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SYN 0PSIS - TASK II

This report presents the results of the Task I! --
Structural Capacity Evaluation of the Battelle Memorial Insti u e
(BMI) Columbus Laboratories, located at West Jefferson, Ohio. The
purpose of the Task II effort was to evaluate the structural
capacity r': those building structures and critical equipment
components which could potentially release hazardous chemicals irm

the environment from the BMI facility as a result of damage or
f ailure during an earthquake or flood. This report sumarizes the
structural capacities of critical building and equipment syste"is ai
subjected to earthquake-induced ground shaking. A second volume
will report capacities to resist flood-induced loadings when su:"
loadings are determined for the BMI site by other fRC consultants.

.

The Task II effort was devoted to the JN-1B Hot Cell
Facility and the JN-4 Plutonium Laboratory. The primary items of

concern for the release of hazardous chemicals from the JN-1B
facility were the High Energy Cell (HEC) and its filter and exhaus
system. Within the JN-4 Plutonium Laboratcry, attention was

centered on several key glove boxes which contain Uranium /Piutoni r
in dispensible forms together with the glove box filters and
building exhaust system. The loss of prims. y confinement due to
collapse or overturning of the HEC or from rupture of a glove ::ox
either from direct glove box failure or from damage caused by
interaction with adjacent structures was identified as t:1e ultim?.te
mode of release resulting from extreme earthquake hazard. The

""
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structural capacity of the. building structures and associated
equipment systems as related to the ultimate modes of release a e
addressed in this report. Operational and functional aspects of the
f acility were not considered.

The JN-18 Hot Cell Laboratory was built in 1971 as an
expansion imediately adjacent to the JN-1A Laboratory. The

structure consists of a single-story high-roof braced frame steel
structure which houses the High Energy Cell and its ancilliary
equipment. The main portion of the building is 86 feet by 74 feet
in plan dimension and approximately 62 feet high. With the
exception of the East wall which is a curtain wall adjacent to :ne
JN-1A structure, the exterior walls are constructed of free-stanair;
unreinforced concrete block with brick veneer from ground level tc
10 feet above grade. The walls above 10 feet are constructed of

acuble-layered metal wall panels attached to the steel framing.

The High Energy Cell is constructed of poured-in-place
concrete walls and ceiling with steel liners on all walls. Wall
thicknesses are from 4 to 6 feet at floor level to approximately 16
feet elevation and 3 to 5 feet thick up to the roof. The roof is a
foot thick concrete. The interior dimensions of the cell are 9 by
38 feet in plan and 25 feet high.

The JN-4 Plutonium Laboratory is a U-shaped structure witn
legs of unequal length and width and completely different 'methocs c#
construction. However, no hazardous chemicals are contained in tne

older portion of the structure, and with the exception of some ligr.:
sheet metal flashing, the structures are separated by a 6-l/4 irch
gap. The investigation was therefore concentrated on the main
laboratory part of the structure. This portion is constructed o'

viii b
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unreinforced masonry block and block / brick walls on a oncrete s'a:

with a 16 foot high roof of 6 inch by 24 inch by approximately '2
foot long concrete channel slabs resting on steel roof beams. -

drop ceiling is installed at the 12-foot level to provide a crawi
space for the building ventilation and exhaust systems.

The lateral force resistance of the HEC is provided by :%
thick concrete shear wall box system tied together by the 4 foot
thick reinforced concrete roof slab. The HEC is rectangular in :.M
with a length to width ratio of 2.5 to 1 so that its resistance ::
overturning in the E-W direction (long axis) is significantly
greater than for N-S excitation. Because of the large mass and
stiffness of the HEC and the weak coupling through the mezzanine ir.c
crane framing, the HEC will beiave virtually independently of :%
main steel building frame.

The lateral force resisting system of th JN-1B steel frame
building is a box system comprised of vertical braced frames tied
together by a roof system consisting of a roof truss and steel

deck. The east wall is a curtain wall which does not extend to
ground and is not tied to the JN-1A structure. Consequently it a :s
as a deep flange to provide roof stiffening but does not act as a
shear wall. The structure responds as an open section and all
lateral loads must be reacted by the otner braced frames.

