.4D + 1.7L + 1.4To)

_ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - - - _ _ - _ _ _ _ _ - _ _ _ _ - _ - _ _ _ _ _ - _ _ - _ _ _ - _ _ _ _ _ _ - - _ _ _ -
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Wherc. D- dead Icad as specified in Section 2.1, Case 1

L- live 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

4.2 Analysis Cases C and 0

1he following load combinations shall be considered for Analysis
Cases C and D (Reference 6 and 21).

a. l.4D + 1.7L i 1.9E
b. 0.75 (1.40 + 1.7L + 1.4To)
c. 0.75 (1.40 4 1.71. + 1.4To 1.9E)
d. D + L + To E'

( e. D + L + To + C
;

Where: D dead load as specified in Section 2.1, Cases 2 and 3

L- live load as specified in Sectiori '' 2.1.

thermal loading due to temperature differentialTo a

across the slab or wall. Two critical cases shall be
considered as specified in Table 2.4.1

E- OBE seismic load as specified in Section 2.3

E' - SSE seismic load as specified in Section 2.3

C- Cask drop load as specified in Section 2.5

Due to the introduction of live load in each of these equations,
the load combination equations cannot be conservatively simplified
to take advantage of the fact that E' - 2E.

4.3 Additional Considerhtions

In the load combination equations in Sections 4.1 and 4.2 slab live
load shall be neglected if the presence of slab live load reduces

(()T the stresses due to other loads.
,

,

When live load and seismic load are specified in the same load
combination, the full live load shall be considerad to art with the
seismic inertia load No portion of the full live load shall be
seismically-amplified or be considered part of the seismi_c inertia
load.

. .
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5.0 MATfRIAL PROPERTIES AND SECTION CAPAC11Y

A yleid strength of 40,000 psi shall be used for the reinforcing steel.

The compressive strength of the concrete shall be 3000 p.i. An increase
in strength may be allowed for dynamic loading of the cask drop av dent
in accordance with Appendix C of Reference 1

Section capacities, stresses and properties shall be determ,ned in
i.ccordance with ACJ-349 (Reference 1) and standard engineering tex's on
reinforced concrete analysis and aesign (References 12, 13, 14, and
15). Ultimate moment capacity shall be based on the fundamental
assumptions of ACI-349 Section 10.7 and shall use the Whitney Stress
B1cck for concrete as described in ACI-349 Section 10.2.7.

The surrounding structural floor slabs at Elevations 75', 95', and 119'

(~') in the SIP finite element model are expected to generate axial loads in-
() the SFP walls and slab due to the restraint of axial thermal growth.

Since compressive axial forces can have a significant effect on
increasing the moment 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 axial 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 ultimate shall be based on +he application of first principles
(i.e., cross section equilibriur linear 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 comply with ACI-349 Section 11.3.1.2 and 11.L 2.3. However,
when the presence of axial force increases shear capacity t'le axial
force shall be reduced to 90% cf its value when calculating usable shear
canacity.

O
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6.0 THE FINITE ELEMENT ANALYSIS

6.1 Tha Spent fuel Pool Model

Ex tinLOLtheAdel -

GPUN has identified flexure and flexure-shear cracks in girder RE
(Reference 16) which supports the northwest corner of the spent
fuel pool slab. This cracking may be load induced, in which case a
potentially significant redistribution of internal forces may have
already taken place, not just locally, but on a more global scale.
It is, therefore, essential to the resolution of the issues
surrounding the cracking of girder RE, that the finite element
model be of sufficient size and detail to properly predict where
the internally redistributed forces have gone within the Reactor
Building in order to achieve overall equilibrium. Thus, the finite

O
"element model shall have the capability of predicting the cracking

of the concrete and the consequent redistribution of internal
forces and stresses as a result cf these cracks. This requires
that non-linear loading increments be incorporated into the loading
process to achieve a final cracked state within the structure. The
Srp finite element model will be developed and analyzed using the
AN$YS Computer Code Revision 4.4.

_

While the SfP walls and floor slab occupy a relatively small region
of the Reactor Building, they are an integral part of the much
larger Reactor Building structure. The south wall and south siia
of the SFP floor slab are integrally cast with and supported by the
Reactor Shield Hall. The east, north, and west walls are supported
beneath the slab by integral columns and deep girders which
themselves are supported by walls along Column t.ines RF and R7. In
addition, the spent fuel pool walls are restrained by integral
slabs at Elevations 95' and 119', and the SFP floor slab is
restrained on three sidts by the eccentric slab at Elevation 75'.
The reactor shield wall and supporting girders provide significant-
bending and axial restiaint to the SFP, and the slabs at Elevations
75', 95' and 119', whiie not providing significant bending
restraint, could provide significant membrane restraint. The
stiffening effects of these integral structural elements on the
behavior of the SFP cannot be neglected. It is, therefore,
desirable to extend the model to include adjacent portions of the
reattor building structure.

