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P - 1 GENERAL
®

1.1  Introduction

¥ This report describes the procedures used and the results of the seismic
x‘ | evaluation of the Fuel Storage Buiilding at the San Onofre Nuclear Generating
E - ' Station, Unit 1 (SONGS-1). The structure was analyzed taking into account
the mateﬂal nonlinearities under severe ground motions. Linear analyses
were used to obtain bounds on the non-linear analyses and a form of
substructuring was used to obtain detailed results from the full three
dimensional model of the structure.

1.2 Scope of Work

The evaluation of the Fuel Storage Building comprised linear and nonlinear
" analyses of the structure and the evaluation of the stresses and deformations
’ ' in the Iindividual components of the structure.

‘E’ ' The structure was evaluated for two distinct conditions. Firstly, the “as-buiit"
structure was analyzed using limit state conditions to determine whether
. structural integrity would be maintained under the 0.67g Housner Design
' Basis Earthquake. For these analyses components were evaluated in terms
‘ of ultimate capacities.

i ' From this series of analyses the components which required modification
{1g\ to meet the re—evaluation criterla were identified and a separate series
'1‘ of analyses was carried out incorporating these modifications. The re—evaluation
criterla were based on the conservatisms and factors of safety normally
applied to structures under uitimate load conditions. '

i Separate models were used for the evaluation of horizontal and vertical

fs} earthquake effects. Vertical acceleration components from each of these

‘ models were summed to obtain total vertical input for evaluation of
diaphragms. ' |




1.3 Report Format

‘Section 1 of this report provides an Iintroduction, the scope of work and
a general description of the buliding. In Section 2 the criteria and
methodology used in the evaluation are discussed and the procedure used
to select approprléte time histories is detailed. The formulation for the
non-linear elements Is briefly described in Section 3. Section 4 provides
details of the model used to analyze the structure for horizontal earthquake
loadings and Section 5 the model for vertical loadings. In Section 6 the
analyses performed on each of the models are described and the results
of these analyses are summarized In Section 7. Detailed evaluation of the
structure is reported in Sections 8 and 9 on the "as-built" and "as—-modified"

-structure respectively. Conclusions drawn from the evaluation are presented
- in Section 10. ‘

Appendices A and B provide details of the non-linear formulation for the
in-plane and out-of-plane masonry walls respectively. in Appendices C' through
H detailed resuits from each of the final non-linear analyses are listed.

1.4 Description of Building

The Fue! Storage Building provides storage for both spent fuel and new
fuel. The upper level also contains a decontamination area and equipment
for the transfer of fuel between this building and the adjacent containment
structure. The lower level of the building contains 480V switchgear in a
section adjacent to the spent fuel pool.

The spent fuel storage area is a reinforced concrete pool with massive
concrete walls founded on a mat foundation. This pool extends from eilevation
-3.9' to elevation 42'-0" and the side of the pool forms one wall. of the
adjacent 480V switchgear room. This room extends from reinforced concrete
strip footings at elevation 14'-0° to elevation 42'-0" with a mezzanine floor
at elevation 31'-0". The walls of this room are reinforced concrete masonry.
At elevation 42'-0" a reinforced concrete slab covers the switchgear room
at the top of pool level. From this elevation to. the roof level at approximately
65'-0" the structure consists ot light steel framing carrying .the vertical
roof loads and reinforced concrete masonry walls carrying the shear loads.

The roof is a seismically designed steel decking welded to steel roof
members. This roof has a hatch at the east end for the fuel transfer




operations.

i A general view and typical sections of the structure are as shown in Figures
1.1. 1.2 and 1.3. The location of each masonry wall Iis identified in- Figure
1.4,




. GENERAL VIEW OF STRUCTURE

FIGURE 1.1
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CRITERIA AND METHODOLOGY

2.1 Analytical Methodology

The building was analyzed using both linear and non-linear techniques. The
analyses were carried out using the time history method with actual recorded
time histories scaled to an intensity appropriate for the load level at the
San Onofre, Unit 1 plant. All analyses were carried out using computer
programs available In the public domain. in particular SAP-iV- for the linear
analyses and ANSR-Il for the non-linear analyses were utilized.

The methodology for linear portions of the structure followed generally
accepted analytical procedures. For the non-linear components, that is the
masonry walls responding both in-plane and out-of-plane. methodologles
were developed based on engmeenng mechanics principles and on available
test gata. :

For out-of-plane reinforced masonry wall analysis the detailed methodology
Is reported in Volume 2 of this report. For the in-plane response the method
used is detailed In Section 3.1 and in Appendix A of this Volume.

2.2 Earthquake Record Selection

A similar criteria for selection of the time histories for the non-linear analyses
was used as for the Masonry Wall Evaluation reported In Volume 3 of this
report. Three earthquake records were selected which when scaled according
to spectral intensity together enveloped the Housner Response Spectrum
normalized to 0.67g.

Each of the earthquake records had recorded horizontal motions in two
orthogonal directions. For the building analysis each of these two components
was applied simultaneously to the major axes of the model. The record
was then rotated 90 degrees relative to the model axes and the analysis
repeated for the same two earthquake components. This gave a total of
six complete time history analyses.

The earthGguake records as used for the previous evaluations provided a
large degree of conservatism with respect to the design spectrum over




a wide range of frequencies. Therefo;e. for the assessment of structural
integrity under “as-bullt" conditions the earthquake records were modified
to reduce this conservatism. This was done by varying the frequency content
of the recorded record in the primary direction such that the differences |,
between the earthquake spectrum and the design spectrum were minimized.
The records used are discussed further in later sections of this volume.

2.3 Fuel Building Specified Damping Ratios

The BOPSSR criteria for the SONGS-1 plant (Reference 1) provides a table
of DBE damping values to be used for seismic reevaluation. This table
is reproduced as Table 2.1. The Fuel Storage building Is constructed of
masonry block. bolted steel framing and reinforced concrete. At the level
of load specified for the DBE the masonry may be assumed to be cracked.
Therefore all materials in the structure have a damping percentage of 7%
of critical.

For the fuel pool foundations Woodward Clyde Consultants supplied. data
(Reference 2) which inciuded damping ratios assoclated with soil structure
interaction, as listed in Table 2.2. .

2.4 Re-evaluation Acceptance Criteria

The re-evaluation acceptance criteria are based on the BOPSSR criteria [1],
which references the relevant material codes [3.4.5]. The seismic loading
on the structure is the 0.67g9 Housner Design Basis Earthquake (DBE). .

The re-evaluation criteria for the masonry walls which respond in the inelastic
range for in-plane and/or out-of—plane‘ loading are not included in the
BOPSSR report. For these walls, criteria are reported In Volume 1 of this
report and are expanded in Appendix A to include permissible strains under
in-plane loadings. ’

The out-of-plane criterla- specify stabl'llty considerations, maximum steel
strain ratio limits of 45 and maximum masonry stress limits of 0.85 'm.
The criteria for in-plane strains limit the maximum strain to 0.00264 for
walls which are required to carry full iateral loads. This is based on the
strain level at which strength degradation is observed to commence




experimentally. For braced walls. (i.e. walls which have alternate lateral load
resistance through other structural mechanisms such as steel framing) this
limit Is Increased to 0.00528. based on the strain at which spalling of the
face shells might be initiated. These criteria are sufficient to ensure that
no face shell spalling will occur in any wall and that no strength loss
will occur in the primary load carrying walls.

2.5 Structural Integrity Acceptance Criteria

For the "as-built* evaluation to ensure structural integrity, acceptance criteria
have been developed that are based on the actual material strengths. These
criteria permit higher aliowable forces in the diaphragm and connections
and also use a more refined envelope curve for the in-plane stiffness

~formutlation.

The roof diaphragm stresses are limited to a maximum of 3 times the
allowable shear stress provided by the manufacturer. This is based on the
jower bound ultimate strength obtained in tests and is 20% higher than

“the factor of 2.5 used for the re-evaluation criteria. The connection forces

are assessed based on a shear strength of 3 times the UBC values and
a tensile strength of 2 times the UBC values. This compares with the factor
of 1.5 that was used for the shear an'd tensile forces in the re-evaluation
criteria. The in-plane stiffness formulation for structural integrity is discussed
in Appendix A.

10




DBE Damping

ITEM (percent of critical)

Concrete Grade A Masonry Block

Cracked 7

Uncracked 5
Welded Steel Structures 4
Bolted and/or Riveted Structures 7
Reinforced Concrete Structures 7
Prestressed Concrete Structures 5

JABLE 2.1 DBE DAMPING VALUES FOR SEISMIC REEVALUATION

Spring Spatial Hysteretic - ‘Total DBE

 Type Damping Damping Damping
Vertical 27.0% 13.0% 40.0%
Translational N-S 16.0% 13.0% 29.0%
Translational E-W 16.0% 13.0% 29.0%
Rotational N-S 7.7% 13.0% 20.7%
Rotational E-W 1.5% 13.0% 14.5%
Torsional : " 4.0% 13.0% 17.0%

JABLE 2.2 FUEL POOL MAT DAMPING VALUES

1




NON-LINEAR MASONRY ELEMENTS

3.1 In-Plane Properties

The In-plane response of the masonry walis falls Into two distinct categories.
according to whether the loads are applied as imposed Inertial loads or
as applied displacements. Therefore the model used for the walls must
accurately represent the response of reinforced masonry walls under both
conditions. '

Benchmark response curves were selected from a series of tests carried
out at the Earthquake Engineering Research Center at the University of
California, Berkeley. Parameters for a degrading stiffness model were then
selected so as to match these curves. Details of the element parameters
used and the correlation obtained are Included in Appendix A of this volume.

. 3.2 OQut-of-Plane Properties

A methodology for the evaluation of masonry walls responding to out-of-plane
loads has been presented in Volume 2 of this report. In Volume 3 the
results of the application of this methodology to the walls In three of the
buildings at the San Onofre. Unit 1 plant have been reported.

The Fuel Storage Building out-of-plane wall models were based on this
methodology. Rather than using the multi-mass formulation as in the above
analyses the hysteresis as developed in Volume 2 was incorporated into
the yield function of a two-dimensional beam. This beam provided a similar -
global response as the more complex plane-stress/gap element model but
required far fewer degrees of freedom. The model does not provide the
detailed results of material response which are to be evaluated in terms
of the criteria In volume 1 of this report.. However the well defined yield
function and deflected shape of the wall In Its predominant mode allows
geometric derivation of formulas to extract material stresses and deformations
from the output displacement and plastic rotations. This method is detailed
in Appendix. B which also gives detalls of the element formulation and provides
verification of the predicted response compared with that of the more detailed
mode).




4 MODEL FOR HORIZONTAL RESPONSE

The main effort in the Fuel Storage Building evaluation was directed toward the
response to horizontal earthquake motions. A detailed ANSR-Il model as described
in this section was therefore coded to obtain the response to these loads.

The lateral load resisting elements; i.e.” the fuel pool walls and the superstructure
masonry walls, have very high axial stiffness values and therefore no ampiification
of the vertical motions would be expected from these elements. The only structural
elements which would be subject to vertical acceleration amplification are the

" roof beams and the beams at elevation 31°-0". These members are not included

in the global model for horizontal response as they are considered at the
sub-structure levels. Therefore vertical accelerations were not applied to the
ANSR-Il model. A simpler model for vertical load analysis was set up as described
in Section 5 and the vertical acceleration time histories obtained from this

~model were combined with the ANSR-Il results to obtain input for the diaphragm

substructures.

4.1 General Concepts

A real structure has an almost infinite number of degrees of freedom and
sO any analytical model requires selection of particular degrees of freedom
sufficient to describe all aspects of the response which are important for
the purposes of the analysis. In general the solution techniques also impose
constraints on the number of degrees of freedom to be selected. Non-linear
techniques in general use In structural engineering essentially solve a series
of linear structures. and thus the level of effort required for a linearly elastic
analysis is multiplied many times over. For this reason it is desirable for
a non-linear mode! to Include fewer degrees of freedom than an eiastic
model of the same system. - '

The method of substructuring is a means of attaining detailed results from
a global model which is simpler than would otherwise be necessary. The
basic concept is to spiit the structure up int0 a number of substructures
each typically containing a group of similar components. A model of each
substructure Is assembled and the global properties computed. These
properties relate the overall forces and deformations in the substructure to
a limited number of degrees of freedom. These degrees of freedom for
each substructure are then assembled into a global model. The global model
results are transformed back into detailed stresses and displacements by




applying them to the detalled'models.

A n>umber of computer programs are currently available which incorporate
substructuring within the analysis package. However such programs have
not as yet had as extensive use or as complete verification as other noniinear
programs which have been longer in the public domain. Therefore the decision

‘was made to carry out the substructuring outside the main analysis program.

This allowed complete flexibility in the detailed substructure formulations
and back substitution and also maintained complete user control over the
selected global degrees of freedom.

4.2 Overall Structural Behavior

The bulk of the mass and stiffness of the structure is concentrated in the
water filled spent fuel storage pool and its associated soil interaction. This
pool provides the main driving force for the structure under seismic loads
and its response is the dominant factor in the forces and displacements
induced into the other structural elements. In particular, the masonry walis
of the switchgear room will have imposed displacements from the rotation
of the pool on its soll springs. The walls above elevation 42'-0" will be
excited by the motions at the top of the spent fuel pool.

4.3 Fuel Pool Modeliing

The spent fuel pool is a reinforced concrete water retaining box. The walls
and base are from 4 feet to 5 feet thick. This. provides very high stiffness
and the structure.essentially acts as a rigid box translating and rotating
on the base soil. The model was developed to repfoduce this rigid box
action. with the side walls formed of plane stress elements of thickness
equal to the concrete walls. Around the top and bottom of the pool! beam
elements with properties based on the pool dimensions were included to
prevent distortion of the structure. Similar vertical beams were aiso used
over the height of the pool to provide support for the spring elements
modelling the water action and also to provide support where the side walls
from the switchgear room connected to the side of the fusel -pool.

The substructure used to model the pool does not provide a detailed stress
pattern in the structure. Therefore a separate detailed linear model was
developed to carry out parametric runs and also to obtain stresses for




the structural evaluation of the pool itself. This model had a very detailed
representation of the pool itself and a smaller number of elements to enable
the overall influence of the superstructure mass and stiffness to be included.

Plots of the fuel pool mesh for both the global modal and the detailed
substructure model are reproduced in Figures 4.1 and 4.2.

4.4 Soil-Structure Interaction

Woodward Clyde Consultants provided soll structure interaction parémeters
for each of the structures. These values included translational and rotational
spring values and the associated damping percentages for the base of
the fuel pool and for the foundation beneath the switchgear room. The
non-linear model used these values to define the extent of soll-structure
interaction as did the detailed sub-structure models where appropriate. In
the following section the incorporation of the parameters into the model
is discussed. )

4.4._1 Fuel Pool Mat

- The properties suppiied for the soil springs and the damping for the
base of the fuel pool were developed for an earlier model with a single
node at the base of the pool. For the analyses reported here the spatial
characteristics of the pool were included in the model, allowing the
springs to be distributed over the area of the pool base. A series of
springs were Incorporated at the corners of the model and élo'ng the
mid-side in the long direction. These springs provided equal spring
constants in the three transiational and three rotational directions as
the values for the single node model.

Because the springs interacted to some extent, for exarhple with the
distributed vertical springs providing some of the rotational stiffness.
the associated damping values used were different than those originally’
'used. The derivation of the element damping is discussed in more detail
in Section 4.8. where It is shown that the damping values used always
provided modal damping less than or equal to the specified values.

The soil springs 'Iayout is given in Figure 4.3.




442 Wall Footings

Spring values for the wall footings around the perimeter of the switchgear
room were supplied for an earlier model. These values were computed
based on a footing tributary area and therefore equivalent values were
computed for the actual nodal distribution in the final model. As the
masonry walls were assumed pinned at elevation 14°'-0" translational
springs only were required.

4.5 Masonry Walls

The masonry walls provide essentially all the -in-plane stiffness from elevation
42°'-0" to roof level. Below elevation 42'-0" the walls are loaded by applied

- displacements from the fuel pool.

The structure was designed and constructed such that the masonry walls
carry no vertical loads other than their self-weight and from equipment
mounted on the walls. The roof and floor loads are carried by structural
steel columns.

The nonlinear wall response Is significant both for in-plane and out-of-plane
behavior. The methods of including these effects in the model were discussed
briefly in section 2 and in more detall in Appendices A and B.

4.5.1 In-Plane Walls

Stiffness and strength properties of these walls were derived as discussed
in Appendix A. To incorporate these walls into the ANSR-Il models
correction factors to allow for the relatively coarse grid and for the
presence of openings were developed. To obtain these factors detailed
substructure models were coded using plane stress 'elemems in the
SAP-IV program. These models were then analyzed for static lateral
loads and deflections obtained. A simpler model using the ANSR-I|
element was similarly analyzed using SAP-IV and the equivalent deflection
obtained. For these results a correction factor to be appiled to the
element thickness was obtained.

Exampies of both the complex and simple models for 'one-of the walis
with openings, FB-8, are reproduced In Figures 4.4 and 4.5.



4.5.2 Out-of-plane Walls

The yleld function of these walls was as discussed in Appendix B. Each
masonry wall was typically represented in the ANSR-II model by two
or three element sets with properties lumped for the length of wall

represented by each element. The mass was lumped such that 50%
- was at the mid-height node and 25% at both the top and bottom of

the wall. Equivalent stiffness based on 1.5 times the cracked moment
of inertia and yield moments derived for a one foot strip of wall were
factored by the effective length of wall to obtain input properties. For
walls with signiticant openings the properties were derived taking into
account the reduced width. '

Two walls, FB-7 and FB-4, had horizontal spans between support of
less than one haif the vertical spans between supports. For these walls
out-of-plane wail models were not included In the global model. They
were later evaluated based on two way spanning as discussed in Section
9 on component evaluation.

4.5.3 Control Joints

The masonry walls at both elevation 14'-0" and 42°-0" have vertical control
joints at approximately 24'-0" on centers. These control joints are
specified as "DUR-O-WALL" rapid control joints (wide flange). The detail
of this joint is shown on Drawing 567682-4. -

This type of control joint Is a solid rubber section with a neoprene
compound edge that can be compressed tightly in the joint. The |oint
provides a vertical stress relieving Joint in the in-plane direction but
has sufficient shear strength in the out-of-plane direction to provide
wall lateral stability. This Is achieved by keying a section of the rubber
joints Into the masonry block on either side of the joint. The shear
strength attained has been tested at 470 psi, higher than the shear
strength of a mortar joint.

The structural significance of this type of joint .is that out-of-plane
compatibiiity of displacements is enforced on either side of the joint
and so the wall section may be considered continuous in this direction.
in the plane of the wall the joint ailows relative vertical slippage between
the wall sections on either side of the joint. For ‘horizontal displacements



separation of the wall sections may or may not occur depending on
the relative stiffness of the wall portions on either side of the joint
and on the direction of loading. In general the joint passes through
the masonry wall only and not through the top and bottom support
members. Therefore the wall will have equal horizontal displacements
enforced at least at these positions by the chord members.