In the main laboratory section of the JN-4 facility,
lateral force is resisted by a steel column /unreinforced masonry
wall system suppori.ing the roof. Inertial roof loads are
tr 1smitted to the exterior walls at the steel column locations
where the flexible columns bear against the masonry blocks. At e-
low levels of response, sufficient friction between the roof

1363 011'*
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channels and beams exists to provide diaphragm action of the rcef.
After the channels begin to slip, forces are developed in the
individual channel clabs which oppose rotation and provide res: sim
against deformations of 'he roof system relative to the shear wa .;.r

Finite element models were developed in order to detern bs
equivalent stiffness characteristics of the major structural systs :
and subsystems for use in the dynamic response calculations. Tne3=

aodels were utilized in determining tne component stress levs Id usas

resulting ' rom given levels of ground motion. The dynamic mcde!;
were suitably modified or replaccd with more representative model:
as'the levels of ground motion vare increased and significant
nonlinear response occurs. Uplift of the HEC footing was calcul2:e;
to begin for rocking about the major axis at a median ground
acceleration of 0.23g. Overturning of the cell about the same axit
is not anticipated until acceleration levels of over 3g are
reached. Collapse of the JN-lB steel frame structure was calculatef
to occur at a median ground acceleration of 0.3g in the N-S
direction. Although this will not cause sufficient damage to causs
rupture of the HEC, it will result in loss of the exhaust fan
system. This will result in loss of the pressure difference acrc:s
the cell boundary and allow some unfiltered access to the cell.
Also, at ground acceleration levels of approximately 0.3g to 0.4c.
some shield plugs may ba shaken out of the HEC, further increasig
the unfiltered leak path area to atmosphere.

The critical equipment items which form the primary
confinement barrier in the JN-4 Plutonium Laboratory also exhibit
higher capacities than the building structures. In. general, they
will only be affected by total facility collapse or by large

.
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relative displacements between the floor and tne roof which occur
just prior to collapse. Median ground acceleration levels of 0.229
in the N-S direction or 0.179 in the E-W direction were calculated
to result in collapse of the main laboratory rocf/ wall system.

Thus, for the purposes of the natural hazard study,
potential release of hazardous chemicals from any of the BMI
f acilities would not be expected to occur until a ground motier
acceleration level of 0.179 with an associated return period of
greater than 2,000 years is reached. Based upon the statistical

uncertainty bound analyses, the estimated standard deviation lowe*

and upper bound seismic capacities are 0.11g and 0.26g respectively.

D D D

1363 013

xi

_ _ . . . _ _ .



.

1. INTRODUCTION O "

0 "080@k
This report presents the results of the structural

evaluation of the structures and equipment of the West Jefferson

Site of Battelle Memorial Institute Columeus Laboratories (BMD
which contain hazardous materials. The report is submitted i-
accordance with Contract No. 5453703, dated 2 May 1977, between

Lawrenca Livermore Laboratory (LLL) of the University of California
and Engineering Decision Analysis Company, Inc. (EDAC). The Task II
Structural Evaluation and prior Task I Condition Documentation ny
ED/.C (as defined in the referenced contract) are part of an overall
natural hazards evaluation (Reference 1) performed by a group of
consultants expert in the various hazard fields. The study is
sponsored an_d directed by the Fuel Reprocessing and Recycle Branch
of the Unitep States Nuclear Regulatory Comission (USNRC). The
natural hazards study includas evaluation of several f acilities at
different lchations within the United States. EDAC is responsible
for the stry:tural evaluation of these facilities for both
earthquake tpd flood induced loadings.

Battelle-Columcus maintains and operates the Battelle

Memorial Ins [titute Columbus Laboratories (BMI) West Jefferson site.
The site is . located in West Jefferson, Ohio, approximatelv 17 miles
west of Columbus, Ohio. The site consists of the Engineering Area
and the Nucl'har Sciences Area located cn a 1,000 acre tract. In

accordance wth the general guidelines given in Reference 1, only the
Nuclear Sciences Area is of concern in this study. The JN-1 Hc'
Cell Laboratory f acility is equipped for postirradiation examination

1363 ON.
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of reactor materials and components up to and including light water
reactor fuel assemblies. The GN-4 Plutonium Laboratory is equipped
for research Ud development related to plutonium bearing
materials. For the purposes of this study only the UN-1B and UN-?
structures and equipment were considered (Reference 2).

The structural evaluation effort was divided into two
phases or tasks. The Task I effort encompassed the documentation of
the pesent condition of the BMI f acility inclucing a review of
drawings and specifications related to the structures and critical
equipment. The Task I report (Reference 4) identified the critical
locations within the facility, presented details of the critical
process equipment and the structural systems which are able to carry
seismic loads, c.nd described the analysis procedures which would be
subsequently used in the Task II seismic capacity evaluation of tne
BMI facil''y. In addition to providing a data base for structural
evaluations by EDAC, the Task I condition. documentation was intended

to provide structural data for the extreme wind load evaluation by
other consultants.