-_ __
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The finite element model will provide boundary conditions for the
SFP which will ensure the accurate prediction of its non-linear
behavior (cracking) n , 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
east-west direction. Vertically the model will extend from
Elevation 51' to Clevation 119'. Extending the SFP mcdel in all
directions to incorporate all structural members integrally
attached to ibe SFP onsures thet the boundary conditions for the
SFP are accurate. By including this extended region, the SFP
fini.e element model naturally subdivides into two distinct parts;
the Main SFP Hodel and the Extended Region Superelement.

URLtLU.emenLTypes

The SFP floor slab and walls have roletively high depth to span
ratios. At large depth to span ratios shear deformations become
significant. In addition there exists the possibility that
cracking could occur in one direction of a wall or slab but not in
thti other. Both of these effects can be incorporated in the model
by the use of finite elements which account for shear deformation
and orthotropic material behavior in thair formulations. To '

incornorate these effects, the finite ei9mcnt model of the SFP
slabs and walls shall be constructed of orthotropic solid elements.

Girders supporting the SrP 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 will be
done in lieu of locally tMckening tha slab element or using beam
elements, since these techniques 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 crackins .:1 rough the
girder web by transformation of the directional elastic moduli of

| each element through the depth.
i
; The 'outh wall of the spent fuel pool is monolithically cast with

the ywell shield wall and contains the thickest concrete regions,

| of SFP. This region of the SFP and the extended drywell shield
wall snall be modeled using orthotropic solid ele''nts.'

|
1
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The most difficult region of the SFP finite element model to
construct with solid elements is the geometrically complex
intersection region of the SFP slab and drywell shield wall uppsr
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 crack 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.

All of the regions discussed above, i.e., the SFP wall and slab,

drywell shield wall, girders RD, RE and R6, and the seiccted slabs
at Elevation 75'-3" constitute the Main SFP Model. The Main SFP

\O Model shall be modeled using orthotropic solid elements with two or
rare elements through the member thickness. All of the elements
comprising the slabs at Elevation 75', 95' and 119', and the walls
of columa lines RA, RF, and R7 which connect the Main SFP Hodel
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.

10ntlinal_ROLnttitry_ConditL0n3

Oue to the encompassing size of the SFP finite element model,
boundary conditions need only be applied 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 Z 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 Z equal zero with all other degrees
of freedon unrestrained).

O
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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.

c. Remaining Degrees of freedom

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

6.2 Criteria for Cracked Stiffness Properties

APpiltBilon_DLihLDBMODLEant ton

following the initial cracking of a slab or wall element, an
effective element stiffness (elastic modulus) will be calculated
based onto the use of a fourth order Branson Equation (Reference i
and 14). The Branson Equation is the only expression explicitly
recognized by ACI 349-80 for the computation of the flexural
rigidity of reinforced contrate members to account for the effects
of cracking.

For 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 i:. based on proportioning be+ ween these limits where
the proportioning ftctor is a function of the ratio 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 defining the cracking
moment to be the actual moment on the cross section which in
combination with axial load produces an extrtme fiber tensile
stress equal to the modulus of rupt.ure (Reference 24).

Since the main SFP model is composed entirely of solid elements,

f 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 cbtained 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 untracked concrete still bonded to the steel
adjacent to the crack is implicitly incorporated in the empirical
formulation of the Branson equation.

1he 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

Os
modulus of the element in the dircction perpendicular to the crack
may be derived from the crack sizes giver' in Reference 25. To
establish an effective modulus based on c.Tck size. an approximate
rebar stress at the crack will be determined from the Gergely-Lutz
E'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 steel stress. With an approximate rebar stress
based on crack width and assuming fully cracked properties at the
crack plane, an estimate of the moment atting on the section can be
made. This moment becomes the actual moment in the Branson
Equation from which an effective modulus can be calculated.

lhe effective shear stiffness of the web of a member containing
diagonal tension (shear) cra-ks shall be based on the shear
reinforcement in the member a..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 1cwering
i the moment capacity of a section by not allowing the yield stress
i of the reinforcement tc be reacheJ 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 -
h effective section depth. If the reduced moment capacity h
D exceeded, the effective elastic modulus of the element in the

direction of the rebar shall be reduced to zero.