Based on the above the presence of the joints was accounted for in
the analytical model by allowing relative vertical movement between the
plane stress elements modelling the wall on each side of the joint
but constraining these nodes to have equa! horizontal displacements
along the plane of the wall. For the out-of-plane wall model the nature
of the connection was such that no account need be taken of the control
joint. )

4.6 Roof Diaphragm. . '

The roof diaphragm Is comprised of light gage metal decking welded onto
steel supporting members. The roof was designed for a seismic shear force
using the table of allowable in-plane shears provided by the manufacturer.

The diaphragm was modelled using plane. stress elements. To obtain the
properties of these elements the stiffness was correlated with implied stiffness
values inherent in the manufacturers deflection coefficients. This required
a two part parametric study. first to obtain an equivaient element thickness
assuming sufficient elements to give an accurate solution and secondly

. to correlate these values to the coarser grid used in the global model.

Each of these two substructure studies are discussed In the following section.

4.6.1 Theoretical Diaphragm Properties

The stiffness of a metal deck is a function not only of the modulus
of el'astlclty of the material but also of the corrugated shape of the
section and the weld pattern used to fasten the deck. For this reason
the stiffness s not detérminate from theoretical considerations. and
so deflection coefficients are provided by the manufacturer based on
tests. The first parametric study was concerned with converting these
coefficients into element properties which could be used in the
mathematical representation of the deck.



‘“’ To obtain plane stress element thickness values giving equivalent
;i deflections to those provided by the coefficients the grid shown in Figure
4.6 was analyzed. This grid is a simple rectangular diaphragm with
edge supports and chord members. The deflection was computed from
the coefficients under a uniform load of 1000 Ib/foot as 0.0120° due
to flexure of the chords and 0.0125° shear deformation in the decking.
giving a total deflection of 0.0245",

The grid was then analyzed using various values of the deck thickness.
Note that as the deflection is a function of the chord plus deck
deformations the thickness cannot be arrived at directly from the results
of a single analysis even though the response is assumed linearly elastic.
S It was found that an element thickness of 0.0207" gave a deflection
‘ " of 0.0245", equal to the target value. This thickness Is actually equal
to about one third the thickness of a 16ga plate. of which the deck
is formed. The study was repeated for three different roof gages and
it was found that this conversion factor of one third the actual thickness
was typical. '

ﬂ' : 4.6.2 Roof Model Properties

Based on the conversion factor for thickness derived as discussed in
the previous section a model of the actual Fuel Building roof was set
up using an element thickness of 0.0207°. This model. as shown in
Figure 4.7, produced a deflection under uniform load of 0.045". This
compared well with a deflection of 0.043" computed using the tabulated
4 ' : diaphragm stiffness properties and the actual span layout.

The analysis was then repeated using a coarser grid corresponding
to the layout in the global model. as shown in Figure 4.8. it was found
that the equivalent deflection pattern could be obtained by adjustment
to the thickness of elements along the nothern edge. With this
modification the maximum deflection of this simplified model was 0.044"°,
again close to the target value of 0.045".

4.7 Floor Diaphragms

3 ' The structure has dlaphragms at elevations 42°-0°, 31°'-0" and at the base




of the fuel pool. The fuel pool mat is four feet thick reinforced concrete
and thus Is essentially rigid for earthquake type loadings. This mat has
therefore been modelied as rigid in the analysis.

At elevation 42'-0" the floor above the switchgear room and adjacent to
the top of the pool is typically a 9* thick reinforced concrete slab. Over
part of the floor in the cask laydown area the slab is locally thickened
to 17.5°. This floor is modelled as plane stress elements with thickness
equal to the actual thickness. Part of this floor acts in flexure at the
south-east corner of the structure where the floor is supported on structural
steel columns. In this region beam elements have been added along the
periphery of the diaphragm to transfer the shear induced by slab bending.
The properties of these beams were computed based on an effective width
of four times the slab thickness. Results are relatively insensitive to the
properties of these beams and so. a more accurate assessment is not
necessary.

Elevation 31'-0" has steel framing horizontally over the area of the switchgear
room. The eastern end of this framing is covered by a steel grid. ‘which
would enforce partial diaphragm action. The stiffness of this grillage of
beams in-plane Is not such that shear force transfer into ihe masonry
walls would occur. However the framing does provide pin supports to the
masonry walls for out-of-plane response at approximately 12°'-0° on centers.

This support for the masonry wall has been incorporated into the modsl
by the lInclusion of truss members spanning from the fuel pool side wall
to the out-of-plane masonry walls at elevation 31'-0". This support causes
the walls to respond out-of-plane as two span continuous members but
does not effect the response of the in-plane masonry wall elements.

4.8 Damping

The energy loss mechanism in elastic systems is assumed to occur through
viscous damping. i.e. damping forces proportional to the velocity. For
non-linear analysis there Is energy loss through hysteretic damping which
Is accounted for in the yield functions for the materials. The means of
incorporating these damping eftects vary for the linear and non-linear modsis.
In this section the procedures to obtain mathematical formulations to provide
the specified damping are discussed.




4.8.17 Theoretical Considerations

The Standard Review Pian provides for the use of either stiffness or
mass weighting functions for 'determinlng an ‘equivalent modal damping
matrix. For models that take soll-structure interaction into account by
the lumped soil spring approach the former method. i.e. stiffness weighted

damping. should be used. In this procedure the equivalent modal dampihg
ls computed as:

E, = (o) (K (@)

@) (Kl (@)
where §j = equivalent modal damping ratio of the jth mode
(Kl = assembled stiffness matrix
()] = jth normalized modal vector
[KI = modified stiffness matrix formed as the product

of the damping ratio for the element and its
stiffness matrix.

This procedure Is based on the uncoupling of the normal modes of
vibration and therefore is restricted to elastic systems.

To obtain the modal damping ratios from the above formulation requlrés
a knowledge of the material damping of varlous elements, the stiffness
matrix of the elements and the shape of the varicus modes.

4.8.1.1 Linear Analysis

The procedures for the linear dynamic analysis in this project used
the uncoupled modes. Therefore the composite modal damping ratios
computed as described above was incorporated directly into the
equations of motlon for each of the individual modes.

Using the composite modal damping Bj the generalized damplng"
for mode | was determined as:

where

C‘ Is the generalized damping
M‘ is the generalized mass
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3 4.8.1.2 Non-linear Analysis

Non-linear analysis techniques solve the equations of motion for the
total system without uncoupling the response into its normal modes.
The formulation for deriving composite modal damping is not directly
compatible with these solution techrilques. However consideration
of the uncoupled modes allows values to be assigned to the
parameters deflning the form of the damping matrix.

For the uncoupled system damping. the relationship between the
generalized damping, mass and stiffness for mode j is:

C] an + b Ki

where _
and

K =W M
therefore any specified values of a and b imply damping
in the jth mode of

0 | B) - a ¢ ‘b—‘”l

2W' 2

Stittness dependent damping. b. Implies higher damping with higher
frequencies and mass dependent damping the reverse.

: If both a and b are specified two simuitaneous equations 'may be

‘ set up to define the damping in two modes and the damping values
for all frequencies are then specified. If only one of the two
constants is used the modal damping is set for a slngle mode and
defines all other damping values. :

For practical impiementation the mass dampihg value is set at the
structure level and thus applies equally to all elements of the
structure. The stiffness damping factor. b, Is applied at the element
level and may be varied for elements or groups of elements.

4.8.2 Implementation in Models




48.2.1 Element Damping

For the superstructure the element damping is available from the
tabulated values for each of the material types. However the fuel
pool soil damping values are based on a pool model with only
six degrees of freedom at the basemat. In this form of mode! the
element damping and the composite modal damping are effectively
the same for the three translational and three rotational springs
and for the six modes associated with these springs.

When the fuel pool is modelled as a three dimensional model with
the soll springs spatially distributed the spring damping values are
the composite modal damping values but because of the coupling
between different springs for some modes the element damping
values are unknown.

To obtain the element damping for the springs the stiffness weighted
formulation given previously Is solved for the six basic pool modes.
with the composite modal damping and eigenvectors known and
the element damping ratios associated with each of the springs
as the unknowns.

Although there are six unknowns, l.e. the element damping values,
and six equations, the solution of the system has the additional
constraint that all damping ratios be greater than or equai to zero.
For this reason the element damping values may not necessarily
be able to exactly match the supplied composite modal damping
values. '

Solving these equations gives damping ratios for each spring value
as shown In Table 4.1. Also in Table 4.1 is a comparison of the
target and obtained composite modal damping. It can be seen that
the correct damping will be applied in all modes except the vertical.
where the applied damping of 26% is only 65% of the target value
of 40%. However this value is conservative for any vertlcal
amplification and is thus acceptable.

Note that these values were computed assuming cbmplete uncoupling

of modes. i.e. "pure" mode shapes In each of the six directions.
Later studies using the detailed fuel pool model showed that
composite model damping values computed using these element



} damping values and the actual mode shapes were very close to those

calculated as discussed above. Therefore the assumed mode shapes
were very close to the actual shapes.

4.8.2.2 Damping Constants for Non-linear Analysis
The damping in the non-linear analysis is specified as a combination

of the mass and stiffness matrices. The damping implied by the
factors applied to these matrices is frequency dependent, and soO

as the frequency of particular modes changes due to non-linear ' -

material behavior the effective damping will also change.

The procedure adopied for specification of the two parameters
describing the damping was to select a value of "a" to factor the
mass matrix such that the applied damping with this factor alone
would in no case exceed the minimum specified damping for any
element group in the- frequency ranges expected in the analysis.
The minimum damping in any element is 7% and preliminary studies
showed that the minimum frequency of the most non-linear elements
was about 0.33hz. i.e. a period of 3 seconds. ' '

A value of "a" equal to 0.2932 will give 7% of critical damping
at a period of 3 seconds. For lower periods the da_mping will be
less than 7% and for higher periods the damping will be greater
than 7%. ' ‘ |

‘For each element group the required damping was then obtained

by specifylng' a "b" factor so as to give the correct damping at
the elastic frequency of the component.

To specify "b" it was assumed that the contribution of am element
to the overall structural response would be slight at frequencies
higher than that elements own elastic natural frequency. Therefore
the effect of specifying a “b" value so as to give damping in a
particular element higher than that specified at frequencies higher
than the elements natural frequency is acceptable.

Figures 4.9 and 4.10 are examples of "b" factors selected by this
procedure for the out-of-plane masonry walls, with an elastic period
of 0.47 secs. and the fuel pool vertical springs which are required




to have a damping ratio of 26% of critical- at a period of 0.10
secs. '

Figure 4.9 shows that for the out of plane wall a "b" factor of
0.00883 gives effective element damping less than the specified
value of 7% for the period range of 0.47 to 2.54 seconds. In Figure
4.10 the value of "b" produces the correct element damping ratio
of 26% at the elastic period of 0.10 secs. Above this period the
damping drops sharply but as the element frequency does not change

this Is acceptable.




DIRECTION ELEMENT COMPOSITE MODAL DAMPING
DAMPING TARGET ACHIEVED

Rotation E-W 6.8% 14.5% 14.5%
Rotation N-S 0.0% 20.7% 20.7%
Vertical 26.0% 40.0% 26.0%
Torslonal - 17.0% 17.0%
Translational E-W 29.0% 29.0% 29.0%
Translational N-S
Corner 8.8% .
Middle 35.7% 29.0% 29.0%

TABLE 4.1

ELEMENT AND MODAL DAMPING VALUES
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. —3 = Translational Spring
o < = Rotational Spring
©
SPRING STIFFNESS UNITS ELEMENT
' ‘ DAMPING
KV 60525 kip/ft 26.0%
K éW 181950 kip/ft 29.0%
KILS 45414 kip/ft 8.8%
K ﬁs 273073 kip/ft 35.7%
K nS 18609725 k-ft/rad 0.0%
K EW 18509930 k-ft/rad 6.8%

FIGURE 4.3 : SOIL SPRINGS AT FUEL_POOL BASE
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FIGURE 4.8 : GLOBAL ROOF DIAPHRAGM MODEL
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5 MODEL FOR VERTICAL RESPONSE

The detailed non-linear model was assembled from the individual substructures
as described in the preceding sections and a number of abbreviated static
and dynamic analyses carried out to determine the overall characteristics of
the structural response. One of the parameters Investigated was the effect of
a vertical acceleration record. A 5 second analysis using the scaled vertical
acceleration record from the EI Centro 1940 N-S record showed that the response
under these loads was almost pure vertical translation on the base springs

~ with negligible rocking and no non-linearity.

This result is not unexpected in that all the elements providing resistance to
horizontal loads. l.e. the masonry and concrete walls, have a very high axial
stifiness. Elements which may be subject to vertical amplification are the roof
and Elevation 31'-0" diaphragm members. which were included in the substructure
Imodels but not in the global model for horizontal response. The global mode!
was analyzed for horizontal earthquake motions only and a simpler model was
used to obtain the vertical response time histories at each diaphragm elevation.
These time histories were then added to the vertical components obtained from
the horizontai analyses to give an input time history for later analysis of the
detalied substructures.

Preliminary studles revealed that the vertical response of the global structure
was essentlally that of a single spring mass system. However to aliow for possible
-rocking effects about the E-W axis. where the switchgear room springs introduce
non-symmetry into the structure. a plane frame model of a section perpendicular
to this axis was constructed. This mode! contained lumped representation of
the mass and stiffness properties of the global structure and use of the planar
model aliowed the spatial distribution of the mass and springs to be included.

A representation of the model used for the vertical analyses is shown in Figure
5.1
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6 DESCRIPTION OF ANALYSES

Most of the analytical effort was devoted to the non-linear model in the as-moditied
condition. The linear model was used to aid in an understanding of the global
model behavior and as an overall check on the order of magnitude results.
The “as-built® model was used primarily to carry out Initial runs and to identify
areas where modifications were required to meet the re—evaluation criteria of
Section 2.4. This model was then modified to reflect the ultimate state conditions
to assess structural integrity. The vertical load model was used to provide vertical
components of response to be added to those obtained from the global non-linear

“model.

In the following sections the analyses carried out on each of these models
are briefly described.

6.1 Linear Model

The linear model was an exact duplicate of the non-linear model except
for the ‘non-linear elements, i.e. the in-plane and out-of-plane masonry
walls. The main advantage of constructing this equivalent model was that
It enabled the normal modes of the system to be extracted. While these
frequencies and mode shapes were not used in the evaluation in themselves
they contributed greatly to an understanding of the overall dynamic behavior
of the structure. These frequencies were also used to obtain damping
constants for the elements In the non-linear model.

Analyses carried out on this linear model were as follows:

a. Eigenanalysis of the entire structure with masonry elements in
their original elastic . state.

b. Eigenanalysis of the entire structure with masonry elements having
an elastic stiffness equal to the stiffness In each wall at the
end of the ANSR-Il analyses, l.e. using the minimum equivalent

stiffness.

c. A series of eigenanalyses for the superstructure alone with the
masonry in-plane elements in various degraded conditions.

In the initial stages of the project consideration was given to the use of
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this model for response spectrum analyses to obtain forces to check against

the globa! model if this proved necessary. However the non-linear response
of the global model did not produce any inconsistent results and the
additional effort required to carry out a response spectrum analysis was
not warranted. especially in view of the wide variation in composite ‘modal
damping caused by the soil spring damping values. This would have required
the generation of a very large set of spectra for the range of damping-
values for each earthquake to obtain reasonable response.

6.2 Non-Linear Model — °As-Built®

The first analyses were carried out on the model of the structure in the
*as-built" condition using the scaled Ei Centro 1940 earthquake. The model
was then modified to reflect ultimate state conditions and a further analysis
carried out. The modification to the model was mainly to the properties:
ot the in—p}ane walls. The stiffness envelope for these walls was developed
assuming that strain levels would be low. The first two runs revealed high
strains in some in-plane walls and so the envelope was modified to correctly
model the response up to these higher strain levels. Results were therefore
obtained for each of the following load cases: '

a. El Centro 1940, N-S applied in the N-S direction. with “original®
- in—-plane element properties. -

b. El Centro 1940, E-W appled in the N-S direction, With “original®
in-plane element properties.

c.. Ei Centro 1940 N-S modified to reduce conservatism with respect -
to the Housner spectrum. Element properties modified to reflect
ultimate state conditions.

Note that in each of the runs above two orthogonal components of horlzontél
acceleration were applied slmultanéously along each obf the axes of the
structure. The component listed is for the “principal® direction. The same
scale factor as applied to the “principal® component to envelope the design
spectrum was applied to the “lgsser” component. The “principal® component
is defined here as the earthquake component which was used to obtain
the spectral intensity and thus the scaling factor relative to the 0.67g Housner
spectrum, as listed below: '
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EARTHQUAKE COMPONENT EERL SCALING

DESIGNATION | FACTOR

EL CENTRO May 18, 1940 SO00E A001/S00E | 1.57
TAFT July 21, 1952 S69E A004/S69E 2.90
OLYMPIA April 13, 1949 NO4W B029/N04W 2.5

The first two analyses showed that the critical loading case was clearly
when the major component was applied along the building N-S axis
where

the lateral load resistance was a minimum. Therefore only this case was
analyzed for the third case 10 assess structural integrity. For this third
run the major chahge to the model was in the principal direction
acceleration 4

time history and in the stiffness of the in-plane elements at high strain
levels. The resuits were evaluated in terms of ultimate conditions, rather
than for design limits as for the other analyses.

6.3 Non-Linear Model - As Modified

The initial two runs using the “as-built" model indicated that the in-plane
shear strains in wall FB-7 were very high. The strains using the modified
time history were below the level at which complete loss of load carrying
Capability would occur but failed to meet the re-evaluation criteria. At high
strain levels this wall degraded and the consequent redistribution of lateral
loads caused high diaphragm stresses in the roof. Therefore a conceptual
modification was identified to enable this wall (and consequently tfwe roof)
t0 meet the criteria. This conceptual modification, which is shown in Figure
6.1. was incorporated in the analytical model.

This modified model was then analyzed under the compiete suite of six
earthquake loadings. each of 30 seconds duration. as listed below:

a. El Centro 1940 N-S applied along N-S axis.
b. El Centro 1940 E-W applied along N-S axis
c. Olympia 1949 NO4W applied along N-S axis

41




| d.  Olympia 1949 NB6E applied along N-S axis.
i ' e.  Taft 1952 S69E applied along N-S axis
f. Taft 1952 S21W applied along N-S axis.

8 As for the previous analyses two components, each scaled by the same
. fact were used for each analysis and applied simultaneously along each
of the principal axes of the structure. '

6.4 Vertical Load Model

The plane frame model for vertical acceleration response was analyzed .for
the vertical components for each of the three ground motions used in this
evaluation, i.e. '

a. - El Centro. 1940 )

b. Olympia. 1949

(j]. ¢ Taft, 1952

Each of these records was scaled by the same factor as was derived such . |
that the principal horizontal direction had equal spectral intensity to the

Housner spectrum. This ensured consistency between the two models such

that when the results were combined the response was obtained for the

f ' model responding to the three recorded components of the same earthquake

each scaled by the same factor.
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7 RESULTS OF ANALYSES

In this section the results of the linear analyses. the "as-built" and as modified
non-linear analyses and the vertical load analysis are presented. The most
comprshensive series of analyses was the non-linear evaluation of the buliding
in the as-modified condition. :

The results presented in this section are used in Section 8 for the evaluation
of the structure in the "as-built® condition and in Section 9 for the evaluation
~ of the modified structure.