The Task II effort encompasses the analysis of the building
structures and all critical equipment in order to estat,lish the
ground motion acceleretion which could cause the structure or
critical component to collapse or to resuit in loss of confinement
of hazardous chemicals. This report describes the re:ults of the
Task II analyses which are presented in the following sections:

Section 2. Facility and Site Description
'

Section 3. Evaluation of Structural Behavior
Section 4. Evaluation of Critical Equipment
Section 5. Structural Damage Scenario

1363 015

1-2

._ _ _ __



Section 2 presents a brief discussion of the BMI f acility
layout, its critical areas and general structural descriptions,
together with a brief discussion of the general seismicity of the
region. Section 3 presents the seismic capacity evalua? ion of the
building structures including a description of the structural
systems, a discussion of the analysis procedures used in the seismic
evaluation, and a description of each of the structural behavior
models together with the analysis results pertaining to the collapse
or confinement breach of the building structures. Simil arly,
Section 4 presents the evaluation of the critical equipment items,
again describing the analysis procedures and the results. Section 5
summarizes the capacity evaluation of the BMI facility by means of
the presentation of a seismic damage scenario which describes the

potential damage to the f acility at various levels of seismically
induced ground motion acceleration.

1363 016
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2. FACILITY AND SITE DESCRIPTION

This section of the report presents a brief discussion of
the structural information pertinent to the Task II seismic cap & city
evaluation of the Task II seismic capacity evaluation of the BMI
f acility., A general structural description of the BMI buildings of
interest together with an identification of the critical areas and a
discussion of the site seismicity is contained herein. The JN-1 Hot
Cell Fac'ility and the JN-4 Plutonium Laboratory were both

constructed in several phases over periods of several years. In

several instances the type of construction varies sienificantly and,
in most instances, essentially no structural ties exist between
portions of the structures constructed at different times.
Consequently, during an earthquake the individual parts of these
structues will tend to behave independently.

2.1 GENERAL FACILITY LAYOUT

The JN-13 Hot Cell Laboratory was built in 1971 to expand

and complement the capability of JN-iA Laboratory. This addition,
which is adjacent to the west wall of JN-1A, consists of a main

one-story high-roof steel frame structure which houses the Hign
Energy Cell (HEC) with its ancillary functions (e.g., transfer poc1,
service area, etc.) and a low roof pool mechanical equipment room
located at the north-east corner of the main building. The general
layout of the building is shown in Figure 2-1. The main portion of

- the building, which is 86 feet by 74 feet in plan dimension and
approximatly 62 feet high, is constructed of a three-dimensional
steel frame with a steel roof deck and double-layered metal exterior

\h
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walls with several inches of insulation. From ground level up to 10
feet above grade, the exterior wa'ls are constructed of 12 inch
thick unreinforced concrete block walls with brick veneer masonry.
An 8-inch concrete floor slab is poured on grade.

The High Energy Cell (HEC) housed in JN-lB is constructed

of poured-in-place concrete walls and ceiling with steel liners on
all walls. The interior dimensions of the HEC are 38 feet long by 9
feet wice by 25 feet high. The HEC is connected to a fuel handling
and examination pool (20 x 20 x 45 feet deep) via a transfer canal.
A mezzanine area used as a HEC mechanical equipment room is located

between the south wall of the Jf! 1B building and the south wall of
HEC at 18 feet 8 inches above the ground level. A 50-ton bridge
crane which can travel the full length of JN-18 is used to handle
casks and the solid steel door of the HEC.

The JN-4 Plutonium Laboratory building is essentially a
U-shapej structure with legs of unequal length and widths as shown
in Figu e 2-2. The outside dimensions of the main laboratory and
office (including the old laboratory) are approximately 113' - 4" by
105' - 10C This building was built in three separate segments
(Figure 2-2) snd the construction features are quite varying. The
earlier two segments that were built in 1960 and 1964 are
constr & ed af d uble-layered metal walls with several inches of.

insulation and a metal roof. The newer segment of the facility,
built in 1967, is constructed of masonry block and block / brick walls
on a concrete slab with a 16-foot-high roof of 6" by 24" concrete
channels. A drop ceiling is installed at the 12-foot level
providing a 4-foot space for ventilation duct and utility services.