_ _
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SupplementaLCracking_ 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 for both one-way construction (beams) and two-way
construction (slabs and walls). Based on the Branson Equation
formulation, the use of this equation to compute cracked
cross-section 2tiffness properties implies that the section un e r
consideration has additiond moment capacity beyond the cr?cking
moment. This may not be the case for all structural components of
the spent fu91 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 desirability for the
moment capacity to be greater than the cracking moment, for slebs
and walls the minimum reinforcement requirements specified by the
Code may provide less reinforcement than necessary to ensure aO moment capacity greater than the cracking moment. For slabs and
walls so constructed, the Branson Equation Mill 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 thetmal 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 tc avoid the situation where the factored moment from a
load combinat'on exceeds the moment capacity for a section which
may not have ~'d ;ed or for which cracking has been
under-estimatet Should such situations occur, the analyst shall
use crackei transformed properties for the section.

i

6.3 toad Application

Concrete dea 6 load will be applied as a lg 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. Hydrodynamic pool loads will be calculated using-the

methodology given in Reference 10 and will be based on the.

O assumption that the SFP is essentially rigid, as demonstrated by'

(/ calculations pcrformed by GPUN (Reference 18). Static and dynamic
fuel rack loads corresponding to the three levels of consolidation

. . _-. -. - . . --. . _ . _ -. -
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4

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 is to focus on the
cracking and capacity of the SfP and its supporting structural
members. It is not the intent of this investigation to chase the
normal cracking which may occur in the slabs at Elevationc 76', 91'
and 119' due to the application of live load, except in the case of
the slab adjacent to Girder RE at Elevation 75', which is cracked,

lo avoid unnecessary crackiag iterations for live load, which may
O or may not be active, statically equivalent tributary live loads
V may be applied at the slab boundacies. This will avoid having to

consider the normal local flexural cracking of " secondary type"
members (i.e., members incorporated in the model to achieve the
proper boundary co.1ditions) which will have little or no influence
on the major redistribution of internal forces and will slow
convergence during each non-linear cracking iteration in the
analysis.

?rior to the formalized analysis, all loading cases will be applied
separately to the entire moael, assuming linear elastic behavior,
to determine the general effacts of the loading, its relative
severity with respect-to other loads, and its part W ation in the
load combination equations.

The cracking of reinforced concrete members and the resulting
non-linear behavior is a nonconservative process and requires that
the actual load hist. n be reasonably well followed, since final
results are load path-dependent. However, the !nading sequence
which has occurred over the life of the Oystc Creek SFP structure
is not exactly known and thus only a reasonable approximation to
the true loading sequence can be made. Therefore, in lieu of any
preferred loading sequence, the general loading sequer.ee will
follow the order shown below, which is believed to closely resemble
the sequence in which the loads were actually applied to the SfP.

O

,
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1. Concrete Dead Height
2. Hydrostatic Loading
3. Fuel Rack Loading
4. Live Load
5. Thermal Loading
6. Seismic Inertia and Hydrodynamic or Cask Drop

6.4 Analysis Strategy

As the loads are applied to the SFP structure, the distribution of
internal forces which resist these loads will 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+ sonstant moment
(i.e., a reduction in rotational stiffness). As cracki' J

O. continues, the relative stiffness of the structural element > 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 is changing with
increasing load.

The question arises as to how this non-linear process can best be
accountea 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 known and
therefore only a reasonable approximation to the loading
sequence can ba made. Strict adherence to loading sequer.co is
typically not concern for nuclear power plant structures
(Reference 1 and 26).

(2) Since the dead load portion of the Soading 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 assuned loading sequence from the true

/''N loading sequence are not expected to significantly change the
(ml final results in these critical regions.

.
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(3) Thermal gradient is the most highly non-linear portion of the
loading sequence and may cause moment reversal.

(4) Thermal loads, in contrast to mechanical leads, are reduced as
the flexural rigidity of the reinforced concrete members
'' rease due to concrete cracking. Thus, thermal loads are an

_.

actively changing loading condition.

(5) The Branson Equations are not intended to be applied in an .

incremental loading manner, lhe calculation of the effective
moment of inertia for the computation of deflections at any
load level must be based on the total load, and the resulting
internal forces should be computed f rom a linear elastic
analysis using initial (uncrackoo) stiffnesses. TMs is
consistent with the derivation of the Branson Equation.