7.1  Linear Analyses

The linear analyses. were ‘used to obtain the normal modes of the structure
both for the original stiffness and for the degraded condition. These modes
provided data for the computation of the frequency dependent damping
constants and also provided checks on the overall dynamic response of the
structure. '

The natural frequencles and participation factors obtained from these SAP-IV
analyses are listed in Tables 7.1 and 7.2 for both the original stiffness
and the degraded stiffness analyses.

7.2 Non-Linear Analyses - "As-Built”

The structure in the “"as-built" co‘ndition was analyzed three times. using
the scaled EI Centro 1940 earthquake components with two different
orientations and then using the E! Centro record modified to reduce the
conservatism relative to the Housner spectrum.

The first two analyses were of a‘testing nature in that they were used
to verify assumptions about the degree of non-linearity and the frequency
" content of the response on which such parameters as damping constants
and in-plane wall stiffness depended. The results of these analyses revealed
high strain levels In one of the masonry walls, FB-7, ‘and consequent
B overloading of portions of the. roof diaphragm. This required modifications
to the model and so consequent analyses considered the structure in two

/| conditlons: :
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As-Modified Structure: Steel strengthening members were added
'to the model at the location of wall FB-7. Results of the
analyses . for the structure In this condition are described in
the following sub-section. The re-evaluation criteria which was
used for this condition Is stated in Section 2.4,

2. As-Built Structure with Ultimate State Conditions: Properties of
the in-plane walls and damping constants were adjusted to
reflect the level of response determined from the two preliminary
analyses. ‘The earthquake record was modified and evaluation
was carried out in terms of assessing the structural integrity
using the acceptance criteria in Section 2.5.

The earthquake record used for the structural integrity run is plotted in
Figure 7.1 and the response spectrum of this record is compared with
the Housner spectrum In Figure 7.2. This spectrum was computed in
accordance with Section 7.1 of the Standard Review Plan (SRP). The results
of critical elements are summarized in Section 8. The stress strain hysteresis
for the most critical waill, FB-7, is reproduced in Figure 7.3.

7.3 Non-Linear Analyses - As Modified

Results for each of the six non-linear ahalyses are summarized in Appendices
C to H. For each analysis tables of maximum displacements and the response
of critical elements are provided. Time history plots are also reproduced
in the Appendices for critical displacements and elements along with response
spectra at the top of pool level to illustrate the filtering effect of the soil
springs.

From these six sets of results absolute maximum quantities hav-e been
extracted, and these values are summarized in Tables 7.3 to 7.7. It should
be noted that these values are envelope values from the set of records
selected to envelope the 0.679 Housner response spectrum The tables
provide maximum values of the following:

a. Table 7.3 : Maximum Displacements. This table lists the maximum
displacements at the building corners at the roof level, the
top of pool (Elevation 42°-0°) and the base of the pool.







Displacements are given for both horizontal directions.

- b. Table 7.4 : Maximum In-Plane Wall Response. The maximum

shear stresses and shear strains for each of the masonry
walls are tabulated. The ratio of the maximum strain to the
allowable strain as specified in the criteria is also listed.

c. Table 7.5 : Maximum Out-Of-Plane Wall Response. Maximum
steel strain ratios. masonry stress and center displacement
are listed for each of the vertically spanning masonry walls.
These values are derived from the output plastic rotations as
described in Appendix B. '

d. Table 7.6 . Maximum Connection Forces : These values are
the maximum shear and tensile forces at the interface between
the masonry walls and the steel roof framing members and
the concrete diaphragm at elevation 42'-0". For elevation 31'-0"
diaphragm tension- forces only are given as the diaphragm
does not transfer shear strgsses.

e. Table 7.7 : Maximum Diaphragm Forces : These forces are
the maximum shear stresses In the roof diaphragm at the
critical points adjacent to the masonry walls. Note that these
values do not necessarily correspond to the connection forces
in the previous table as not all the wall shears are transferred
through the diaphragm.

Figure 7.4 is a plot of the envelope spectrum from the six time histories
compared with the San Onofre. Unit 1 specified DBE earthquake load level
of 0.67g ZPA on the Housner spectrum. These spectra are plotted for a
damping ratio of 7%. Figures 7.5 to 7.10 show representative time . histories
for the most critical eiements. as follows:

a. Figure 7.5 : Maximum roof displacement.

" b. Figure 7.6 : Maximum displacement at the center of the

out-of-plane wall with the greatest deflection.

c. Figure 7.7 . Hysteresis plot of the shear stress versus shear
strain for wall FB-7. '
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d. Figure 7.8 : Shear modulus of waill FB-7 showing progressive
degradation.
e. Figure 7.9 : Displacement plot of the top of the masonry wall

adjacent to the roof opening on the East wall.

{. Figure 7.10 : Displacement piot of the top of the masonry wall

adjacent to the roof opening on the South wall.

These results were used in the detailed component evaluation reported in
Section 9. Where applicable. e.g. for the steel framing. the results from
the analyses of the vertical load model were added to those from the
horizontal analyses to obtain total force levels for the evaluations.




‘I[’ MODE FREQUENCY PARTICIPATION FACTORS
¥ (hertd X (E-W) Y (N-S) Z (VERD
) 1 0.194 60.32 -0.00 -0.00
2 0.350 -0.00 35.70 -0.01
3 2.233 0.81 106.20 -3.32
4 2.535 -20.23 0.10 0.37
5 2.545 " 1.04 -0.19 -0.02
6 2.547 0.38 0.27 -0.04
7 2.547 -0.48 -0.42 0.00
| 8 2.726 0.87 66.42 -3.01
i 9 3.406 -43.61 1.53 3.1
Y 10 3.668 -98.18 3.40 12.26
M 3.714 .2.83 295 0.41
g 12 3.809 - 10.36 -0.50 -2.35
) 13 4.048 -1.29 0.20 1.75
: 14 4.265 -8.48 -4.52 -172.40
: 15 4.405 3.48 -0.05 5.03
| 16 5.418 -0.12 1.13 0.65
: 17 6.331 1.45 6.36 -2.86
18 6.576 0.04 0.17 9.78
! 19 6.812 -7.55 -24.67 10.12
20 8.436 -10.08 1.88 4.77
| 21 9.635 6.67 0.08 7.62
X 22 9.642 102.40 1.29 432
d[[’ 23 9.908 -63.17 -2.29 7.40 -
o 24 10.840 -0.64 107.00 -0.50
25 10.950 -5.82 . 35.18 0.19
26 11.620 -0.62 -3.62 -0.11
27 11.710 -4.76 -7.79 -1.84
| 28 11.810 -3.09 0.68 -0.19
29 12.220 -2.58 0.29 -0:19
30 12.940 2.46 -4.06 -2.56
31 13.040 0.81 5.76 2.0
32 13.970 -0.39 0.20 1.39°
/] 33 14.460 0.36 -0.31 0.00
34 14.790 -0.81 -5.18 -0.13
i 35 15.740 -1.27 -0.92 -1.1
| 36 16.520 0.26 1.38 .0.19
37 16.690 -0.76 0.78 -0.33
“ 38 17.660 -0.22 0.24 0.35
: 39 17.850 0.19 -0.14 -0.32
40 19.090 -0.14 0.29 -0.15

TABLE 7.1 : FREQUENCIES “AS-MODIFIED" - QRIGINAL STIFFNESS




MODE FREQUENCY : PARTICIPATION FACTORS
(hertd X (E-W) Y (N-S) Z (VERD
1 0.194 ' 60.32 -0.00 -0.00
2 0.350 -0.00 35.72 -0.01
3 2.205 - 0.75 108.00 -2.32
4 2.534 20.35 -0.06 -0.36
5 2.545 -1.04 0.24 . 0.04
6 2.547 -0.41 -0.33 0.05
7 2.547 0.47 . 0.49 -0.01
8 2.715 - -0.81 -63.05 2.00
9 3.404 -44.98 1.36 3.33
10 3.659 97.60 -3.35 -11.97
M 3.714 2.39 3.14 0.24
12 3.809 9.45 -0.47 -2.21
13 4.048 -1.16 0.19 1.74
14 4,254 -8.37 -3.24 -172.40
15 4,405 -3.40 0.31 -3.58
16 5.418 -0.15 0.96 0.67
17. 6.258 - -7.45 -22.09 9.23
18 6.330 -3.88 -8.72 2.75
19 6.576 -0.00 -0.04 -9.82
20 7.537 6.84 -3.95 -7.20
21 8.902 0.30 0.84 3.4)
22 9.206 36.81 -1.56 9.52
23 - 9.635 0.49 0.01 7.32
24 9.755 -114.80 -3.37 2.98
25 10.560 0.23 -41.16 1.12
26 10.580 9.01 -11.28 1.18
27 10.870 0.07 98.60 0.57
28 11.000 -4.76 36.74 -0.36
29 11.620 0.20 2.99 -0.05
30 11.810 3.21 -1.17 0.08
31 12.210 2.37 -1 "-0.01
32 12.310 -2.33 -3.14 -0.42
33 13.210 -0.14 -1.9 -0.09
34 13.600 0.17 -1.16 0.68
35 114.240 -1.36 -4.39 -2.56
36 14.460 0.36 -0.23 0.03
37 14.960 0.18 3.9 -0.87
38 15.610 - -0.22 -0.38 -0.17
39 16.950 0.10 -0.98 -0.34
40 17.010 -0.14 0.50 0.10

TABLE 7.2 : FREQUENCIES "AS-MODIFIED® — FINAL STIFFNESS




LOCATION DISPLACEMENT (inches)
X (E-W) Y (N-S)
ROOF
N-W Corner 0.502 1.433
S-W Corner 0.602 1.408
N-E Corner 0.533 1.537
S-E Corner 0.537 1.525
TOP OF FUEL POOL
N-W Corner 0.311 0.846
S-W Corner 0.328 0.850
N-E Corner 0.311 0.905
S-E Corner 0.326 0.905
BASE OF FUEL POOL
N-W Corner ) 0.098 0.075
: S-W Corner 0.102 0.075
i N-E Corner 0.098 0.118
)]  s-E Corner 0.102 0.117
NOTES:
1. | Values are absolute maxima from all earthquake records.
; .2 These results are from the "as-modified® non-linear analysis.

S TABLE 7.3:

MAXIMUM DISPLACEMENTS
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QI[’ WALL NUMBER || SHEAR STRESS | SHEAR STRAIN RATIO OF'MAXIMUM
| (p.s.h STRAIN TO ALLOWABLE

FB-1 42.4 £ 0.00030 0.114
FB-2 - 116.6 0.001 16_ 0.439
FB-3 " 69.6 0.00049 0.186
FB-4 7.3 0.00051 0.193
FB-5 A 50.9 , 0.00036 ' 0.136
FB-6 ' 55.4 0.00039 0.148
FB-7 178.4 0.00478 - 0.905
FB-8 |l 132.4 0.00159 0.602
FB-9 157.1 ‘ 0.00237 ' 0.898
FB-10 104.9 0.00092 0.349

NOTES:

| ‘ , : : _
: m 1. Values are absolute maxima from all earthquake records.

2. These resuits are from the “as-modified” non-linear analysis.

3. Maximum allowable strain for unbraced walls (all except FB-7) Is
0.00264.

4, Maximum allowable strain for braced walls (FB-7) is 0.00528

5. Masonry wall identification Is as given in Flgufe 1.4,

JABLE 7.4: MAXIMUM IN-PLANE WALL RESPONSE

51 .




52

WALL STEEL STRAIN RATIO MASONRY STRESS CENTER DISPLACEMENT
CENTER END fm (p.s.l) dnches)
FB-1 21.0 24.6 656 10.56
FB-2 12.7 159 656 6.62
FB-3 15.5 15.9 656 8.1
FB-4 Horizontal Spanning
FB-5 16.8 168 656 7.46
FB-6 23.0 26.4 656 11.19
FB-7 Horizontal Spanning
FB-8 1.2 - 0.6 ‘656 0.98
" FB-9 1.3 0.6 656 0.97
FB-10 1.5 | 0.9 656 1.34
NOTES:
1. Values are absolute maxima from ali earthquake records.
2. These results are from the “"as-modified" non-linear analysis.
3. Maximum aliowable steel strain ratio Is 45.
4, Maximum allowable masonry compressive stress is 1147 psi.
5. Masonry wall Identification is as given in Figure 1.4.
JABLE 7.5: MAXIMUM OUT-OF-PLANE WALL RESPONSE




53

WALL NUMBER || LOCATION | SHEAR STRESS TENSION | RATIO OF
(Ib/fd (Ib/fd M.AXIMUM/ALLOWABLE

FB-1 Roof 7071 257.9 0.47
FB-2 Roof 1045.2 233.8 0.82
FB-3 Roof 355.0 113.6 0.14
FB-4 Roof 378.4 - 0.31
FB-5 Roof 714.2 227.2 0.46
FB-6 Roof 1447.9 214.7 1.35
FB-7 Roof 1831.0 - 1.48
FB-8 Et 42'~0" 2929.2 656.7 0.48
FB-9 El 42'-0" - 1046.1 159.2 0.08
FB-10 El 42'-0" 2127.0 697.6 0.30
FB-8 El 31'-0* - 711.2 0.57
FB-9 El 31'-0° - 619.2 0.50
FB-10 El 31'-0" - 1059.6 0.86

NOTES:

1. Values are absolute maxima from all earthquake records.

2. These resuits are from the "as-modified” non-linear analysis.

3. See Section 9.5 for derivation of maximum allowable vaers.

- 4, Masonry wall identification is as given in Figure 1.4.

TABLE 7.6: MAXIMUM CONNECTION FORCES




WALL NUMBER LOCATION SHEAR STRESS RATIO OF
' (ib/fO MAXIMUM/ALLOWABLE

FB-1 Roof 1113.3 0.37
FB-2 Roof 1581.1 0.53
FB-3 Roof 848.0 0.29
FB-4 Roof 955.8 0.32
FB-5 Roof 1017.9 0.34
FB-6 Roof 2687.7 091"
FB-7 Roof 2687.7 0.9
FB-8 El 42°-0° . 4272.5 0.42.
FB-9 El 42°-0° 4900.0 0.48
FB-10 El 42'-0° 2826.4 0.28

NOTES:

1. Values are absolute maxima from all eérthquake records.

2. These results are from the “as-modified* non-linear analysis.

3. Maximum allowable shear in metal decking at roof level is 2962.5
b/t

4. Maximum allowable shear In concrete slab at Elevation 42'-0" iIs
10251 Ib/ft. '

5. Values are peak stresses in diaphragms, not average values.

6. Masonry wall identification is -as given in Figure 1.4.

TJABLE 7.7 MAXIMUM DIAPHRAGM FORCES
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8 EVALUATION OF °AS-BUILT® STRUCTURE

The evaluation of the “as-built" structure was limited in scope as its purpose
was solely to assess the structural Integrity of the structure during the limited
interval of time until the modifications are incorporated into the structure to
restore design margins. The criteria used for this evaluation are stated in Section
2.5.

This assessment was carried out using limit state conditions. The diaphragm
was assessed based on an ultimate strength factor of 3.0, the minimum safety

“margin determined from test results. For the in-plane walls damping constants

were based on the degraded modulus of the strain envelope and the slopes
were adjusted to reflect test curves up to the ultimate strain limit for unbraced
walls of 0.00264. For connections recent test results have indicated that the
UBC tables of allowable stresses on bolts are very conservative especially for
shear forces and so higher stress limits were used.

The main difference between the “as-built" and *as-modified" structure is the
presence of steel strengthening members in the latter case. These elements
have an impact only on the superstructure and do not effect the overall pool
response. Therefore the evaluation of the “as-built" structure was restricted
to this location. The out-of-plane wall response is similarly unaffected by the
presence of the strengthening and so these elements were not evaluated at
this stage. Based on these considerations the evaluation .considered only the
maximum in-plane strains in the masonry walls at the superstructure level,
the maximum shear stresses in the diaphragms and the connection forces.
Each of these components is considered in the following sub-sections.

8.1 Superstructure Walls

The maximum shear stresses and shear strains in the superstructure walls
FB-1 to FB-7 are listed in Table 8.1. The maximum shear strain for all
these load carrying walls from the criteria is 0.00264 and the ratio of
maximum strain to this value is also listed In Table 8.1.

Strain ‘levels were moderate in all walls except FB-7 which had a value
of greater than 97% of the crlterla limit. This wall Is relatively short and
carries a disproportionate amount of the total lateral ioad due to the
discontinuity of the diaphragm caused by the roof opening. The remaining
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walls resisting the North-South lateral loads, FB-2 and FB-3 had strains

less than 20% of the allowable value.

The walls resisting East-West lateral loads are much longer than those
in the North-South direction and this is reflected in the maximum stresses
and strains in walls FB-1, FB-4, FB-5 and FB-6 all of which have in-plane
strains less than 10% of the allowable value. '

8.2 Connection Forces

The maximum forces on the connections between the masonry walls and
the roof diaphragm are listed in Table 8.2. The shear component arises
from in-plane wall response and the tension from the out-of-plane wall
bending. The ratio of maximum to allowable in Table 8.2 has been computed
using the interaction formuia given in Section 9.5 of this Volume. Because
the ultimate strength is being assessed the capacity of the embedded Dbolts
was computed using 3 times the UBC values In shear and 2 times the
UBC values in tension, ‘based on the results of research currently being
undertaken at Clemson University which has shown the UBC values to Dbe
very conservative, especially in shear. '

These ultimate factors produce allowable shear of 2475 Ib/ft and allowable
tension of 1650 Ib/ft. Using the interaction formula of section 9.5 the ratio
of maximum to allowable is in all cases less than 0.60. and all but two
walls have loads less than 50% of the ultimate value.

8.3 Diaphragm Stresses

The maximum shear stresses in the roof diaphragm are listed in Table 8.3
together with the ratio of this maximum stress to the ultimate stress. The
ultimate stress is taken as three times the working stress value as the
manufacturer's test results have all produced a minimum factor of safety
of three on these allowable stresses. '

The maximum stresses are very close to this uitimate 'Ilmlt. with walis FB-1
and FB-3 each having peak stresses at 95% of this value. Note that the
listed values are the maximum values occurrring in any element along the
wall. If an average value along the wall were taken the stress would be
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ki considerably lower. Deformations at the ultimate limit would be sufficient

‘ﬂ' to redistribute load along the entire length of the wall and at this stage
of loading an average value would be less than the results shown In Table
8.3.
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WALL NUMBER

SHEAR STRESS

SHEAR STRAIN

RATIO OF - MAXIMUM

(p.s.D STRAIN TO ALLOWABLE
FB-1 25.2 0.00007 0.026
FB-2 76.4 0.00046 0.174
FB-3 745 0.00042 0.159
FB-4 67.2 0.00026 0.099
FB-5 34.0 0.00010 0.038
FB-6 31.8 0.00009 0.034
FB-7 156.3 0.00257 0.974

NOTES:

1.