1363 018
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2.2 CRITICAL FACILITY AREAS

For purposes of the overall natural hazards study, critical
areas are those locations in which hazardous chemicals are processed
or stored in a dispersible form. Release of these chemicals to the
catside is possible should the confinement barriers be breached. In

.hese areas release may be gostulated as a result of given natural
events (e.g., earthquakes, tornados, etc.). Similarly, critical

equipment is equipment which is used to process materials (i.e.,
hazardous chemicals in dispersible form) and whose structure serves

as a primary confinement barrier. The area of primary concern is
the High Energy Cell (HEC) with additional attention given to
features whose failure may cause loss of containment of hazardous

chemicals (i.e., viewing windows, HEPA filters, and exhaust syste"!
etc.). A plan view of the HEC with connecting pool and cask wash-
down area is given in Figure 2-1 The JN-1B building has its own

,

ventialtion system which is designed so that all the air in the
building is exhausted through the High Energy Cell. Conditioned

outside air is supplied to each area by two air conditioning units
in the HEC mechanical equipment room. All the air is exhausted
through 3 sets of primary high efficiency filters recessed into the
rear wall of the HEC and 3 sets of fina, high efficiency filters
located outside the cell on the mezzanine. Eight-iitch diameter
exhaust pipes connecting the primary and final filters are embedded

in the cell wall and ceiling. A section through the cell depicting
the exhaust system in shown in Figure 2-3. The High Energy Cell
provides the primary confinement barrier for hazardous chemica.ls in
the JN-lB facility while the building exterior walls and roof
provide the final barrier.

1363 OM
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The JN-4 Plutonium Laboratory consists of separate giove
box areas for hazardous chemicals in conjunction with areas for

support activities. The areas of principal concern are glove boxes
20 and 37 which contain Plutonium / Uranium in dispersible forms.

Other features whose f ailure may increase the hazard potential have
be... . ...tified in Reference 3 as: windows, final HEPA filters, the
natural gas line in the service room, hydraulic fluid reservoirs ir.
the main lab, and lA-gas cylinders.

The glove box arrangement is shown in Figure 2-4, and tne
building ventilation systr7 is shown schematically in Figure 2-5.
Filtered conditioned air is supplied to each room by diffusers near
the ceiling. Air is exhausted from the rooms through HEPA filters

in metal frames with their faces set a few inches from the floor.
Ducting and final HEPA filters are located in the 4 foot crawl space
in the main laboratory which is the area of concern. Most of the
glove boxes used in the facility are "inerted" (nitrogen atmosphere)
with single-pass inert g&s supplied. Gas is exhausted from the
glove boxes through at least a single state of high filtration in an
8" diameter metal canister and then piped into the exhaust piping.

The confinement barriers for the main lab portion of the
JN-4 building consist of the process glove boxes as primary
confinement barriers, the building walls and roof as final barriers,
and the non-load bearing concrete block walls and drop ceiling act
as secondary barriers within the building envelope.

2. 3 SITE SEISMICITY

The BMI site is located approximately 17 miles west of
Columbus, Ohio. The Nuclear Sciences Area is situated north of the
Battelle Lake at an elevation approximately 910 feet above sea
level. The site may be generally described as underlain by glacial

1363' 0202-4
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till with bedrock reported at a depth of approximately 100 feet. A

limited soils and foundation investigation (Reference 6) was
conducted for the Hot Cell Pool location of building JN-18. Three
test borings ranging in depth'from 50 to 100 feet were taken, and
although these were limited to the vicinity of the Hot Cell Pool,
they are considered to be representative of the soil conditions for
other structures within the Nuclear Sciences Area.

The value of the soil shear modulus, G, was previously
computed (Reference 4) as 9000 psi which included the effects of
increased strain levels during seismic motion. For a soil density
of 130 lb/cu.ft., the corresponding shear wave velocity is 570 '

ft/sec. for the moist silty clay encountered in the BMI Nuclear
Sciences Area. For the BMI site, the ground-water table was
reported to be at approximately 40 feet below ground surface at the
Hot Cell Laboratory location (References 5 and 6). Seepage was

encountered in the test borings in a thin discontinuous layer of
fine to medium sand of limited volume. Liquefaction requires a
combination of saturation and cohesionless soils which have the
ability to compact into a more dense condition. Due to the very
limited amounts of saturated sands encountered in comparison with

clayey silts, the possibility of liquefaction at the BMI site is
considered remote.

A seismic risk analysis of the SMI site was conducted by
other consultants (Reference 5) in order to define the ground
motions which the facility could be expected to encounter. The

analysis included a review of the historical data and included
earthquakes un to 600 km from the site in conjunction with an
appropriate attenuation relationship. The results indicate the site
is in a region of low to moderate seismic activity. Based on a

1363 021
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probabilistic approach (Reference 5), earthquakes with peak seismic

ground acceleration levels within the range of approximately 3 to 5%
g may be expected every 100 years and approximately 8 to 14% g every
1000 years. The best estimate curve together with bounding curves
corresponding approximately equal to one standard deviation for
return period accelerations is shown in Figure 2-6 (reproduced from

Reference 5). Data were not available on which to base return
periods for peak ground horizontal acceleration levels in excess of
0.14 . Thus, throughout this report where the seismic capacity of9

structures or equipment exceeds 0.14g, the return period can only be
determined as greater than 2000 years.
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3. EVALUATION OF STRUCTURAL BEHAVIOR.