(6) The Branson Equation is intended to predict deflections
(flexural rigidity) at service load levals, not at factoredO load levels. In theory, the factored loads most nearly
correspond to the structure's lower bound limit load. At or
near the limit load, deflections within the actual structure
may become highly non-linear and may tend to become unbounded.
(This may not be exactly true for the SFP structure for which
the factored loads may be well below the lower bound limit
load.) However, factored loads can be used to form the basis

_

for the flexural rigidity of the cracked structure in

structural evaluations (Reference 26). The intent in using the
Granson Equation for the SFP analysis is to have a reasonable
methodology to account for the changes in stiffness which occur
due to cracking and the resulting redistribution of internal
forces.

(7) The nonhomogeneous nature of reinforced concrete, together with
its non-linear behavior, makes it difficult to accurately
predict deflections (flexural rigidity) even for the simplest
cases under ce"+ rolled conditions. In fact, using the most
accurate expr + :on available (the Branson Equation) to compute
deflections for simply supported beams under controlled
laboratory conditions, there is approximately a 90% chance that
the actual deflections of a narticular beam will be within 25%
of the calculated value (Reference 17).
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. . .M .5 In view of thase consideratiorc, t'.n most appropriate analysis

strategy is one which provides a balanced approach to determining
MF,(be
M; the redistribution of internal forces which occurs within the SFP

9 structure due to concrete cracking. This balanccd approach is one
which weighs the cott of precise incrementa' ,terative non-linearanalysis against thc large uncertainties wt exist in our abili-
to precisely quantify the fundamental behav of a complev

'

reinforced concrete structure. ]

In a balanced apprc:ch the analysis strategy should act
the dif ferencos it, ti. inree distinct types of losding tc j
applied, t; , inc'w sustained load, thermal gradient, and

,

bdynamic '

Sustainedload

The effective moment of inertia of all solid elements sbM11 be
computed from the Branson Equation and the internal forces

A resulting from an anaiysis 9 sing either service er factored ica!s
and untracked stiffness properties. racking liu ations will be
applied at this load lesel until a st %)e crack equilibrium
conditian is reached. The final stif fnesses resulting from the
crackincj iterations will be used as the initial stiffness for the
thermal load case.

_

lhermaLLEHLettloid5

Based upon a reasonable loading sequence, ther.r.al gradient loads
are assumed to be active af ter all sustained loads have been
apalled. This loading case is the most difficult to deal with in
the analysis because of its tendency to reverse the curvature
established during sustained load application and the
interdependency of the maanitude of the internal forces on the
stiffness assumptions.

The stiffness of the SFP stracture at the initial application of
the thermal gradient will be the final stiffness which exists af ter
all sustained loads have been applied. The thermt! gradient will
be applied in steps with cracking iterations applied at each
constant load step. (Altei m:ively the thermal gradient may be
applied in a single load st with cracking iterations applied at
con. tant load.) During eat.L 'oad step, those sections (element',)

%'s
of the structure which cor$ :a to deferm will have their stiffness

O reduced la accordance with :e Jranson Equation, while those
sections which unload will be presumed to unload along their sccant

!
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stiffness. When crack closure occurs (i.e., zero tensile stress is
reached), the element stiffness will be increased to the grost
concrete valy! until such time as there is further evidence of
cracking or crack opening. For those sections which continue to
increase their curvature afte- acking, the effactive stiffness
will be recalculated from the v anson Equation. This iterative
process will continue until a stable crack r.onfiguration has been
established at the full thermal gradient.

Seismg _anA l u k__Qrop.Jales

Although seismic inertia, hydrodynamic., and cask drop loads will be
applied statically, they are still dynamic loads which produce
oscillations about on equilibrium tif' ness cosition. As the
structure moves in one' direction hway from the equilibrium
position, its stiffness char.ges as crack opening and closing

When the structure moves in the other direction away fromoccurs.
the equilibrium position, cracks whicn opened on the previous half

(b' cycle are now closing and vice versa. In the absence of large
moment reversals, the average structural stiffness accompanying
this process can be assumed to be that which exists at the static
equilibrium position. Therefore, the conveiged structural
stiffness which exists at the end of the apolication of all actual
static loads, including thermal gradient, 11 be the stiffness
used for the statically applied dynamic 1 ads.
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