Values -are absolute maxima from modified EI Centro record.

Maximum allowable strain for all walls is 0.00264.

These results are for the "as-built" structure.

-

Masonry wall identification is as given in Figure 1.4.

TABLE 8.1:

MAXIMUM IN-PLANE WALL RESPONSE
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interaction formula given in Section 9.5.

. TABLE 8.2:

WALL NUMBER || LOCATION | SHEAR STRESS | TENSION RATIO OF
ab/f ab/fd | MAXIMUM/ALLOWABLE

FB-1 Roof 1601 258 0.53
FB-2 Roof 1636 224 0.54.
FB-3 Roof 14712 113 0.40
FB-4 Roof 121 - 0.05
FB-5 Roof 693 226 .0.16
FB-6 Roof 895 215 0.22
FB-7 Roof 824 - 0.33"

NOTES:

1. Values are absolute maxima from modified EI Cgntro recovrq.':

2. See Section 8.2 for derivation of maximum allowable values.

3. These results are for the “as-bullt" structure.

4. Masonry wall identification is as given in Figure 1.4.

- .5, The ratio of maximum to allowable is computed accofding to

the

MAXIMUM CONNECTION FORCES
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m , WALL NUMBER LOCATION SHEAR STRESS | RATIO OF
: ab/fo MAXIMUM/ALLOWABLE
FB-1 Roof 3373 0.95
FB-2 Roof 2019 0.57
FB-3 Roof 3373 0.95
FB-4 . Roof - 613 . 0.17
FB-5 Roof 1197 0.34
FB-6 Roof 2019 0.57
FB-7 ' Roof 1782 : 0.50
NOTES:
| 1. Values are absoiute méxima from modified ElI Centro record.
l‘ 2. Maximum untimate shear in metal decking at roof level is 3555
o b/t
-
| ;‘:‘
H 3. Values are peak stresses in diaphragms. not average values.
) 4. These results are for the "as-built® structure.
] 5. Masonry wall identification Is as given in Figure 1.4.
TABLE 8.3: MAXIMUM DIAPHRAGM FORCES

70




9 EVALUATION OF "AS-MODIFIED" STRUCTURE

The as-modified structure was evaluated in terms of the original design marg’ins.
with allowable stresses based on ultimate strength design procedures and masonry
strains based on servicability limits.

The individual corriponents of the structure were evaluated in terms of the criteria
adopted for the project. For the concrete and steel structures the acceptance
Criteria were based on the appropriate sections of the BOPSSR criteria [1].
For the non-linear masonry walls the re-evaluation acceptance criteria are as

‘stated in Section 2.4.

In the following sections each of the major element groups of the structure
are listed together with mention of the criteria used and the results of the
evaluation. These evaluations are based on the results presented in Section
7.3 plus vertical load effects where applicable.

8.1 Fuel Pool

The fuel pool comprises reinforced concrete walls and base slab. The pool
elements remain elastic throughout all the analyses and were evaluated
using ultimate strength design pkocedures for reinforced concrete as detalled
in the ACI-318 code [5). -

The design load combinations for the pool were horizontal and vertical
earthquake loads plus the dead load of the water. The earthquake loads
in the horizontal direction were obtained from the results of the time history
analyses on the as-modified structure. This model included the effacts of
the hydrodynamic loadings caused by the water. To these forces were added
the loads caused by the dead load of the water amplified by the vertical
accelerations. ' v

The loads were applied to substructure models of the fuel pool walls modelied
as assemblages of plate bending elements. Output shear forces and bending’
moments were then checked against ultimate strength values computed from
the section geometry and reinforcing layout. These results are tabulated
in Tables 9.1 and 9.2. '

For each wall. the maximum moment from the analysis was first checked
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against the cracking moment of the concrete section. If the moment gx‘ceeded
this value it was checked against the ultimate moment capacity. For all
walls except that on the North side. Tabie 8.1 shows that the maximum
moment was less than the cracking moment. In the North wall the moment
exceeded the cracking level but was less than the ultimate moment capacity.

The maximum shear stresses in each wall are as tabulated in Table 9.2.
To check the shear the capacity of the concrete alone was first evaluated.
In all walls this capacity was greater than the applied shears by considerable
margins. Therefore any contribution from the steel reinforcing to the shear
strength was neglected. The stee! pool liner is non-structural and sufficiently
flexible to conform to the deformed shape of the massive concrete walls.
Therefore as the concrete is within the allowable stress limits the pool
integrity is maintained.

9.2 Diaphragms

The Fuel Building diaphragms occur at the roof level and at elevation 42'-0"
with a partial diaphragm at Elevation 31'-0". The steel framing elements
occuring in each of these levels are considered separately in Section 9.4.
In this section the steel decking and concrete siab are evaluated.

9.2.1 Roof Level

Table 7.7 lists the maximum steel deck stresses and the ratio of shear
force to allowable shear force. The allowable force Is based on the
working stress shear factored by 2.5 for ultimate strength conditions
as recommended by the manufacturer. This allows a factor of safety
as the allowabie stresses are based on one third the minimum test
uitimate capacity. |

This factor produced an allowable shear load of 2962.5 Ib/ft. Using
this value the maximum ratio computed in the diaphragm was 91% of
the allowable. These ratios were computed based on the peak stresses
In the elements modelling the diaphragm rather than the average values
along the length of the wall.
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9.2.2 Elevation 42'-0" -

The concrete diaphragm shear forces from horizontal loadings ‘are
.tabulated in Table 7.7 together with the ratio of maximum stress to uitimate
strength. The latter values were computed using the ACI-318 uitimate
strength procedures based on an allowable concrete shear stress of
134 psi. The maximum shear stress was 48% of the allowable value.

The concrete slab is subjected to out-of-plane loads both from gravity
and from vertical earthquake effects. The rigidity of the floor system
at Elevation 42°-0" is such that it may be considered in the rigid range
for vertical accelerations. Therefore to obtain vertical earthquake effects
the gravity loads Amay be increased by a factor corre'sponding to the
ZPA ot the response spectrum at that elevation.

At Elevation 42'-0" the average ZPA of the vertical response spectra
is 0.775g. Therefore the slab was analyzed using a total load of. 1.775
times the gravity loads. One way action between the floor beams was
assumed and the maximum positive and negative moments were 3.00
and 3.30 k.f/ft respectively. These values are less than 25% of the
“ultimate strength capacity of the slab, 13.57 k.ft/t.

9.3 Masonry Walis

Masonry walls are subjected to the combined effects of out-of-plane and
in-plane loadings. The criteria developed for the San Onofre., Unit 1 evaluation
provide limits on stesl strain ratios and masonry stress for the former and
on maximum strain levels for the latter. In the foliowing section the various
walls are evaluated.

9.3.1 Superstructure Walls

The superstructure walls, FB-1 to FB-7, span between the top of pool
at Elevation 42'-0" and the roof level at approximately 65'-0". With
the exception of walls FB~7 and FB-4 all walls span vertically and
thus are.evaluated in terms of the criteria developed in Volume 1 of
this report for their out-of-plane response. For in-plane response the
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criteria for ultimate strain limits the maximum strain levels to 0.00264
for load carrying walls.

Conceptual modifications have been identified for wall FB-7 (Figure
6.1) using steel strengthening members which carry the applied shears
and therefore greater strain levels are permissible in this wall.

The maximum out-of-plane response of these walls are listed in Table

7.5. Wall FB-6 has the maximum deflection at the center., 11.19 inches.
At this level of displacement the maximum steel strain ratios are 23.0
and 26.4 at the central and base hinges respectively, slightly greater
than 50% of the criteria limit of 45. The masonry compressive stress
expressed as a uniform stress over the face shell is limited by the
yieid force in the steel and therefore is effectively constant over all
yielding walls at 656 psi, about 57% of the allowable value of 1147
psi which is based on 0.85t'm.

Table 7.4 lists the maximum in-plane stresses and strains for each
of the masonry walls. Except for wall FB-7 the strains were relatively
low. with the peak value of 44% of the limit occurring in wall FB-2,
The other walls were less than 20% of the allowable. Wall FB-7 with

steel strengthening members is braced and thus is not required to

perform load carrying functions. A higher strain limit of 0.00528 is thus
accepted for this wall. based on the level at which face sheil spalling
has been observed in tests. Wall FB-7 reached 91% of this value.

Two of the superstructure walls, FB-7 and part of FB-4, have horizontal
spans considerably less than their vertical spans. The out-of-plane
stiffness for these walls was not included in the global mode! for horizontal
response. To evaluate these walls the envelope response spectrum
obtained from the non-linear analyses was used as loading input to a
SAPSA plate finite element model

The walls were modelled as assemblages of plate - bending elements
with moment fixlty at their edges and pinned supports at roof level.
The stiffness was based on 1.5 times the cracked moment of inertia.
The response spectrum used had a ZPA of 1.05g and a maximum
amplitied acceleration of 4.15g. Modal responses were combined by the
square root of the sum of the squares method.
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in both walls the maximum moments in each direction were considerably
less than the ultimate moment capacity. The maximum horizontal moments
were 43% and 21% of ultimate in walls FB-4 and FB-7 respectively.
The vertical moment was 25% of ultimate in FB~4 and only 4% of
ultimate in wall FB-7. Therefore both walls were concluded to be

satisfactory.

9.3.2 480V Switchgear Walls

Walls FB-8, FB-9 and FB-10 enclose the switchgear room from elevation
14°-0" to elevation 42'-0" with an intermediate support by the mezzanine
floor at elevation 31'-0".

Maximum out-of-plane response of these walls as given in Table 7.5
is relatively small due to the reduced spans. The maximum displacements
were only ngh'tly above the yield level and thus steel strain ratios -
refiected minimal yielding. The masonry stress was of similar magmtude
to that of the superstructure walls.

Two of the walls, FB-8 and FB-9. are subjected to imposed displacements
from the rocking of the adjacent fuel bool. Table 7.4 shows that these
walls have high in-plane strain levels. but less than 90% of the limiting
strain. The third wall. FB-10. has only about one half as much - strain.

9.4 Steel Framing

The structure has steel framing at the superstructure level. and in the
switchgear room. This steel framing functions solely to carry vertical loads
as its stiffness Is negligible compared with the horizontal load carrying
masonry shear walls. The steel columns carry the full dead load of the
diaphragms but because of the nature of the connections between the steel
perimeter beams and the masonry walls any additional superimposed loads
would be shared between the steel columns and the walls.

The steel columns have been evaluated for the effects of gravity loads
and it has been assumed that vertical earthquake effects would be transferred

into the masonry walls. The steel beam members In the roof and the

mezzanine floor at elevation 31'-0* have been evaluated for vertical ocarthquake
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effects by response spectrum analysis using the envelope spectra obtained

~ from the ‘vertical model of the structure. For Elevation 42'-0" which has

a stiffness such that the response will be in the ZPA range of the vertical
response spectrum the average ZPA of 0.775g has been added to the gravity
load effects. :

Results for the most critical of each of the steel member types are
summarized in Table 9.3. The capacity for the horizontal members carrying
combined loads from gravity plus earthquake has been based on ultimate
strength conditions using the section modulus times the steel strength of
36 ksi. For the columns carrying gravity loads only allowable stresses from
AISC have been used.

The maximum ratio of applied moment to allowable moment is 71% and
in the columns the axial loads reach a maximum of 72% of allowable valuss.
The 24 WF 94 at Elevation 42'-0" has an axial force due to the horizontal
component of the reaction from the strut beneath. This force Iis 279 kips
and produces a stress of 30% of the allowable axial stress. Therefore the
total interaction ratio for flexural and axial stress is (0.69+0.30)=0.99, very
close to the allowable value. Note however that this assumes no transfer
of axial load into the slab and Is the resultant of a horizontal earthquake
motion that is very conservative with respect to the 0.67g Housner DBE.
Therefqre the steel framing was concluded to be satisfactory. -

9.5 Connections

Connection forces between the vertical and horizontal elements of the structure
are tabulated in Table 7.6. In general the connections have both a shear
and a tensile component except for Elevation 31'-0°. which transfers no
shear force. and the top of the two walls which span horizontally under
out-of-plane ioads. FB-4 and FB-7. These walls do not produce any
significant tension loads on the connection.

" Evaluation of the adequacy of the connections has been carried out using
the interaction formula given In References 6 and 7:
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where
Va = Allowable shear
v = Maximum shear from analysis
Ta = Allowable tension
T = Maximum tension from analysis.
For the masohry to steel connections the allowable shear and tension are

computed from the tabulated UBC values [3] and factored by the ultimate
strength factor of 1.5 giving allowable values of 1237.5 Ib/ft for both shear
and tension.

The connection at elevation 42'-0" between the masonry' wall and the concrete

“slab is by way of steel rebars anchored into the concrete slab and into

the grouted bond beam Iin the wall. The allowable shear force has been
computed using the ACI shear friction formulation as 4718 Ib/ft. For tension
the limiting value has been computed using the allowable bond stress over
the anchored rebar, glving an allowable value of 5550 Ib/ft. |

In two walls, FB-6 and FB-7, the ratio of maximum to allowable from the
above interaction formula was greater than unity, indicating that the
connections are understrength in terms of the re-evaluation criteria of Section
2.4. Recent test resuits not yet fully evaluated suggest that these criteria
may be overly conservative. Of the remaining walis only three had ratios
greater than 50%.
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MOMENTS (b-in/in) ‘
WALL TYPE Mmax Mcr Mult Mmax/Mcr Mmax/Mult
EAST Mx 125860 193150 - 0.652 - -
My 103400 193150 - 0.535 -
WEST Mx 125850 193150 - - 0.652 -
My 103390 193150 - 0.535 -
NORTH Mx 266940 193150 325150 1.382 0.821
My 373660 193150 1273700 1.935 0.293
SOUTH I Mx 158090 193150 - 0.818 -
My 135350 193150 - 0.701 -
NOTES: )
1. These results are from the "as-modified® non-linear analysis.
2. Mx is the moment caused by bending in a horizontal strip and
My the moment on a vertical strip.
3. Mmax is the moment obtained from the specified load combination.
Mcr Is the moment at which cracking occurs and Mult is the
ultimate moment capacity.
4, For all walls Mult is greater than Mcr.

TJABLE 9.1

78

: MOMENTS IN FUEL POOL WALLS




'SHEAR STRESS (psD -
WALL Vmax Ve Vs | Vmawve Vmax/(Vc+Vs)
EAST 741 268.3 - 0.276 -
WEST 74.1 268.3. - 0.276 -
NORTH 216.6 268.3 - 0.807 -
SOUTH 149.7 268.3 - 0.558 -
NOTES:

- .

o 1. These results are from the "as-modified® non-linear analysis.

o , .

‘ 2. Vmax is the maximum shear stress obtained from the specified load

combination. Vc and Vs are the allowable shear stresses for the
concrete and steel respectively computed from the ACI-318 allowable
- values.

O 3. Where the concrete alone was sufficient to take the total applied
- shear stress the contribution of the steel was neglected.

TABLE 9.2 : SHEAR STRESSES IN FUEL POOL WALLS

79




LOCATION MEMBER ~ FORCE MAXIMUM | ALLOWABLE | RATIO
ROOF 12 B 19 Moment (k-in 509 766.8 0.66
12 WF 453 - 1381 2092 0.66

EL 42°-0° 24 WF 94 . 5534 7992 0.69
14 WF 53 . 1722 2801 0.61

| 21 WF 62 . 2131 4572 0.71

EL 31'-0° 14 WF 38 . " 545 1966 0.28
| 16 WF 40 - 606 2329 0.26"
8 C 115 - 201" 203 | 0.69

EL 14'-0" to | 6 WF 155 | Axial Load (& 15.1 21.0 0.72
EL 65'-0" 8 WF 40 . | 72.3 153.0 0.47

1.

These results are from the

TABLE 93 : STEEL FRAMING EVALUATION

‘as-modified* non-linear analysis.
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10 CONCLUSIONS

The Fuel Storage Building at San Onofre, Unit 1 was evaluated in terms of the
re-evaluation criterla and the structural integrity acceptance criteria. Linear and
non-linear analysis techniques with substructuring of portions of the structure
were used for these evaluations.

To meet the re-evaluation criteria of Section 2.4 required the conéeptual design
of modifications to one wall, FB-7. and the addition of connections between

_the wall and the roof at the top of walls FB-6 and FB-7. Recent test resuits

(which have not yet been fully evaluated) suggest that the re-evaluation criteria
for these connection forces may be overly conservative. A series of analyses-
carried out incorporating these conceptual modifications demonstrated that the

“structural response was satisfactory under the postulated earthquake motions.

The "as-bullt® structure was subjected to earthquake motions of the specified
DBE level of 0.67g Housner for San Onofre. Unit 1 and complied with the
structural Integrity acceptance crlterla under this load.
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APPENDIX A

IN-PLANE FINITE ELEMENT

Al. INTRODUCTION

The in-plane Inelastic behavior of the masonry walls of ‘the fuel storage bullding
are modeied using a standard 4-node inelastic finite element. The Inelastic

‘Characteristics of the mode! provide for both strength and stiffness degradation.

The properties used to define the inelastic characteristics of the finite element
mode! are based on a series of thirty-five tests on concrete block masonry
piers [1-3]. Another series of four tests [4] are used to validate the critical
shear strain of the model. '

A summary of the experimental test resuits used to define the inelastic
Characteristics of the model is given in Section A2. A description of the in-plane
finite element mode! and its inelastic properties is given In Section A3. Derivation
of the parameters from the experimental results are given in Section A4. The
parameters used in the finite element model of the fuel storage building are
given In Section AS. A comparison of the experimental results and those obtained
using the analytical finite element mode! are given In Section AS. -

. A2, EXPERIMENTAL TEST RESULTS

The experimental In-plane Inelastic behavior of masonry walls has been the subject
of an-extensive research program at the Earthquake Engineering Research Center,
University of California. Berkeley. over the past eight years. The program’s
objectives have been to investigate the inelastic behavior of masonry walls
subjected to in-plane cyclic loads. Three different types of materials were included
in the program - hollow concrete block. hollow clay brick and grouted core
clay brick. Three different height-to-width ratios of the piers were included:
=211 11t 1 and 1 to 2. Other parameters included the amount and
distribution of horizontal and vertical reinforcement, and the eflects of full and
partial grouting. -

There were a tota! of thirty-five hollow concrete block piers included in the
test program. There were 12 piers with height-to-width (H/W) ratio of 1 to
1. 6 piers with H/W ratio of 1 to 2. and 17 piers with a H/W ratio of 2 to
1. During each test a series of three cycles of amplitude-controlied load were
applied to the test specimen. As each test progressed. the amplitude of each
set of three cycles of load was gradually increased. After each set of three
Cycles of load, the pier was inspected and the extent of cracking was documented
by photographs. The major result from each test was the hysteretic behavior
shown in Fig. A1. This provides a continuous plot of the applied horizontal

- in-plane defiection at the top of the wall versus the resulting horizontal in-plane

load. The full set of resuits for each test is given In references [1-3).