This section of the report presents a discussion of the
analysis of the BMI building structures including an identification
of the lateral force resisting systems and the analysis procedures
used in the evaluation. Information concerning the key structural
details is given more extensively in the Task I Report (Reference
4). A discussion of the modeling considerations and a short

description of the structural models utilized for analysis togetner
with the analysis results are represented in this section.

3.1 JN-1B STRUCTURAL SYSTEMS

The principal area of concern in the Ji-lB building is the
response of the High Energy Cell (HEC) which forms the primary

confinement barrier for the hazardous chemicals. The lateral
seismic force resistance of the HEC is provided by the thick
reinforced concrete shear wall box system tied together by a
4-foot-thick reinforced concrete cell roof slab. The HEC is
rectangular in plan with a length-to-width ratio of 2.5 to 1 A

vertical cross section through the cell is shown in Figure 2-i.
Longitudinal and transverse sections are shown in Figures 3-1 and
3-2 respectively.

Deviations from structural symetry are due to differences
in wall thickness and the amount of high density concrete in each
wall. The HEC may be considered to resist seismic forces by two
independent systems; one for each major building direction,
north-south and east-west. However, it is observed from the
geometric layout that the north-south system of the HEC will be tne
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lowest capacity system. Because of the large mass and stiffness of
the HEC and the weak coupling through the mezzanine and crane

framiag, the HEC will behave virtually independently of the main
steel building frame. The HEC structure was modelled as a

lumped-mass system supported by equivalent soil springs. The

nece:sary soil properties required for calculation of soil
compliance due to the HEC wall footing reactions were discussed in
the Task I Report (Reference 4). The analysis of the nonlinear
motion of HEC cue to footing uplift was treated by means of the
reserve energy method which is discussed in detail in Section 3.5.2.

The lateral seismic force resisting system of the JM-1B
steel frame building may be described as a box system which consists

of vertical braced frames with attached metal panels tied together
by the roof system. The roof system consists of a 1-1/2 inch steel
deck and a roof truss. The roof and wall panel inertia forces are
transferred to the braced frames through diaphragm action of the
roof system. The schematic drawings of the roof truss and vertical
braced frames are shown in Figures 3-3 through 3-8. The east wall
was designed and constructed so that the wall framing is hung from
the roof with no structural ties to the JN-lA west wall. Thus, the
east wall acts only as a deep flange for the roof and all lateral
loads must be resisted by the other vertical braced frames. The
metal wall panels were found to be incapable of resisting lateral
inertia force transferred fran the roof due to the fact that the
metal panel joint lips at the vertical panel joints are too flexible
to transfer any significant shear loads. Details of the metal wall
panels were discussed in the Task I report. A sketch of the panels
and their attachment is contained in Appendix C.

1363 030
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The in-plane wall seismic shear forces are transferred to
grade through the spread footings and through the building floor
sl ab. Tne 3-inch concrete f'cor slab is positively connected to the
masonry wall foundation through steel dowels. The in-plane seismic
overturning forces are transferred to the footings as axial forces
through the steel column base connections.

The mezzanine is framed to the HEC and the. south wall of
JN-1B building as shown in Figure 3-9. The mezzanine floor slab is
a 4-inch concrete slab poured on top of the 1-1/2 inch metal decking
to form a composite section. The floor slab is classified as a
" rigid" diaphragm based on Reference 8. However, due to the lack of
vertical shear resisting elements the mezzanine will move in phase
with the HEC under seismic ground motion. The mezzanine inertia
force is transferred through the two 12W45 floor beams into the
HEC.

Both tributary gravity roof loads and vertical seismic
forces are transferred directly to the columns by roof girders
(33Wil8) which span 71'-2" in the north-south direction. The
exterior unreinforced masonry walls act independently of the rest of
the building. The masonry walls are isolated from the structural
steel frame because the void space between the masonry and steel is
filled with plastic foam.

Due to tne unsymetric distribution of braced frame
stiffnesses and neavy concentrated mass of the crane, there is a
significant amount of eccentricity of the lateral inertia force with
respect to the center of rigidity of the system. In order to
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account for this torsional effect, the response due to ground motion
accelerations in both major building directions was determined in
assessing the element capacities of the lateral force resisting
system as discussed in the following section.