The typical hysteretic behavior shown in Fig. A1 characterizes the cyclic behavior
of the masonry piers. In order 10 compare the behavior of different test specimen
a hysteresis envelop Is constructed from the hysteresis loops. The hysteresis
envelop Is the average of the maximum positive and negative forces for each
set of three cycles of load at a given amplitude. Typical hysteresis envelopes
are shown In Figs. A2. :

The important characteristics to note from the experimental hysteresis envelopes
and loops are:

1. The pier Is essentially non-linear elastic up to a deflection
of 0.05 inches for the piers with a H/W ratio of 1:1.

2. There is significant stiffness degradation throughout the entire
load sequence of the plers.

3. Diagonal cracks occur in the pier at the peak of the
hysteresis envelopes. Cracking prior 1o the formation of
these diagonal cracks is minor.

4. Strength degradation occurs after the peak load is attained.

A3. IN-PLANE FINITE ELEMENT MODEL .

The In-plane finite element model is based on the two-dimensional
plane/axisymmetric element that was developed for the ANSR-I| computer program.
The Inelastic characteristics of the mode! include all the non-linearities observed
in the experimental tests and are discussed in Subsection A3.1.

A3.1 Non-Linear Characteristics

The non-linear characteristics of the finite element model include all the
non-linearities observed in the masonry wall test results. The non-linear
characteristics are based on a shear stress-shear strain envelop curve as shown
in Figure A3 that permits both strength and stiffness degradation. The
characteristics of the. model are as follows:

1. The basic input of the model consists of a shear stress-
shear strain envelope curve as shown In Figure A3,
discretized into a series of straight line segments. each
defined by a tangent shear modulus and a transition strain
(Gi. 8D. The envelope curve may have up to 9 straight
line segments. Beyond the critical strain, a transition line
is detined. This line influences the behavior of the eiement
once the critical shear strain is exceeded. and permits
strength degradation to be Incorporated in the cyclic
behavior of the mode! (see 6 beiow). The properties of each
section of the envelop curve are deduced from the




|
L
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experimental results as discussed In Section A5 The
stress-strain envelope relates average shear stress to average
shear ‘strain, and Is symmetric about the origin of the

"hysteresis plane.

The element state determination at the end of each load
step Is based on the shear strain in the element. That
Is. the- shear strain is used to determine current stiffness
of the eiement.

The cyclic behavior of the model Is Is shown in Figure
A4. For simplicity, the envelope curve in Figure A4
incorporates only three transition strains. As the element
Is loaded. the Inltial elastic shear modulus (G1) determines
the initial element stiffness. This initial stiffness is
maintained until the first transition strain (51) is reached
in either the positive or negative sense.

When the first (81) and subsequent transition strains (5i)
are reached. the element stiffness is reformed using the
tangent shear modulus as defined by the envelope curve
at that point until the direction of loading is reversed.

The loading continues along the envelope curve until such
time as the load reverses in sense (point A in Figure
A.4). The element stiffness is then based on the “secant"
shear modulus needed to unload the element through the
origin of the hysteresis plane. The element retains this
stittness until it hits the envelope curve (point Al), at which
time it follows the envelop curve once again. While the
element is on the “secant” stiffiness part of the hysteresis
loop. load reversals occur without causing a change In
element stiffness. This form of cyclic behavior is maintained
until the critical shear strain Is attained.

Once the element shear strain exceeds the critical shear
strain (in either the positive or negative sense). the
subsequent element behavior is modified from that described
above. On the first excursion beyond the critical strain.
the element continues along the final slope of the envelope
curve (G4) until the ioad changes sign (point C). Once
this occurs, the element unioads with a “secant” stiffness
through the origin as It did previously. However. this
stiffness Is only maintained until the element state Intersects
the final transition line (point C1). At this point the
element stiffness Is based on the shear modulus
corresponding to the final slope of the envelope curve (G4).

- This stiffness Is maintained until load reversal (point D)

and a new “secant” stiffness is calculated This Is repeated
as shown through the load sequence of points D. DI,
E. E1. F, F1, etc.. until the secant stiffness degrades to
a value equal to the stiffness based on the final slope

A-3




of the envelope curve. From this point on. the element’s
behavior Is essentially elastic. with this very low stifiness.

A4. DETERMINATION OF MATERIAL PARAMETERS

The generalized inelastic characteristics of the finite element model ‘are capable
of defining the cyclic behavior of any structural element whose experimental
performance is similar to that shown in Figures A3 and A4. For the analytical
model to be applicable to a particular material and/or structural element the -
following parameters are required:

1. Critical Shear Strain - §c.
2. Initial Shear Modulus ~ G1.
3.  Transition Strains and Associated Tangent Shear Moduli (Gi).

4. Slope of the Transition Line (a6 ©).

These parameters for masonry walls are derived from the experimental test results
given in References [1-3) and described in the following subsections. The
thirty-five pier tests described in Section A2 contained variations in the
height-to-width ratio of the piers. amount and distribution of reinforcement and
full and partial grouting. The masonry walls in the fuel storage building are
partially grouted walls with a height-to-width ratio of approximately 1 to 1. Thus,
the test results of partially grouted walls with a height-to-width ratio of 1 to
1 are used to define the parameters of the analytical model.

A4 Critical Shear Strain

Critical shear strains are derived for walls subjected to In-plane shear loads
in Section A4.1.1 and for braced walls with an alternate load carrying member
in Section A4.1.2. '

A4.1.1 Shear Walils

The critical shear strain shown in Figure A3 defines the peak of the hysteretic
envelop curve. For the masonry walls, it also corresponds to the onset
- of dlagonal cracking for walls exhibiting a shear mode of response. Since
this is one of the most important parameters of the analytical model. Its
value Is deduced from both fully and partially grouted walls with a
“height-to-width ratio of 1. The value obtained from these tests is then used
to predict the onset of diagonal cracking In piers with height-to-width ratio
of 1 to 2 and 2 t0o 1 [ and 8]. and the tests performed by Williams [4],
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to evaiuate the adequacy of the value obtained from the 1 to 1 walls.

A.  Walls with H/W=1 [2]

The walls are subjected to a series of dlsplacement controlled, in-plane
shear loads and are either fully or partially grouted. :

Table A.1 gives the lateral displacement which corresponds to the onset
of dlagonal cracking determined from the hysteresis envelopes and the
corresponding photographs The lateral displacement is measured at the
top of the walls. : - :

The percentage of shear and bending components of the displacement is
estimated by using the following beam formuia:

where Applied Shear Force

Height of Wall

-Bending Moment of Inertia of Wall
Cross Sectional Area of Wall
Young's Modulus

- Shear Modulus

(= E/2.3. use p = 0.15)

P
L
|

A
E
G

Fully Grouted Walls

The percentage of shear and bending components of the displacement are
estimated by using the following values [1):

L = 56 inch
I = 70,272 inch**4
A = 366 inchxx2

The percentages are calculated as follows:

xj0272 ¥ 366 ).

P 56° 1.2x56x%2.3.
3

2
P
= 5 (0.21 + 0.42)




Hence. the shear and bending components are 67% and 33% of the average
displacement. respectively.

"~ Table A.1 gives the average displacement corresponding to the onset of

diagonal cracking of 0.23 inch at the top of the walls.

The displacement due to shear alone is then obtained as follows:

Scr(s) = 0.23x0.67 = 0.154 inch

Partially Grouted Walls

The percentage of shear and bending components of the dnsplacement are
estimated Dy using the following values [(2):

= 56 inch
= 56,960 inch**4

L.
)
A 210 inch**2

The percentages are calculated as follows:

P 56° . 1.2x56x2.3
E "12x56960 210 )
= £ (0.257 + 0.736) -

Hence. the shear and bending components are 74% and 26% of the average
displacement. respectively.

Table A.1 gives the average displacement corresponding to the onset of
diagonal cracking of 0.20 inch.

The displacement due to shear alone Is obtained as follows:

dcr(s) = 0.20x0.74 = 0.148 inch

ritical Shear Strain v

The test results on both fully and partially grouted walls indicate that diagonal




‘ﬂ' cracks develop when the displacement due to the shear component of
deformation reaches 0.148 inch. The critical shear strain écr. is therefore
‘ obtained as foilows:

Y _ dcr(s) _ 0.1483 _ s
cr Height - 56 ° 0.00264

This critical strain value is used in Subsections B and C to predict the
onset of giagonal cracklng in other test walls with different height- to-wldth
ratios. :

B. Walls With H/W = 0.5 and 2

Cyclic loading tests were also performed on fully grouted walis with H/W
i = 0.5 and 2 [3. 1}. The critical shear strain derived from tests on walls
¥ ) with a H/W = 1 is applied to these walls to predict the lateral displacement
g at which diagonal cracking occurs. The predicted displacement is compared
| with the values obtained from the test results to evaluate the adequacy
] of the critical shear strain obtained from the 1 to 1 walls.

Walls With H/W = 0.5 (3]

‘HD The percentages ot shear and bending components of dnsplacemem are
j : estimated for these walls by using the 1onowmg values:

L = 40 inch
3 | = 825,333 inch**4
it A = 610 Inch**2

¥ P 400 +'1.2x40x2.3)
. E 12x325333 610
= 2 (0.0164 + 0.181)

o Therefore the shear and bending components of the displacement are 92%
and 8%. respectively. Thus diagonal cracking Is predicted to occur when
the lateral dlsplacement at the top of the walls reaches:

” | Scr-= Yer x Height _ 0.00264x40

0.92 - 0.92

0.115 inch




The average displacement at which diagonal cracks occur In tests is 0.102
inch as given in Table A.2. Therefore. the predlcted dlsplacemem exceeds
the test results by about 11%.

Walls With H/W = 2 1]

The percentage of shear and bending components of displacement are
estimated for these walls by using the 1ollowmg values: '

64 inch
15.360 .inch**4
A = 180 inch**2

? 64° . 1.2x64x%2.3
E '12x15360 180
=2 (1.42 + 0.98)

Therefore the shear and bendmg components are 41% and 59%, respectlvely
Thus diagonal cracking is predicted to occur when the lateral displacement
at the top of the walls reaches:

. _ Yer x Height _ 0.00254x64
eer T 0.41 J.41
= 0.41 inch

The average displacement at which dlagonal' cracks occur in the tests is
0.33 inch as given in Table A.3. Therefore the predicted displacement
exceeds the test results by 20%.

C. Cantilever Walls [4]

All the walls referenced in the preceding sections were tested with fixed-fixed
moment boundary conditions. In Williams’ [4] tests the top of the wall was
free to rotate. thereby simulating a cantilever wall. The walls of this test
program had a height to-width ratio of approximately 1 to 1.

The critical shear straln obtained from Subsection A is again used to predict
the lateral displacement at which dlagonal cracking develops in these wails.

The percentage ot shear and bending components of displacement are




estimated by using the following values and formula for cantilever beams:

L = 48 inch
-1 = 33.408 inch**4
A = 174 Inch**2
2 48° 1.2x48x2.3,
E '3x33408 174
P

=i (1.10 + 0.76)

Therefore the shear and bending components of the displacement are 41%
and 59%, respectively. Thus diagonal cracking is predicted to occur when
the lateral displacement at the top of the walls reaches: :

_ Yer x Height _ 0.00264x43 - .
§cr = 0.1 = 0 41 0.31 1ngh

No photographs were provided In the referenced report, however personal
communication with the author revealed that diagonal cracking occurred
on the first lcad cycle at the point where there was a drop in the load.
Table A.4 gives the lateral displacement at which diagonal cracking is
estimated to have occurred in the test walis. The average displacement
obtained is 0.385 inch. Therefore. the predicted displacement underestimates
the test results by about 24%. The prediction of the onset of diagonal
cracking using the critical shear strain derived from the 1-to-1 walls was
well within acceptable limits for the 2-to-) and 1-t0-2 walis. For the
cantllever walls, the prediction was conservative by approximately 26%. Since
the critical shear strain is one of the most important parameters of the
analytical mode!. the vaiue of 0.00264 is well validated by the available
test data.

The shear strains that result from the analysis of the walls are limited .
to this same value of critical shear strain. This value corresponds to minimal
levels ot cracking within the walls and it also prevents any strength
degradation of the walls.

A4.1.2  Braced Walls

in the tuel storage building a conceptual modification consisting of a steel
braced frame was developed for Wall FB-7. The modification acts as an




alternate ioad carrying path for the wall. The basic inelastic formulation
of the analiyticai mode! for this braced wall Is identical to the others,
including the critical shear strain and transition line shown on Figure A3.
The maximum strain this wall can withstand is higher than for unbraced
walls since strength degradation will cause a redistribution of load to the
bracing. Thus, for Wall FB-7. the limiting strain or displacement is governed
by the displacement at which the integrity 'of the wall is maintained. This
was established to be 0.40 inches and corresponds to a critical shear strain
of 0.00528.

A4.2 Shear Modull and Transition Strains

The transition strains (5) and shear _moduli (Gi) of the hysteresis envelop shown
in Figure A3 define the stiffness degradation that occurs in the analytical model.
The curve Is discretized into a series (up to 9) straight segments and each

one is defined by a shear modulus (l.e.. slope of the segment) and a transition
strain. .

The values of these parameters for the masonry walls are obtained from the
test results on the partially grouted walls with a H/W ratio of 1. To utilize the
test results, It Is necessary to evaluate the parameters in a generalized form
so0 they can be used for walls with different dimensions. This is done by
expressing the shear modulus of each segment as a percentage of the initial
shear modulus. The transition strains for each region are defined as a fraction
of the critical shear strain. The hysteresis envelops for the test results are
given In Figure A2. The hysteresis envelopes for each of the tests are divided
into three regions up to the critical displacement (8)cr of 0.20 inch. The
regions are -0 to 0.05 inches (1/4 6§ cr). 0.05 to 0.10 inches (1/2 6 ¢cr) and
0.10 to 0.20 inches (§cr) . Table A5 gives the corresponding shear force
increments for each of these regions for each test.

The shear modulus. Gi for each region, is calculated using the foliowing formula:

1.2APL

C = —xrcs

Height of Wall (= 56 inch)

where L =
A = Cross Sectiona! Area (= 210 inch )’
AP = Increment of Shear Force
Ads = Increment of Displacement Due to

Shear Deformation (75% of
Total Displacement)
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The average of the resulting s,héar modull are given below:

- Shear Modulus
Region psi
1 207,000
2 ' 72.000
3 45,000

In order to express these moduli as a percentage. of the Initial shear modulus,
It Is necessary to calculate the Initial shear modulus of the test results. This
is obtained from the experimentally determined elastic modulus (E = 1.140.000
psh. and Poisson’s ratio of 0.15 from the standard relationship as follows:

G = £ _ 1,140,000
o 2(1+v) 2(140.15)

495,650 psi

The resulting percentage of the shear  modulus for each of the three regions:
to the initial shear modulus is determined from the above values and summarized
below: 4

Percentage

Reduction -

Region G/Go (%)
1 , , : 41.8
2 o , _ 145
3 , 9.1
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These percentages are utilized In Section A5 to define the parameters of the
hysteresis envelopes for the walls of the fuel storage building.

A4.3 Siope of the Transition Line

The transition line shown In Figure A3 provides the mechanism for strength
degradation in ‘the analytical model after the maximum load or critical shear
strain Is attained. The slope of the transition line affects the severity of the
strength degradation. From the hysteresis enveiopes of the partially grouted
walls shown in Figure A2. the maximum displacement the walls can withstand
is over twice the displacement at which the maximum load Is attained. Therefore.
it the slope of the transition line is defined as a line from the point of maximum
load to a point on the abscissa of 1.5 times the critical strain. then the strength
degradation will be conservatively defined. This is illustrated in Section A6 where
the analytical mode! is compared to the test resuits.

AS. PARAMETERS USED FOR THE FUEL STORAGE BUILDING

The generalized characteristics of the analytical finite element model were presented
in Section A3. Parameters of this model that are applicable to masonry walls
were derived from experimental test results in Section A4. The parameters
that were used in the analysis of the in-plane walls of the fuel storage building
are shown schematically in Figure A3 and their quantitative values are as follows:

A. Critical Shear Strain

The critical shear strain §¢ is 0.00264. . This value was
obtained from the test walls with a H/W ratio of 1 which
Is similar to the H/W ratio of the masonry walls of the
fuel storage building.
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B. Shear Modull and Transition Strains

Three tangent shear moduli and two transition strains. were
used to define the three regions of stiffness degradation
up to the point where the critical shear strain is attained.
In Section A4.2 the values of shear moduli obtained from
the experimental results were expressed as a percentage
of the initial shear moduius and the transition shear strains
as a fraction of the critical shear strain. The Initial shear
modulus for the masonry walls of the fuel storage building
was obtalned from Young's Modulus and Poisson’s Ratio.
The elastic modulus is assumed to be equal to 600 {'m
where f'm ‘is taken as the minimum specified value of
1350 psi. Poisson’s ratio is assumed to be equal to 0.15.
Therefore the initial shear modulus is:

G. _ E - 600 f'm
2(1 + v) 2(1 + v)

6JJ + 1330

20 +0.15) T %000 psi

The three regions are therefore defined as follows:

Range of Shear Modulus
Region Shear Strain as % of Go
1 0 - 14 8cr 40
2 174 scr - 1/2 §er 13
3 /2 éer - Scr 9
Range of : Shear Modulus
.Region Shear Strain psi
1 ' 0 - 0.00067 141,000 .
2 - 0.00067 - 0.00134 45,800
3 0.00134 - 0.00268 31.700
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For the structural ‘integrity evaluation. the Initial shear
modulus used for Region 1 was 352.000 psi up to a
transition strain of 0.00018. The other values remained the
same. This value was used over a smalier strain range
in the initial region to reflect the probabie strength of
the walls. '

C. Siope of Transition Line

The slope of the transition line shown on Figure A3 Is
defined by an 6 value of 1.5.

A6. VERIFICATION OF ANALYTICAL MODEL

The analytical model and the parameters derived in Section A4 were used to
determine how accurately they would predict three of the partially grouted test
wall results. The walls selected for the anaiysis were Test Nos. 5. 8 and
10 of Reference 2. The first two were analyzed individually while the thirg
was averaged with the first two and the average of the three test results was
used.

The modeling procedures used for the test walls were similar to those used
for the walls of the fuel storage building. The procedures are as follows:

1. The parameters for the hysteresis envelopes of Figure A3
for the 3 tests are given in Table A6. The tangent shear
moduli for each test is taken directly from the test curves
by the method given in Section A4.2. "

2. The analytical model of the wall uses only two finite
elements. The equivalent thickness for the wall is obtained
Dy performing a detailed elastic finite element analysis
Of the wall with a fine mesh and comparing the deflections
obtained from the two element elastic analysis. The two
element model is too stiff and consequently its equivalent
thickness must be adjusted. The equivalent solid thickness
of the partially grouted walis is 4.375 inches and this was
adjusted to 3.62 inches so the two element model had
the correct overail stiffness.
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3. The analytical model uses an element of uniform thickness
to model the partially grouted test walls. As a result. the
proportion of shear deformation in the analytical model
was less than that of the test walls. This difference was
accounted for in the analytical mode! by adjusting the
critical and transition shear strains by the ratio of 0.67/0.75.
This ratio was the proportion of shear deformation in the
fully and partially grouted test walls as shown in the
foliowing table:

Fully or Solid Partially

Grouted Walls Grouted Walls
Shear 67% ' 75%
Bending 33% ‘ 25%

The critical and transition shear strains used in the analytical
model of the test walls are given in Table A6.