3. 2 JN-1B STRUCTURAL ANALYSIS PROCEDURES

A general discussion of the analytical approach used in the
Task II analyses of the High Energy Cell and the building structure
follows. The procedure relating to the determination of the
uncertainty bounds is presented in Appendix A and is discussed more
extensively since it was not included in the Task I Report.

3.2.1 JN-1B Modelling Considerations

Tne development of a mathematical model which represents

the physical behavior of a structure subjected to earthquake ground
motion requires the idealization of the effective structural
behavior of an assemblage of structural components and the

appropriate lumping of distributed structure mass (weight). As
previously discussed, the HEC structural system is essentially a
shear wall box system tied together by a rigid concrete roof slab.
Thus the HEC was modelled as a lumped-mass system supported by
equivalent soil springs. In view of the very thick cell walls and
length-to-width ratio of the HEC , the sectional properties of this
shear wall box system were calculated based on elementary beam

tneory without considering tne shear lag effect. The equivalent
lumped-mass model was formed by considering the tributary mass of
all four walls and other tributary masses where applicable.

1363 032
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For a structure which is 15 massive'and rigid as the HEC,
the foundation soil compliance can influence the overall dynamic
response. The procedure usec in this analysis was to include
equivalent soil springs at the cell footing to account for :ne
effect of soil compliance. The stiffnesses of the equivalent soil
springs were estimated using relationships such as presented in
Reference 9 for rectangular footings resting on the soil surf a:e.
The soil springs are based on the approximate elastic properties cf
the supporting soil developed in Task I. The effects of footin;
embecment (References 10 and 11) were included in the compiiance
estimate.

The JN-1B steel frame is also a box system which consists

of vertical braced frames tied together by a roof system. The <co#
system consists of 1-1/2-inch deep steel decking supported by Ocen
web steel joists and roof beams and a roof truss which is locatec
approximately 16" below the steel decking. The roof truss is an
assemblage of roof girders, roof beams and steel angle cross
bracings. To real'itically model the behavior of the steel ceckin;.
a fairly detailed finite element analysis would be neeced to mocel
the nonisotropic properties of the decking and the behavior at and
near the connections. However, preliminary calculations incicatec
that the roof truss by itself is stiff enougn and has acept. ate
canacity to provide the required diaphra; a tion so t'.= an

elaborate analysis of tne roof decking was not warrantec. Tne
structural steel framing was modelled by a lumped-mass,
two-dimensional finite element medel representing tne roof truss
with springs attached at the boundary to represent the vertical
braced systems. In general, the diagonal bracing memoers of the
roof truss and tne vertical braced frames are single structural
steel angles which have very low compressive capacity. Thus, cn'y
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diagonal braces in tension are considered effective in transfer-ing
inertia forces at the seismic response levels of interest. To
reflect this behavior, only half of the actual axial area was used
for the diagonal members in the mathematial model and the resulting
forces modified accordingly. The lumped masses wnich were assignet

to the model node points were formed by considering the tributary
gravity roof weight and wall weight. The 50 ton crane was assumec
to be located at the position where it would cause the most severe
torsion on the roof truss. 9

Due to the different load paths fcr the crane mass in the
two pricipal directions, the inertias representing the crane occur
at different locations in the mathematical model. This occurs cue
to the two-dimensional representation of the structure whicn did nct
allow a detailed representation of the crane support system. The

vertical response of the roof girders subjected to vertical ground,

motion accelerations at their supports was analyzed assuming a
simple beem dynamic model.

3.2.2 Inelastic Behavior

In order to determine the seismic grcund accelerations
which characterize f ailure or collapse, beaa" ice in the ineiatic
range must be considered. The nonlinear rasponse of braced frame

systems is generally relatively small comoarea with moment resistin;
structural systems due to fewer energy absorptien and cuctility
mechanisms. Sources of nonlinear response p-icr to collapse cf suct
systems come from yeilcing of steel members and from working or
tearing of connections. Where significant steel yielcing is
involved prior to collapse, energy absorption is enhanced. For the
JN-1B building, elastic buckling of diagonal members anc local
failure of connections govern tne f ailure of the system with
corresponding relatively low ductility.
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Tne modal spectral method of dynamic analysis is

appropriate for determination of response of the Ji-13 building as
represented by lumped-mass models. A system such as described, # '
hysteretic behavior and geometrically no particular weak poin-