4 The boundary conditions and sequence of loading of the
analytical mode! were similar to those used in the tests.
The boundary conditions were such that the walls were
fixed against rotation and free to move laterally at the
top. The loading was cyclic and displacement controlled
with a gradually increasing displacement. In the tests,
three cycles of load at each specified displacement were
used. However, In the analytical model. only one cycle
of load was used at each specified displacement.

Figure A5 provides a comparison of the cyclic behavior of the analytical modetl-
of Test 5 with the observed test behavior. Figures A6. A7 and A8 compare
the hysteresis envelopes of the analytical models of Tests 5 8 and the average
of Tests 5. 8 and 10 with the experimental hysteresis envelopes. In each
case. the agreement is very good. and indicates that the analytical model used
for the in-plane masonry walls of the fue! storage building is able to accurately
predict the experimental behavior of walls of similar construction.
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TABLE A1

Critical Lateral Displacement
Corresponding to Onset of
Diagonal Cracking (H/W = 1)

Critical Lateral Displacement
Test No. § cr Gneh
- Fully Grouted Partially Grouted
4 0.21
5 0.185
6 0.29 '
7 -0.175
8 0.20
9 0.20 )
10 0.21
11 0.28
Average 0.23 0.20




TABLE A.2

Critical Lateral Displacement
Corresponding to Onset of
Diagonal Cracking - (H/W = 0.5)

Test No..

Critical Lateral Displacement
8 er Gnch)

D O AW NN =

0.123
0.10
0.10
0.10
0.10

0.090

Average

0.102




TABLE A.8

Critical Lateral Displacement
Corresponding to Onset of
Diagonal Cracking (H/W = 2)

Test No.

Critical Lateral Displacement
¢ cr (inch)

1

W N OO O s W N

0.24
0.24
0.40
0.35
0.31
0.37
0.31
0.39

Average

0.33




TABLE A4

Critical Lateral Displacement
Cantilever Walls

Critical Lateral Displacement
Test No. 8 cr Gnch
cB1 0.39
cB2 0.39
CB3 0.38
CB4 0.38
Average 0.385




- TABLE A.5

Hysteresis Envelope Curves

Discretized Shear Force — Lateral Displacement

(HW =1
Region 1 Region 2 Region 3

(0<5<0.05) (0.05<5<0.10) (0.10<6<0.29)

Test AP As AP Y AP AS
No. (kip) (in) kip) Gn) (kip) @in)
8 - 22.0 0.05 47 0.05 9.5 0.10

5 241 0.05 11.5 0.05 9.5 0.10

10 26.7 0.05 8.9 0.05 12.7 0.10
Average 24.3 0.05 - 8.4 0.05 10.6 - 0.10




TABLE A.G

Shear Modulus - Transition Shear Strain
For Verification Examples

Shear Strain - Shear Modulus
Ekample Test .| Boundary : . . . . . .
No. No. Condition Yor Region 1 Region 2 Region 3 Region 4
Y, Gy Y, G2 Y, Gs Y, Gy
(ksi) (ksi) (ksi) (ksi)

1 5 Fixed 0.00241¢ O 238 0.00060 96 0.00121 52 .0.00241 13
2 8 Fixed 0.002411} o 209 0.00060 44 0.00121 44 0.00241 11
3 Avg. Fixed 0.00241) O 236 0.00060 | 75 0.00121 51 0.00241 13

of

5,8,

10
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 FIG A1 TYPICAL HYSTERESIS LOOPS AND ENVELOPES
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NON-LINEAR MASONRY ELEMENT FORMULATION : OUT-OF-PLANE
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B1 : INTRODUCTION

in Volume 2 of this report a methodology for the non-linear evaluation of masonry
walls subjected tovout-of-p‘lane loadings was developed. This model was used
for anaiysls with either the DRAIN-2D or ANSR-II computer programs to evaluate
the masonry walls in the Turbine Building. the Ventilation Building and the Reactor
Auxiliary Building. Results of these evaluations are presented in Volume 3 of
this report. ' :

The most Important parameter in the methodology development was shown to
be the hysteresis curve peculiar to centrally reinforced elements where the
reinforcing Is always In tension. It was noted in Volume 2 that the tracking
of this moment curvature curve was essential to non-iinear modeiling of the
walls, and the model formulation developed was capable of achieving this.

For the above buildings the models used were formed of assemblages of truss,
gap and plane stress elements, typically with over 100 nodes. It was apparent
that for the global Fuel Storage Building model it would not be practicable
to model all out-of-plane walls with this degree of complexity. Therefore a
simpier formulation was developed as discussed in the following section.

B2 : ELEMENT FORMULATION

The form of the moment curvature hysteresis for a centrally reinforced masonry
wall Is as shown In Figure B1. Although this curve may be approximated as
two linear slopes it differs from the hysteresis for doubly. reinforced sections
in that the loops are not stable over successive cycles but rather grow with
each yield excursion as the rebar is subjected to increasing plastic ten_silé

strains.

This form of hysteresls was coded into the standard ANSR-Il two dimensional
beam model. This was simply achieved by varying the rules which the element
follows on inelastic loading and unloading. :

Testing of the element was then carried out by comparing the static and. dynamic
response of a model composed of these simple elements and the more complex
model derived according to the methodology of Volume 2. The shape of the

~hysteresis curve ensured that the correct static cyclic behavior was obtained.

To obtain the correct ‘résponse under dynamic earthquake loads a number of
parameter studies were carried out to enable the element properties to be
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refined. A comparison of the final single~mass model response and the response
for the detailed muiti-mass model is given in Figure B2.

Figure B2 shows that the simple model provided a very close match for the
amplitude of response to the factored EI Centro 1940 earthquake. The frequency
content Is also similar for the first few cycles but the two responses tend to
diverge for an increasing number of cycles. This is because of the very iow
stiffness over part of the reversing cycle. At this stage of the response the
model is very 'sensitive to small differences in the stiffness formuiation.

" As the amplitude agreed very well with the complex model and the frequency

response only differed after the Initial cycles it was concluded that the simple
model provided an adequate representation of the out-of-plane walls for the
global Fuel Storage Bullding model. The elements were implemented into the
model as discussed in the following section.

B3 : IMPLEMENTATION IN MODEL.

The dynamic parameter studies described in the preceding section defined the
element properties to be used for the Fuel Storage Building analysis. The following
procedures were then adopted for all walls: ‘

a. Each wall was modeiled as two beam elements. one elastic and
one with the centrally reinforced hysteresis curve at the wail center.
Stitfness proportional damping was applied to the elastlc element
only.

b. Wall yleld moments were calculated based on the reinforcing yleld
strength and wall geometry

c. Wali stiffnress was based on the masonry elastic modulus and 15
times the cracked moment of "inertia.

d. Wall mass was lumped 50% at the wall center and 25% at the
top and bottom supports.

e. Plastic hinge strain hardening was based on 2.15%.of the original

stiffness.
B Wall end conditions were as follows:
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‘H’ - i. All walls pinned at roof level.
:

il Walls on strip footings were assumed pinned because
of possible footing rotation (Elevation 14°-0%).

1. Walls continuous past a diaphragm were assumed to
have full moment capacity at the diaphragm position.

iv. Superstructure walls dowselled into the fuel pool were
) ' assumed to have a yield moment capacity at the
base computed from the area of dowel reinforcement.

‘ g. Wall properties as computed for a 1'-0* strip were factored by
. - the length of wall represented by each element

h. Where several pairs of beam elements were used to represent
: ' portnons of the same wall center displacements were constrained
to be equal.

o These constraints were followed for the 8 vertically spanning out of plane walls
q’ ' in the Fuel Storage Building. From the analysis the output quantities obtained
were the beam center displacement., maximum moment and the maximum plastic
i rotation. These quantities were used to. extract detailed maternal response as
discussed in the following section.

H B4 : REDUCTION OF RESULTS

) The criteria tor the evaluation of masonry walls given in Volume 1 of this report
il provide limits on the maximum steel strain ratio. the maximum masonry
il compressive stress and the wall stability. The wall stability is obtained from the
output displacemem plots. To obtain the other two parameters requires the
Jj? reduction of the output data for the beam element obtained from the ANSR =l
analysis.

i The steel strain ratio may be obtained from the output plastic rotation given
' the steel yield stress, the length of the plastic hinge. the wall thickness and
the elastic ‘modulus of the reinforcing bar. The relationship so denved is gliven
in Figure B3.
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To obtain the masonry compressive stress the assumption is made as given
in the criteria that the ultimate condition is a uniform stress over the width
of the face shell. The ultimate moment is then: ' :

Mu = fm t b (D/2-t/2)

where _

= face shell thickness
wall section width
wall thickness

t
b
D

The ultimate moment, Mu, is obtained from the ANSR-Il output and the equation
above solved for the masonry stress. fm, as the unknown.

BS : SUMMARY

It has been shown that use of the’ hysteresis loop typical to centrally reinfoced
sections in the ANSR-Il beam element will produce essentially the same response
as the complex model developed for the out-of-plane wall evaluation. The
amplitude of the response is very similar although the frequency of the response
tends to diverge after a number of cycles. '

From the parameter studies carried out a number of rules for the implementation
of the out-of-plane wall models In the global ANSR-Il model were detailed.
By consideration of geometry and a knowledge of the material properties detailed
material stresses and deformations could be obtained from the‘omput quantities
for comparison with criteria limits.

B4




S8

FORCE

b

Y

DISPLACEMENT

" FIGURE_B1 : HYSTERESIS FOR_CONTRALLY REINFORCED WALLS




® PROJECT SAN ONOFRE GENERATING STATION UNITWRUEL BUILDING corr 2l p ut eﬁ 28
CLIENT : BECHTEL POWER CORPORATION engineering services, Inc.
- Berkeley, California
SUBJECT :  OUT—OF—PLANE MASONRY WALL MODEL COMPARISON JOB NO. DATE TME.
_  ELCENTRO 1940 N—S SCALED T 0.67G Son 3728781 13:55:5
LEGEND
MULTI~MASS
X’ SINGLE-MASS
20
o i N - AT
-
U
L .
O
RS /
-
g I e —
o
(o))
&
3 /
¥ ~10 -
3 Vi Va \V
S
-20
=30 .00 1.50 3.00 4.50 6.00 7.50 9.00 10.50 12.00 13.
NME (seconds) :
FIGURE B2 : COMPARISON OF SIMPLE_AND COMPLEX MASONRY WALL MODELS




Define :

Eu = bar ultimate strain
Ey = bar yleld strain

Ay = bar ultimate extension
Ay = par yield extension

@
<
|

= yield rotation

= plastic rotation
= (Bu - ©y)

Apl = plastic bar extension
= (ly - Ay

o
c
!

From Geometry:

Ay = eybr2
Dpl = epID/2
Eu = bunyp
E,y = Qy/p -
Eu | By
&y Dy
=Dpl +Ay
by
= OpiD/2 + ©yD/2
OyD/2
= 1 + ©Opl/6ey

6y= 2 Ay/D = (FylLp/E) 2/D

Eu= 1 + 6pIED/2FyLY)
€y

E/Fy = 750
D = 7.625°

therefore.
€u= 1 + 2859pl/Lp
Ey

T2

FIGURE B3 : DERIVATION OF STEEL STRAIN RATIO
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LOCATION DISPLACEMENT (nches)
: | | MAXIMUM MINIMUM
‘ ROOF | |
i N-W Corner ‘ 1.222 -1.01
} S-W Corner | 1.203 ~0.984
o N-E Corner 1.269 -1.113
; S-E Corner 1.288 ‘ -1.073
E K TOP OF FUEL POOL | |
N-W Corner -0.692  -0.640
. S-W Corner -0.695 -0.643
’ N-E Corner | 0.739 ' -0.678
* S-E Corner E ~0.740 -0.679
. BASE OF FUEL POOL |
% N-W Corner i 0.054 -0.075
S-W Corner 0.054 -0.075 '
4 ' N-E Corner 0.084 -0.107
QI' S-E Corner 0.084 ' -0.107
A
r‘ | ANALYSIS NUMBER: , 1
am
i | EARTHQUAKE: El Centro
§ -
‘t" PRINCIPAL COMPONENT DIRECTION: Y
! |
il

TABLE C1: “AXIMUM DISPLACEMENTS

(*AS-MODIFIED* STRUCTURBD




WALL NUMBER || SHEAR STRESS | SHEAR STRAIN| RATIO OF MAXIMUM
(p.sD STRAIN TO ALLOWABLE
FB-1 24.08 0.00017 0.0644
FB-2 91.25 0.00065 0.2462
FB-3 91.25 0.00043 0.1629
FB-4 -44.88 -0.00032 0.1212
FB-5 -33.22° -0.00024 0.0909
FB-6 -32.92 -0.00023 0.0871
FB-7 166.7 0.00277 1 0.5246
FB-8 -113.6 -0.00110 0.4167
FB-9 132.4 0.00159 10.6023
- .FB-10 68.09 0.00048 0.1818
~ ANALYSIS NUMBER: 1
EARTHQUAKE: Ei Centro

PRINCIPAL COMPONENT' DIRECTION: Y

TABLE C2 :.

MAXIMUM I'N—PLANE WALL RESPONSE

(*AS-MODIFIED® STRUCTURE)




WALL STEEL STRAIN RATIO MASONRY STRESS CENTER DISPLACEMENT
CENTER * END = fm (p.s.i) (inches)
FB-1 20.99 24.57 655.9 10.56
FB-2 $.35 8.86 656.0 3.63
FB-3 5.49 9.5 655.9 3.92
FB-4 Horizontal Spanning
FB-5 11.55 12.30 655.9 6.18
FB-6 22.95 26.44 655.3 11.19
FB-7 Horizontal Spanning
* FB-8 .60 .36 392.1 .55
* FB-9 .59 31 384.0 .49
* FB-10 .94 71 619.1 1.07

* (a) “Eng" is at EI 31'-0°

(0) °Center® is maximum of 2 spans

ANALYSIS NUMBER:

EARTHQUAKE:

El Centro

PRINCIPAL COMPONENT DIRECTION: Y

TABLE C3: MAXIMUM OUT-OF-PLANE MASONRY WALL RESPONSE

(*AS-MODIFIED* STRUCTURE)




WALL NUMBER _ LOCATION SHEAR STRESS TENSION
b/ ab/fo

FB-1 Roof 646.6 257.9
FB-2 Roof 959.8 - 232.8
FB-3 Roof 355.0 113.3
FB-4 Roof 273.6 -
FB-5 Roof 675.8 227.2
FB-6 Roof 954.8 214.7
FB-7 Roof 1625.2 -
FB-8 El 42'-0° 1983.3 329.4
FB-9 El 42'-0" 921.4 12.3
FB-10 El 42'-0° 1517.1 370.7
FB-8 El 42'-0" - 394.8
FB-9 El 42'-0° - 330.5
FB-10 El 42'-0° - 910.7

ANALYSIS NUMBER: 1

EARTHQUAKE: El Centro

PRINCIPAL COMPONENT DIRECTION: Y

TABLE C4:

MAXIMUM CONNECTION FORCES

(*AS-MODIFIED" STRUCTURD




WALL NUMBER || LOCATION | SHEAR STRESS RATIO OF MAXIMUM
ab/fo STRESS TO ALLOWABLE
 FB- Roof 919.2 0.3103
FB-2 Root 1340.6 0.4525
FB-3 Roof 848.0 0.2862
FB-4 Roof 691.3 0.2334
FB-5 Roof 903.7 0.3050
FB-6 Roof 24443 0.8251
FB-7 Roof 24443 0.8251
FB-8 El 42'-0° 2373.8 0.2316
FB-9 El 42'-0° 2610.3 - 0.2546
FB-10 El 42'-0° 12610.3 0.2546

ANALYSIS NUMBER:

EARTHQUAKE:

El Centro

PRINCIPAL COMPONENT- DIRECTION: Y

TABLE C5 :

MAXIMUM DIAPHRAGM FORCES

(*AS-MODIFIED®* STRUCTURE)
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APPENDIX :D: DETAILED RESULTS

Y(N-S) EARTHQUAKE: El Centro 1940 E-W. Scaled 1.57

X(E-W) EARTHQUAKE; El Centro 1940 N-S, Scaled 1.57. Peak 0.67g
TABLE D1:  MAXIMUM DISPLACEMENTS . . . . .. ... ... .. .. ...
TABLE D2:  MAXIMUM IN-PLANE WALL RESPONSE . .. .. ........
TABLE D3:  MAXIMUM OUT-OF-PLANE WALL RESPONSE . . . . .. .
TABLE D4:  MAXIMUM CONNECTION FORCES . . ... ...........

TABLE DS:

FIGURE
FIGURE
FIGURE

FIGURE .

FIGURE

FIGURE -

FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE

D10:
D1
Di12:
D13:
D14:

MAXIMUM DIAPHRAGM FORCES

TIME HISTORY AS SCALED [Y(N-S) . . . . . . . o o
RESPONSE SPECTRUM IYIN=S) . . . . . . . . . . . . U

ROOF DISPLACEMENT . . . . . . ... e

OUT-OF-PLANE WALL DISPLACEMENTS - CENTER . . . . . . .
IN-PLANE WALL STRESS-STRAIN - EL 42
IN-PLANE WALL STIFFNESS - EL 42’

...........
.............

IN-PLANE WALL STIFFNESS - EL 42° . . . . . ... .. ...
DISPLACEMENT AT ROOF OPENING - EAST

DISPLACEMENT AT ROOF . OPENING - SOUTH
TOP' OF POOL: DISPLACEMENT . . . . . . . . . . ... .. .
TOP OF POOL: RESPONSE SPECTRUM - HORIZONTAL.
TOP OF POOL: RESPONSE SPECTRUM - VERTICAL . . . . . .
BASE OF POOL: DISPLACEMENT . . . . . ... ..... .




L

N

i

]

| LOCATION ' DISPLACEMENT (nches)

* L MAXIMUM MINIMUM

ﬁ ROOF

N-W Corner 0.502 -0.502

I S-W Corner 0.463 -0.509

: N-E Corner . - 0.481 -0.502

, S-E Corner 0.492 -0.499

) TOP OF FUEL POOL

: _ N-W Corner 0.277 -0.311

- S-W Corner 0.289 -0.326

g N-E Corner k 0.277 -0.311

‘l S-E Corner A 0.288 -0.325

r BASE OF FUEL POOL | |

i N-W Corner : 0.064 -0.098

i | ~ S-W Corner 0.066 ~0.102

H N-E Corner 0.064 -0.098
S-E Corner 0.067 -0.102

i

"

i

‘ ANALYSIS NUMBER 2

| | |

;;;,‘ . EARTHQUAKE: | " E! Centro

X

I{f | PRINCIPAL COMPONENT DIRECTION: X

:

3

TABLE D1: MAXIMUM DISPLACEMENTS

("(AS-MODIFIED® STRUCTURD




WALL NUMBER || SHEAR STRESS | SHEAR STRAIN| RATIO OF MAXIMUM
(p.s.D STRAIN TO ALLOWABLE

FB-1 38.05 0.00027 0.1023

FB-2 66.22 | 0.00047 0.1780

FB-3 33.61 0.00024 0.0909

FB-4 61.13 1 0.00043 0.1629

FB-5 - || 35.46 0.00025 0.0947

FB-6 _ 48.78 0.00035 0.1326

FB-7 || 135.4 0.00169 0.3201

'FB-8 95.58 ~0.00072 0.2727

FB-9 1.8 0.00106 0.4015

FB-10 -93.33 -0.00067 0.2538
ANALYSIS NUMBER: 2
'EARTHQUAKE: El Centro

PRINCIPAL COMPONENT DIRECTION: X

TABLE D2 :  MAXIMUM IN-PLANE_WALL RESPONSE

(*AS-MODIFIED®* STRUCTURBD)




WALL STEEL STRAIN RATIO | MASONRY STRESS | CENTER DISPLACEMENT
CENTER END tm (p.s.l) Ginches)
FB-1 9.70 13.57 655.9 : | 5.65
FB-2 4.79 8.07 656.0 3.1
FB-3 1549 19.20 655.9 ' 8.1
FB-4 _ L
FB-5 - 4.74 5.55 655.9 2.95
FB-6 9.70 13.56 655.3 5.66
FB-7
FB-8 1.24 64 655.9 .98
FB-9 1.1 54 655.9 87
FB-10 .49 - .38 ' 323.5 64
ANALYSIS NUMBER: | 2
EARTHQUAKE: El Centro

PRINCIPAL COMPONENT DIRECTION: X

TJABLE D3: MAXIMUM OUT-OF-PLANE MASONRY WALL RESPONSE

CAS-MODIFIED® STRUCTURD)




i
1

([ ] WALL NUMBER LOCATION SHEAR STRESS . TENSION
| av/fy | avo
b FB-1 Roof 1 - 5012 257.8
i FB-2 Roof _ 739.2 233.8
: FB-3 Roof 180.3 113.6
y FB-4 Roof 208.9 -
P " FB-5 - Roof 495.5 2254
B . FB-6 Roof ' 1133.0 2146
i FB-7 Roof 1425.9 -

- FB-8 El 42'-0" 2593.9 6567
2 | FB-9 El 42'-0° | 7701 . 155.8
; FB-10 ‘ El 42-0" 1761.1 534.5
:  FB-8 El 42'-0* - 669.7
i FB-9 El 42'-0" ' - : 558.1
i _ FB-10  E) 42'-0" - 5198
i ,

w

,

i ANALYSIS NUMBER: ., 2

i - EARTHQUAKE: P El Centro

f PRINCIPAL COMPONENT DIRECTION: X

¥ : :

g

Z%i-‘:f

L‘

i

I _

g TABLE D4: MAXIMUM CONNECTION FORCES

(*AS-MODIFIED® STRUCTURD




WALL NUMBER || LOCATION | SHEAR STRESS RATIO OF MAXIMUM
| ab/fo STRESS TO ALLOWABLE
FB-1 Roof 730.2 1 0.2465
FB-2 Roof 880.8 - 0.2973
FB-3 Roof 430.7 0.1454
FB-4 Roof 527.9 0.1782
FB-5 Roof 693.3 0.2340
FB-6 Roof 1672.7 0.5646
FB-7 Roof 1672.7 0.5646
FB-8 El 42'-0" 3780.0 0.3687
‘FB-9 El 420" 3670.3 0.3580
FB-10 El 42°-0° '2080.1 0.2029

ANALYSIS NUMBER:

EARTHQUAKE:

El Centro

PRINCIPAL COMPONENT DIRECTION: X

TABLE DS :

MAXIMUM DIAPHRAGM FORCES

(*AS-MODIFIED" STRUCTURE)
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PROJECT :  SONGS~1 FUEL BUILDING NON—LINEAR ANALYSIS (RUN 2) o C? r l‘P u t,? C P |
- - engineering services, inc.
CLIENT : ~ BECHTEL POWER CORPORATION, LA Berkeley, California

SUBJECT :  EL CENTRO 1940 SOOE SCALED T0 HOUSNER, PEAK 0.67g JOB NO, DATE IIME
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FIGURE D6 - IN-PLANE WALL STIFFNESS - EL 42°




PROJECT :  SONGS—1 FUEL BUILDING NON-LINEAR ANALYSIS =RUN 2
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‘PROJECT : SONGS—1 FUEL BUILDING NON-LINEAR ANALYSIS (RUN 2) C o ' I ) p u te c % .
CLIENT : BECHTEL POWER CORPORATION, LA engineering services, Inc.
_— . Berkeley, California v
SUBJECT : EL CENTRO 1940 SOOE SCALED TO HOUSNER, PEAK 0.67g JOB NO. DATE TIME.
S90W APPLIED ALONG Y (N~S), SOOE ALONG X (E—W) 1555 | 047037821 20:43:22
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APPENDIX E: DETAILED RESULTS

Y(N-S) EARTHQUAKE: Olympla 1949 NO4W, Scaled 2.51, 0.67g9 Peak
X(E-W) EARTHQUAKE: . Olympia 1949 S86E, Scaled 2.51, '
TABLE El: MAXIMUM DISPLACEMENTS . . .. ... ... e e e e e e e EO1
TABLE E2: MAXIMUM IN-PLANE WALL RESPONSE . . .. ... ... .... E02
TABLE E3: MAXIMUM OUT-OF-PLANE WALL RESPONSE . . ... . ... .. EO03
TABLE E4: MAXIMUM CONNECTION FORCES ................ E04
TABLE ES: MAXIMUM DIAPHRAGM FORCES . . . . . . . . . . . . .. . . . EOS
FIGURE El: TIME HISTORY AS SCALED (Y(N-S)] . . . . . . ... ... ... EO6
FIGURE E2: RESPONSE SPECTRUM YN-S)] . . ... .. .. P EO07
FIGURE E3: ROOF DISPLACEMENT . . . . . . . . ... .. .. ... ... EO8
FIGURE E4: OUT-OF-PLANE WALL DISPLACEMENTS - CENTER . . . . . .. EO9
FIGURE ES: IN-PLANE WALL STRESS-STRAIN - EL 42° . . . . . . ... ... El0
FIGURE E6: IN-PLANE WALL STIFFNESS - EL 42 . . . . ... .. ... .. EN
'FIGURE E7: IN-PLANE WALL STRESS-STRAIN - EL 42' . . .. .. .. .... El2
FIGURE.EB: IN-PLANE WALL STIFFNESS - EL 42° . . . ... ... ..... E13
FIGURE E9: DISPLACEMENT AT ROOF OPENING - EAST . . .. . .. ... . E14
FIGURE E10: DISPLACEMENT AT ROOF OPENING - SOUTH . .. . .. . ... E15
FIGURE E11: TOP OF POOL: DISPLACEMENT . . . . . . . .. ... ... ... E16
FIGURE E12: TOP OF POOL: RESPONSE SPECTRUM - HORIZONTAL . . . . . EY7
FIGURE E13: TOP OF POOL: RESPONSE SPECTRUM - VERTICAL . . . . . .. E18
_FIGURE E14: BASE OF POOL: DISPLACEMENT . . . . . .. ... P E19




LOCATION DISPLACEMENT (inches)
MAXIMUM MINIMUM
ROOF
~ N-W Corner 1.3344 -1.4331
S-W Corner 1.2812 -1.4082
N-E Corner 1.4272 ~1.5371
S-E Cornér 1.3950 1.5247
- TOP OF FUEL POOL
' N-W Corner 0.83167 -0.84631
S-W Corner 0.83566 -0.85036
] N-E Corner 0.87726 -0.90485
i S-E Corner 0.87783 -0.90552
BASE OF FUEL POOL
# N-W Corner 0.068223 -0.061634
F S-W Corner 0.068176 -0.061597
N-E Corner 0.10948 -0.10707
S-E Corner 0.10943 . ~0.10701

ANALYSIS NUMBER

EARTHQUAKE:

PRINCIPAL COMPONENT DIRECTION:

TJABLE E1: MAXIMUM DISPLACEMENTS

(*AS-MODIFIED® STRUCTURE)




WALL NUMBER || SHEAR STRESS | SHEAR STRAIN| RATIO OF MAXIMUM
(p.s.D STRAIN TO ALLOWABLE
FB-1 -47.98 -0.00034 0.1288
FB-2 100.6 0.00082 . 0.3106
 FB-3 -69.58 -0.00049 0.1856
FB-4 -71.28 -0.00051 0.1932
FB-5 -43.47 -0.00031 0.1174
FB-6 -55.35 -0.00039 0.1477
FB-7 -172.70 -0.00353 0.6686
FB-8 -125.7  -0.00138 0.5227
~ FB-9 -150.9 -0.00217 0.8220
FB-10 -104.9 -0.00092 0.3485 .
ANALYSIS NUMBER: 3.
EARTHQUAKE:

PRINCIPAL COMPONENT DIRECTION: Y

JABLE E2 :

Olympla

MAXIMUM_IN-PLANE WALL RESPONSE

(*AS-MODIFIED® STRUCTURBE)




Y
| QIM) WALL STEEL STRAIN RATIO MASONRY STRESS | CENTER DISPLACEMENT
‘ CENTER END fm (p.s.l) (inches)

: FB-1 1252 - 16.20 655.9 6.30

| - FB-2 12.73 15.89 656.0 6.62
FB-3 9.41 13.26 655.9 5.52

] FB-4 | '

3 FB-5 12312 12.62 655.9 6.14
FB-6 11.02 . 14.78 655.3 5.87
i FB-7 |

FB-8 1.18 64 655.9 1.00
| FB-9 1.33 - 58 655.9 97
Il FB-10 1.53 .86 656.0 .34
ANALYSIS NUMBER: 3

i
‘H’ EARTHQUAKE: Olympia |

PRINCIPAL COMPONENT DIRECTION: Y

i

Al

TJABLE E3: MAXIMUM OUT-OF-PLANE MASONRY WALL RESPONSE

(*AS-MODIFIED" STRUCTURBD)




]
o
3
¥
1
y
4
}e

WALL NUMBER - LOCATION SHEAR STRESS TENSION
ab/f ab/f
FB-1 Roof 1507.5 - 256.9
FB-2 Roof 1045.2 '233.3
FB-3 Roof 3471 113.3
FB-4 Roof 310.5 -
FB-5 Roof 599.2 226.6
' FB-6 Roof 1447.9 - 213.6
FB-7 - Roof 17041 -
FB-8 El 42'-0° 2929.2 652.8
FB-9 El 42°-0". 621.6 159.2
FB-10 El 42'-0° 2127.0 697.6
FB-8 El 42'-0° - 71.2
FB-9 El 42'<0° - 619.2
FB-10. El 42'-0° - 1059.6
ANALYSIS NUMBER: 3
EARTHQUAKE: Olympia

PRINCIPAL COMPONENT DIRECTION: Y

TJABLE E4: MAXIMUM CONNECTION FORCES

(*AS-MODIFIED" STRUCTURD)




Py

WALL NUMBER || LOCATION | SHEAR STRESS | RATIO OF MAXIMUM
ab/ STRESS TO ALLOWABLE
FB-1 ~ Roof 1113.3 0.3758
FB-2 Roof 1455.6 0.4913
FB-3 Roof 829.2 0.2799
FB-4 Roof 784.4 0.2648
FB-5 Roof 1017.9 0.3436
FB-6 Root 2640.5 0.8913
FB-7 Roof 2640.5 0.8913"
FB-8 El 42'-0* 42725 0.4168
FB-9 El 42°-0" 4900.0 0.4780
FB-10 El 42'-0° 2826.4 0.2757

ANALYSIS NUMBER:

EARTHQUAKE:

Olympia

PRINCIPAL COMPONENT DIRECTION: Y

MAXIMUM DIAPHRAGM FORCES

TJABLE ES :

(*AS-MODIFIED®* STRUCTURE)
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PROJECT : SAN ONOFRE - FUEL STORAGE BUILDING
CLIENT : BECHTEL POWER CORP., LOS ANGELES
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computech

engineering services, Inc.
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: PROJECT : _ SAN ONOFRE ~ FUEL STORAGE BUILDING i c C? r ll U t'e %'
. esnglineering services ne.
CLIENT : BECHTEL POWER CORP., LOS ANGELES Berkeley, Califonia
SUBJECT : RESPONSE SPECTRA —  OLYMPIA '49 E/Q — NO4W COMPONENT — <05 No. DT
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FIGURE E2 - RESPONSE SPECTRUM [Y(N-S)]
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PROJECT :  SONGS—1 FUEL BUILDING NON—LINEAR ANALYSIS (RUN 3)
CLIENT : BECHTEL POWER CORPORATION, LA

SUBJECT : OLYMPIA 1949 NO4W SCALED TO HOUSNER, PEAK 0.67g
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PROJECT :  SONGS~1 FUEL BUILDING NON~LINEAR ANALYSIS ~RUN 3 . C O f l’ \ p U 't e
CLIENT : ORATION, LA aengineering services, inc.
AL BECHTEL POWER CORP | Berkeley, Ccllfomla _
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PROJECT :  SONGS—1 FUEL BUILDING NON—LINEAR ANALYSIS —RUN 3 com p U t ecC h
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SUBJECT :  OLYMPIA 1949 NO4W SCALED TO HOUSNER, PEAK 0.67g JOB NO. ~DATE
___ NO4W APPLIED ALONG Y (N—S), NB6E ALONG X (E~W) 1555 04/01782 | 21:45.23
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CL[ENT._ o BECHTEL POWER CORPORATION,.L.A. | | , | - Berkeley, California
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APPENDIX F: DETAILED RESULTS

Y(N-S) EARTHQUAKE: Olympia 1949 S86E. Scaled 2.51
‘; X(E-W) EARTHQUAKE: Olympla 1949 NO04W, Scaled 2.51. Peak 0.67¢g
l ' -
) TABLE F1:  MAXIMUM DISPLACEMENTS . . ... . ... ... ... . _
TABLE F2:  MAXIMUM IN-PLANE WALL RESPONSE . ... ... ... ..
TABLE F3:  MAXIMUM OUT-OF-PLANE WALL RESPONSE . . . ... ... .
i TABLE F4:  MAXIMUM CONNECTION FORCES . . ........ ..... .
i TABLE F5:  MAXIMUM DIAPHRAGM FORCES . ... .. .. . ... .
|

! - FIGURE F1:  TIME HISTORY AS SCALED IYIN-S) . . . ... .. . ...
FIGURE F2: RESPONSE SPECTRUM IY(N-S) . . ... ... . .. .. .. .
: FIGURE F3: ROOF DISPLACEMENT ... . ... ... ... . . . . . . |
; FIGURE F4: OUT-OF-PLANE WALL DISPLACEMENTS - CENTER .. . ...
i FIGURE FS: IN-PLANE WALL STRESS-STRAIN, - EL 42° . . . . . .. .
i FIGURE Fé: IN-PLANE WALL STIFFNESS - EL 42 . ... . .. .. ..
‘H’ - FIGURE F7:  IN-PLANE WALL STRESS-STRAIN - EL 42° . . ... ... . .
FIGURE F8: IN-PLANE WALL STIFFNESS - EL 42' . .. . . ... . . . ..
| FIGURE-F9: = DISPLACEMENT AT ROOF OPENING - EAST . ... .....
FIGURE F10: DISPLACEMENT AT ROOF OPENING - SOUTH . . .. ... . ...
! FIGURE F11: TOP OF POOL: DISPLACEMENT . . . . . ... .. ... .. . ..
L‘ FIGURE F12: TOP OF POOL: RESPONSE SPECTRUM - HORIZONTAL . . . . . .
( FIGURE F13: TOP OF POOL: RESPONSE SPECTRUM - VERTICAL . . . .. .
b FIGURE Fl4: |

..................

BASE OF POOL: DISPLACEMENT




@ LOCATION DISPLACEMENT Gnches)
i S “MAXIMUM MINIMUM
I ROOF
' Ef§ N-W Corner 0.319 -0.490
| S-W Corner 0.465 -0.602
’ N-E: Corner 0.355 -0.533
} S-E Corner 0.389 -0.537
: TOP OF FUEL POOL |
| N-W Corner 0.204 ~0.296
! S-W Corner 0.232 -0.328
t[ N-E Corner 0.204 ~0.297
i S-E Corner 0.231 -0.326
A BASE OF FUEL POOL |
i N-W Corner 0.057 -0.085
; | S-W Corner 0.065 ~0.097
i N-E Corner 0.057 -0.085
O S-E Corner 0.065 -0.097
M ~ ANALYSIS NUMBER 4
r*@: |
H [EARTHQUAKE: Olympia
»\ -
J[ PRINCIPAL' COMPONENT DIRECTION: X
|
I
!
; TABLE F1: MAXIMUM_ DISPLACEMENTS

("AS-MODIFIED* STRUCTURE)




WALL NUMBER || SHEAR STRESS | SHEAR STRAIN| RATIO OF MAXIMUM
| ’ (psD STRAIN TO ALLOWABLE

FB-1 -442.35 -0.00030 ~0.1136

FB-2 -116.6 -0.00116 0.4394

FB-3 ' 64.68 0.00046 0.1742

FB-4 -59.53 -0.00042 - 0.1591

FB-5 -50.88 -0.00036 | 0.1364

FB-6 -49.64 -0.00035 0.1326

FB-7 -178.4 -0.00478 £ 0.9053

FB-8 -132.4 ~0.00159 0.6023

FB-9 -157.1 -0.00237 ~0.8977

- FB-10 -89.77 -0.00064 ' 0.2424

ANALYSIS NUMBER: 4
EARTHQUAKE: Olympia

PRINCIPAL COMPONENT DIRECTION: X

MAXIMUM_IN-PLANE WALL RESPONSE

TABLE F2 :

(*AS-MODIFIED* STRUCTURE)




WALL STEEL STRAIN RATIO MASONRY STRESS | CENTER DISPLACEMENT
‘ CENTER - END © fm (p.s.b) . (nches)

FB-1 16.47 0 19.92 655.9 7.70
FB-2 9.13 . 1233 656.0 _ 514
FB-3 9.76 1347 | 6559 5.41
FB-4 _ , ’ ,
FB-5 16.77 16.80 655.9 7.46
FB-6 13.30 16.97 ' 655.3 6.75
FB-7 ’
FB-8 .98 61 643.2 .94
FB-9 .88 49 577.6. , .79
FB-10 96 . | 74 , 632.2 1.22