(i.e., a relatively unifonn system), is well suited to analysis oy
the approximate nonlinear spectral-method (References 12 anc 17).
In this method, the elastic response spectra wnich define seismic
input (and are used to calculate elastic system response) are
modified to account for hysteretic energy absorption in the
nonlinear system. The nonlinear analysis crocedure is the same as
for an elastic spectral analysis except for the utilizaticn of the
reduced or nonlinear spectra. The hysteretic energy absorption
capacity is measured by the ductility f actor wnich is the ratio of
the maximum response deflection of a single-degree-of-freedom

structure to its yield point deflection. The procedure for altering
elastic response spectra to account for nonlinear behavior may be
found in References 15 and 17. The spectral acceleraticn reducticr.
factor, R, is a function of the system ductility factor, . , within
each spectral region. The f actor R is taken as unity for tne grear.c
acceleration portion of the response spectrum,1// 2L-1 for the
amplified acceleratien spcctral region, and 1/u for the spectral
velocity and spectral displacement regions.

A number of references are available to assist in judgir;
appropriate damping and ductility levels to recresent response at
the point of incipient collapse in the nonlinear analysis. In

particular, References 18 and 19 report values of ouctility anc
damping for various systems wnich may be used as guideline values.
On the basis of values found in these references together witn an

2
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evaluation of the connection details, upper and lower bound (one
standard deviation) and median values for ductility and damping were
selected. The ductility factors were determined based on wnether
the braced frame system is ductile or nonductile. A ductile orace:
frame is defined as one in which the ultimate strength of the joint
(either welded or bolted) is at least 1.3 times the yield strength
of the member being connected. Using tnis definition together vitn
a detailed examination of the connections of cli tne diagonai
members in the JN-1B structural system indicated the system woula oc
classed as nonductile. A typical bolted connection detail of the
roof truss diagonal bracing is shown in Figure 3-10. Based on

values reported in Reference 18 for similar structures, median
ductility f actors as well as upper and lower one standard deviatior.
bounds were selected. These values appear in Table 3-1. Tacle ; '.

also provides ductility factors wnich are appropriate for the
independent analysis of the roof girder vertical response. The

.

rigid body analysis of the HEC and the nonload-bearing masonry was
based on the reserve energy method so no determination of tne

ductility factors of these systems was necessary. However, Table
3-1 includes the median as well as upper a;.d lower bound damping
values used for these systems in addition ;c those for the JN-13

frame and roof girders. The selection of the damping factors
involved a ccmparison of the JN-1B builcing witn similar structure

for which referenced values are tabulated (Reference 19).

The definition of the seismic ground motion input for tae
site is provided (Reference 5) by elastic response spect a. The

horizontal and vertical spectra 7 3 be used ir. the analysis are basec
upon the median data for an alluvium site resulting from the
earthquake ground motion study presented in Reference 7. The

resulting analysis response spectra, normalized to 1.0g ceak

1363 036
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horizcntal ground motion, for ductility ratios of 1.0 (elastic) anc
2.5 are shown in Figure 3-11. Also incluced in Figure 3-11 are tra
elastic horizontal response soectrum for 10 percent damping anc
vertical response spectrum, normalized to 2/39 peak grour.c metier.,
for a ductility f actor of 6.5.

3.2.3 JN-lB Seismic Cat - .ty Evaluaticns

Given a capacity criteria in terms of internal stress or
deflection for a selected key structural element or connectior., a

capacity force resultant F , was directly obtainable usingC
ralations of engineering mechanics. For most of the details an
elements investigated for structural capacity, the seismic response
to ground motion was obtained from the overall dynamic analysi: sf
the building. The forces within key elements (or connections) cas
to grour.d acceleration of 1.0g were obtained from the modal sce:tnl
analysis of the building models using the appropriate spectrum
(median) given in Figure 3-11 for damping,s , and ductility factor,
u. The modal cor,,ponents of force within an element, F

m,lg, were
combined using the square-root-sum-of-squares (SRSS) procedure tc

obtain an estimate of the element median resultar.t force due te
dynamic response:

1

F W
SRSS,lg * \/ ?; (rm,1g)2 (3-1)

The ground acceleration capacity, A , for the element or
g

connection under consideration, is then given by:

A F I=

Cf SRSS,lg (3-2)
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As discussed previously, there is a significant amount of torsional
response of the JN-1B building due to the eccentricity of the
,ateral inertia inr with resosect to the center of rigidity.
Tnus, the e"ect. sr rt - onse in both major horizontal directions
were inc aeed in the analysis and the assessment of the structural
element ,cp> 'ty. To reflect the f act that ccncurrent ground
excitati( , in the two major horizontal airections are not
necessarily of the same magnitude, and that the response maxima cs
not normally occur simultaneously, the element force resultant
corresponding to 100 percent of the motion in one direction was
comoined with 40 percent of the resultants due to response in tne
other orthogonal direction by addition of tne absolute values
(Reference 19). On the basis that 40 percent of 2/3 of the
horizontal accelerations (0.2 to 0.3g) is an order of magnituoe isss

'

than the static ig vertical forces, it is judged that the effect of
concurrent vertical ground mot'ons on these structural systems will
be small and generally they were not included in the analysis.