ANALYSIS NUMBER: ‘ 4

EART HdUAKE: . o Olympia

PRINCIPAL COMPONENT DIRECTION: X

. JABLE F3: MAXIMUM OUT-OF-PLANE MASONRY WALL RESPONSE

(CCAS-MODIFIED® STRUCTURBD




WALL NUMBER - LOCATION SHEAR STRESS TENSION
| ' awmo ab/fo
FB-1 ‘Roof 707.1 257.0°
FB-2 Roof 1044.1 232.8
FB-3 Roof 316.5 113.6
- FB-4 - Roof 378.4 -
FB-5 Roof 714.2 226.3
FB-6 Roof 1332.8 214.0
 FB-7 Roof 1831.0 -
FB-8 El 42'-0" 2829.3 591.5
FB-9 El 42'-0° 1046.1 106.4
FB-10 El 42'-0° 1953.1 629.3
FB-8 El 42'-0".. - 710.3
~ FB-9 El 42'-0° - 566.7
FB-10 El 42'-0° - 1025.0
ANALYSIS NUMBER: 4
EARTHQUAKE: - Olympia

PRINCIPAL COMPONENT DIRECTION: X

TABLE_F4: MAXIMUM QQNINEQTIQN FQ.EEﬁ

(*AS-MODIFIED" STRUCTURE)




WALL NUMBER || LOCATION | SHEAR STRESS RATIO OF MAXIMUM °
ab/fd STRESS TO ALLOWABLE
FB-1 Roof | 1064.7 0.3594
FB-2 Roof 1454.6 0.4910 .
FB-3 Roof 756.1 1 0.2552
FB-4 Roof 955.8 0.3226
FB-5 Roof 947.4 0.3198
FB-6 Roof 2687.7 0.9072
FB-7 Roof 2687.7 0.9072
FB-8 El 42'-0" 3965.8 0.3869
FB-9 El 42'-0° 3881.5 0.3786
FB-10 El 42'-0" 2805.6 0.2737

ANALYSIS NUMBER:

EARTHQUAKE:

Olympia

PRINCIPAL COMPONENT DIRECTION: X

TABLE FS5 :

MAXIMUM_DIAPHRAGM_ FQRCES

(*(AS-MODIFIED® STRUCTURB)




PROJECT :  SAN ONOFRE — FUEL STORAGE BUILDING | com p u t ecC h
CLIENT :  BECHTEL POWER CORP., LOS ANGELES | engineering services, inc.
151N (A LR . - ! : ‘ Berkeley, California
SUBJECT :  OLYMPIA 1949 EARTHQUAKE ACCELEROGRAM — . X R W 3 THE
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FIGURE F1 - TIME HISTORY AS SCALED [Y(N-S)]




FIGURE F2 - RESPONSE SPECTRUM ([Y(N-S)]

W PROJECT :  SAN ONOFRE - FUEL STORAGE BUILDING compu tec % ) o
" CLIENT : BECHTEL POWER CORP., LOS ANGELES engineering services, Inc.
p— = b Berkeley, California |
SUBJECT : RESPONSE SPECTRA — OLYMPIA '49 E/Q — N86E COMPONENT - JOB NO. DA
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' | PROJECT : SONGS—1 FUEL BUILDING NON~LINEAR ANALYSIS (RUN 4) compu tec i )
CLIENT : BECHTEL POWER CORPORATION, LA engineering services, inc:
— : . Berkeley, California
SUBJECT :  OLYMPIA 1949 NO4W SCALED TO HOUSNER, PEAK 0.67g ~ 0B NO. TATE THE
T NB6E APPLIED ALONG Y (N—S), NO4W ALONG X (E—W) 1555 037317821 18:08:01
LEGEND } '
NODE 1 X (E-W)
2.00 : g I -t ) _— ) U
1.00 o » : e e S RO I
) |
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FIGURE F3 - ROOF DISPLACEMENT




PROJECT :  SONGS—1 FUEL BUILDING NON=LINEAR ANALYSIS (RUN 4) - C C? M lip ut ‘e C il i
- : : : engineering services, inc. |
CLIENT : BECHTEL POWER CORPORATION, LA , Berkeloy, Califomnie
SUBJECT :  OLYMPIA 1949 NO4W SCALED TO HOUSNER, PEAK 0.67g 0B HO- A T
_ __NB6E APPLIED ALONG Y (N~—S), NO4W ALONG X (E-W) = - . 1555 03/31/82 | 18:23:48
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PROeCT :  SONGS—1 FUEL BUILDING NON—LINEAR ANALYSIS —RUN 4
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PROJECT :  SONGS—1 FUEL BUILDING NON—UNEAR ANALYSIS (RUN 4) compu tech

engineering services, inc.

CLIENT : BECHTEL POWER CORPORATION, LA ‘ o
— : Berkeley, California
SUBJECT : = OLYMPIA 1949 NO4W SCALED TO HOUSNER, PEAK 0.67g - [ JoBNO. DATE "~ IIME
- N86E APPLIED ALONG Y (N—S), NO4W ALONG X (E—W) , J555. 03/31/82 | 18:18:1
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SONGS—1 FUEL BUILDING NON—I..INEAR ANA

" PROJECT : s (RUN 4) C OI m‘p ute c ‘l'l
. eng neering SGI"VICGS nc.
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PROJECT :  SONGS—1 FUEL BUILDING NON~LINEAR ANALYSIS (RUN 4) | com p U t e C ‘

CLIENT :  BECHTEL POWER CORPORATION, LA ' engineering services, inc.

— : Berkeley, California
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PROJECT : SONGS—1 FUEL BUILDING NON—LINEAR ANALYSIS —RUN 4 com p u t e Ch

CLIENT : BECHTEL POWER CORPORATION, LA | engineering services, Inc.

— ' Berkeley, California
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PROJECT :  SONGS—1 FUEL BUILDING NON—LINEAR ANA%LYSIS (RUN 4) compu te
CLIENT :  BECHTEL POWER CORPORATION, LA englneering services, Inc.
—_— ) Berkeley, California
SUBJECT :  OLYMPIA 1949 NO4W SCALED TO HOUSNER, PEAK 0.67g OB NG, T T
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APPENDIX @: DETAILED RESULTS

Y(N-S) EARTHQUAKE: Taft 1952 S69E, Scaled 2.90. 0.679 Peak

X(E-W) _EARTHQUAKE: Taft 1952 N21W, Scaled 2.90,
TABLE G1:  MAXIMUM DISPLACEMENTS . . .-\ . . . oo oo i GO1
TABLE G2:  MAXIMUM IN-PLANE WALL RESPONSE . . . ... ......... G02
TABLE G3:  MAXIMUM OUT-OF-PLANE WALL RESPONSE . . . ......... Go3
TABLE G4:  MAXIMUM CONNECTION FORCES . . . . . e G04
TABLE G5:  MAXIMUM DIAPHRAGM FORCES . . . . . . . . v o o i, GO5
FIGURE G1: TIME HISTORY AS SCALED [Y(N-) . . . . . . .. e G06
FIGURE G2 RESPONSE SPECTRUM [Y(N-S) . . . . . . o v oo, Go7
FIGURE G3: ROOF DISPLACEMENT . ... .. ... ST G08
FIGURE G4: OUT-OF-PLANE WALL DISPLACEMENTS - CENTER . . ... ... . G09
FIGURE G5 IN-PLANE WALL STRESS-STRAIN - EL 42° . . . .. . .. ... . G10
FIGURE G6: IN-PLANE WALL STIFFNESS - EL 42° . . . . . e GN
FIGURE G7: IN-PLANE WALL STRESS-STRAIN - EL 42° . . . .. ... . ..., G12
 FIGURE G8: IN-PLANE WALL STIFFNESS - EL 42 . .. .. P G13
FIGURE G9: DISPLACEMENT AT ROOF OPENING - EAST . . .. .. ...... G14
FIGURE G10: DISPLACEMENT AT ROOF OPENING - SOUTH .. .. .. ...... G15
FIGURE G11: TOP OF POOL: DISPLACEMENT . . . . . . .. . ... D G16
FIGURE G12: TOP OF POOL: RESPONSE SPECTRUM - HORIZONTAL . . .. . . . G17
FIGURE G13: TOP. OF POOL: RESPONSE SPECTRUM - VERTICAL . ... .. ... G18
FIGURE G14: BASE OF POOL: DISPLACEMENT . . . . o . o oo i G19




LOCATION DISPLACEMENT (inches)
' MAXIMUM MINIMUM

ROOF .

N-W Corner 1.357 . -1.126

S~W Corner 1.277 -1.102

N-E Corner 1.411 " =1.216

S-E Corner , 1.379 -1.193
TOP OF FUEL POOL

N-W Corner 0.810 -0.694

S-W Corner 0.812 -0.696

N-E Corner 0.866 -0.747

S-E Corner 0.868 -0.749
BASE OF FUEL POOL

N-W Corner 0.067 -0.066

S-W Corner 0.067 -0.066

N-E Corner 0.118 : ~-0.109

S-E Corner 0.117 | 009

ANALYSIS NUMBER 5

EARTHQUAKE: Tatt

PRINCIPAL COMPONENT blRECTION: Y

TABLE G1: MAXIMUM DISPLACEMENTS

("AS-MODIFIED* STRUCTURE)
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WALL NUMBER (| SHEAR STRESS | SHEAR STRAIN| RATIO OF MAXIMUM
o (p.s.D S STRAIN TO ALLOWABLE
FB-1 -36.32 ~0.00026 © 0.0985
FB-2 97.00 0.00075 0.2841
FB-3 -56.07 -0.00040 0.1515
FB-4 | -48.58 -0.00035 | 0.1326
FB-5 48.98 0.00035 0.1326

" FB-6 | 48.22 | 0.00034 0.1288
FB-7 167.3. 0.00284 £ 0.5379
FB-8 123.7 0.00132 0.5000
FB-9 132.2 0.00158 0.5985
FB-10 -68.47 -0.00049 0.1856

- ANALYSIS NUMBER: 5
'EARTHQUAKE: Taft

PRINCIPAL COMPONENT DIRECTION: Y

JABLE G2 :

MAXIMUM IN-PILANE WALL RESPONSE

("AS~MODIFIED* STRUGTURE)




WALL STEEL STRAIN RATIO MASONRY STRESS | CENTER DISPLACEMENT
CENTER END fm (p.s.l) Gnches)
FB-1 11.72 15.44 655.9 6.0
FB-2 7.18 1050 656.0 42
FB-3 5.81 9.65 - 655.9 ,_ 3.70
FB-4 ol
FB-5 10.35 11.2) . 6559 5.63
FB-6 7.34 11.51 655.3 ‘ 518
FB-7 ' |
FB-8 81 .50 528.3 79
FB-9 .68 35 4427 - : .60
FB-10 .84 . .64 549.3 1.07
ANALYSIS NUMBER: 5
EARTHQUAKE: o Taft

PRINCIPAL COMPONENT DIRECTION: Y

TABLE G3: MAXIMUM QQT—QF-PLANE MASONRY WALL RESPONSE

(*AS-MODIFIED" STRUCTURBD)




]

WALL NUMBER LOCATION SHEAR STRESS TENSION
av/f ab/f
FB-1 Roof - 620.3 257.5
FB-2 Roof 931.0 233.2
FB-3 Roof N7 113.6
FB-4 Roof 267.5 -
FB-5 Roof 620.9 225.9
' FB-6 Roof 1252.3 214.3
FB-7 Roof 1600.5 -
FB-8 El 42'-0* 2558.1 576.6
FB-9 El 42'-0" 1037.5 137.1
FB-10 El 42°-0° 1823.5 589.6
FB-8 El 42'-0" - 583.0
FB-9 El 42'-0" - 418.3
FB-10 El 42°'-0° - 878.6

ANALYSIS NUMBER:

' EARTHQUAKE:

Taft

PRINCIPAL COMPONENT DIRECTION: Y

TABLE G4: MAXIMUM CONNECTION FORCES

(*AS-MODIFIED* STRUCTURE)




WALL NUMBER || LOCATION | SHEAR STRESS RATIO OF MAXIMUM
N av/m STRESS TO ALLOWABLE
FB-1 || * Roof 929.9 0.3139
FB-2 Roof 1406.7 0.4748
FB-3 Roof 7447 0.2514
FB-4 Roof 675.9 0.2282
FB-5 Roof 894.7 0.3020
FB-6 Roof 2153.6 0.7270
FB-7 Roof 2153.6 « 07270
FB-8 El 42'-0" 3445.2 © 0.3361
FB-9 El 42'-0* 3535.1 © 0.3449
FB-10 El 42'-0° 2954.7 0.2882

ANALYSIS NUMBER:

EARTHQUAKE: "

Taft

PRINCIPAL COMPONENT DIRECTION: Y

TABLE G5 : _ MAXIMUM DIAPHRAGM FORCES

("AS-MODIFIED* STRUCTURE
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PROJECT :  SONGS—1 FUEL BUILDING NON—~LINFAR ANALYSIS —~RUN 5
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APPENDIX H: DETAILED RESULTS

Y(N-S) EARTHQUAKE: Taft 1952 N21W. Scaled 2.90
X(E-W)_EARTHQUAKE: Taft 1952 S69E. Scaled 2.90, 0.67g Peak

TABLE H1: = MAXIMUM DISPLACEMENTS
TABLE H2: = MAXIMUM IN-PLANE WALL RESPONSE .
TABLE H3:  MAXIMUM OUT-OF-PLANE WALL RESPONSE
TABLE H4: - MAXIMUM CONNECTION FORCES
TABLE H5:  MAXIMUM DIAPHRAGM FORCES

FIGURE H1: TIME HISTORY AS SCALED [Y(N-S)]
FIGURE H2: RESPONSE SPECTRUM [Y(N-S))

FIGURE H4: OUT-OF-PLANE WALL DISPLACEMENTS - CENTER
FIGURE H5: IN-PLANE WALL STRESS-STRAIN - EL 42
" FIGURE H6:  IN-PLANE WALL STIFFNESS - EL 42’
FIGURE H7: IN-PLANE WALL STRESS-STRAIN - EL 42’
FIGURE H8: IN-PLANE WALL STIFFNESS - EL 42° . .
FIGURE H9: DISPLACEMENT AT ROOF OPENING - EAST
FIGURE H10: DISPLACEMENT AT ROOF OPENING - SOUTH

FIGURE H12: TOP OF POOL: RESPONSE SPECTRUM - HORIZONTAL
FIGURE H13: TOP OF POOL RESPONSE SPECTRUM - VERTICAL

----------------
.........
......
............

FIGURE H3: ROOF 'DISPLACEMENT . . . . . . T .“. C

FIGURE H11: TOP OF PQOL:"lDISPLACEMENT e e e

FIGURE H14: BASE OF POOL DISPLACEMENT e e e e e e




| “LOCATION - DISPLACEMENT (inches)
' MAXIMUM MINIMUM
ROOF
N-W Corner 0.499 -0.480
S-W Corner 0.457 ~ -0.558
! N-E Corner | 0.494 -0.497
 S-E Corner 0.466 -0.501
N . TOP OF FUEL POOL
N-W Corner - 0301 -0.295
S-W Corner ~.0.305 -0.324
i N-E Corner - 0.301 -0.295
oo _ S-E Corner . 0.304 -0.323
: ' BASE OF FUEL POOL
f N-W Corner " 0015 ~0.091
; | S-W Corner - 0.083 -0.101
i . 'N-E Corner 0.085 -0.091
O ' S-E Corner - 0.083 -0.101
.
!
ANALYSIS NUMBER | 6
} EARTHQUAKE: Taft
1 | PRINCIPAL COMPONENT DIRECTION: X
i : s .

JABLE H1: MAXIMUM DISPLACEMENTS
| - (*AS-MODIFIED* STRUCTURE)




WALL NUMBER || SHEAR STRESS | SHEAR STRAIN| RATIO OF MAXIMUM
(p.s.D ' STRAIN TO ALLOWABLE
. FB=1  35.16 0.00025 0.0947
FB-2 90.62 0.00064 '0.2424°
FB-3 55.99 0.00040 0.1515
FB-4 64.50 © 0.00046 0.1742
FB-5 .. ~45.92 -0.00033 0.1250°
. _FB-6 : -43.53 -0.00031 0.1174
FB-7 ‘ 165.8 0.00266 0.5038
FB-8 1141 0.00111 © 0.4205
FB-9 : 137.5 0.00175 0.6629
FB-10 ' 97.29 0.00075 0.2841
. ANALYSIS NUMBER: 6
EARTHQUAKE: Taft

PRINCIPAL COMPONENT

DIRECTION: X

TABLE H2 - MAXIMUM_IN-PLANE WALL RESPONSE

("AS-MODIFIED* STRUCTURE)




WALL STEEL STRAIN RATIO MASONRY STRESS | CENTER DISPLACEMENT
CENTER END - tm (p.s.l) Gnches) -

FB-1 14.02 17.60 . 655.9 7.7
FB-2 6.01 9.40 656.0 3.62
FB-3 5.95 9.83 - 655.9 3.88
FB-4 , -
FB-5 13.88 14.58 655.9 7.00
FB-6 14.05 17.78 655.3 7.46
FB-7 ' |
FB-8 81 .49 533.0 .78
FB-9 85 45 554.1 .73
FB-10 85 65 559.2 1.05

ANALYSIS NUMBER: 6

EARTHQUAKE: Taft

PRINCIPAL COMPONENT DIRECTION: X

JABLE H3: MAXIML!M QUT-QF-PLANE MASONRY WALL RESPQl;JﬁE

(*AS-MODIFIED® STRUCTURD)




e —

[ WALL NUMBER LOCATION SHEAR STRESS TENSION
ab/fv ab/f
FB-1 ‘Roof 642.6 257.8
‘FB-2 Roof 982.1 233.2
FB-3 Roof 270.6 113.2
FB-4 Roof 250.4 -
FB-5 Roof 639.9 226.6
' FB-6 Roof 1153.0 214.6
' FB-7 Roof 1546.6 -
FB-8 El 42'-0° 2521.5 605.8
FB-9 El 42'-0° . 978.6 118.9
FB-10 El 42'-0* 1664.9 572.1
FB-8 El 42'-0" - 574.9
' FB-9 El 42'-0° - 486.3
FB-10 El 42'-0° - 863.5
" ANALYSIS NUMBER: 6
EARTHQUAKE: Taft
PRINCIPAL COMPONENT DIRECTION: X

JABLE Ha4:

MAXIMUM CONNECTION FORCES

("AS-MODIFIED* STRUCTURE




WALL NUMBER || LOCATION | SHEAR STRESS RATIO OF MAXIMUM
| ab/fo STRESS TO ALLOWABLE
FB-1 Roof 1.3 0.3751
FB-2 . Roof - 1581.1 0.5337
FB-3 Roof 646.3 .0.2182
FB-4 Roof 632.7 0.2136
FB-5 Roof 901.9 0.3044
FB~6 Roof 2269.9 0.7662
FB-7 Roof 2269.9 0.7662
FB-8 El 42'-0° 35716 0.3484
FB-9 El 42'-0° 3571.6 0.3484
FB-10 El 42'-0° 2040.1 0.1990

ANALYSIS NUMBER:

EARTHQUAKE:

PRINCIPAL COMPONENT DIRECTION: X

Taft

MAXIMUM -DIAPHRAGM FORCES

TABLE HS :

(*AS-MODIFIED* STRUCTURE)
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