The determination of the ultimate element or connection
capacity, F , was generally based upon the ultimate stressC

distribution for the given material in the mode of element response
considered. The determination of the structural material proDertie;
for the structural elements of the JN-lB Hot Cell Laboratory was
part of the Task I effort. The estimated upper bound, median, and
lower bound values of the material strength are tabulated in
Reference 4 (see also Appendix C).

The determination of the soil capacity against shear
failure under the HEC wall footing or each individual spread footing
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3-10

.- _.



-

was based on ultimate soil pressure which was determined by
multiplying the allowable soil pressure by a safety f actor. Based
on the soil report (Reference 6), the allowable design soil pressure
at the JN-1B site was 4000 psf with a f actor of safety of at least 3
against shearing failure. Thus the ultimate soil pressure is
estimated to be 12,000 psf.

The ultimate strength capacities cf the structural steel
elements and connections were calculated using the requirements of

Reference 20 and the general recommendations and guidelines given in
Reference 21. The capacity of the column anchor bolts in comoined

tension and shear was estimated using the classical elliptical
interaction curve (Reference 21). The ultimate static pull-out and
shear criteria, including proximity and free-edge effects, for
concrete inserts was based upon relationships and test data
presented in References 23-24. The dynamic (seismic) ultimate
capacities for concrete inserts were taken as 80 percent of the
single cycle static ultimate value. Tests have indicated that no
significant degradation in strength occurs under cyclic loacings
below 80 percent of the static ultimate but that degradation and
failure are rapid for loadings above the 80 percent level
(References 25-27). Combined pullout and shear capacity of inserts
was estimated using the ultimate strengtr. interaction relation giver
in Reference 24.

3. 3 JN-1B STRUCTURAL MODELS AND RESULT 5

This section contains a sunTnary of the mathematica'. model

properties and the results obtained in the analysis of the High
Energy Cell and the JN-1B steel frame structure. The results are
summarized in terms of grouad motion acceleration levels which would
cause collapse of an individual detail or system mode collacse.
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These results are presented in Table 3-2. For lower levels of
collapse response and particularly for the controlling collapse
models, median as well as one standard deviation upper and lower

bounds are given. For details which have significantly greater
capacity, only the median values are given. Ground acceleration
capacities are given to several significant figures in order to
indicate the likely range of failure. It should not be implied that
the analysis justifies accuracy to this level. Additional details
of the analysis are contained in Appendix 3.

The mathematical model used to evaluate the dynamic

response of the HEC in the weak axis (N-5) is shown in Figure 3-12
with the equivalent soil springs attached at the base to account for
the effect of soil compliance. The formulation of the equivalent
soil springs was discussed in Section 3.2.1 of this report. The

model was formulated employing the EDAC/MSAP computer code which is

a version of the general structural analysis computer program SAP IV
(Reference 28). The numerical values assigned to the element
properties and lumped masses for the mathematical model are alsc
given in Figure 3-12.

The dominant principal mode shapes for the N-S response
obtained from a modal analysis of the HEC model are snown in Figur:
3-13 together with the natural frequencies. It is observed that the
first two significant modes are basically rigid body rocking of the
HEC. Also shown in Figure 3-13 are the SRSS element forces obtained

from a response spectrum analysis using the ground spectrum given in
Figure 3-11 (u = 1.0, , = 10%). Based on the nominal shear strength
of the reinforced concrete, the shear ;acacity of the HEC
was found to be 0.74g. A linear soil pressure distribution was
assumed in the HEC uplift analysis. Although this is inexact, it

-
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does not introduce an appreciable error in the overturning moment
calculation which is the principal concern. Using the median
overturning moment (SRSS) obtained from a dynamic response spe:trum

analysis of ti,e lumped-mass cell model and the restoring moment cue
to the gravity weight of the cell, the median initiation of uplif t
ground acceleration capacity, A , was found to be 0.23g. At thisg

levei the HEC will respond essentially as a rigid body, even after
initiation of uplif t. Uplift is defined as the point at which
initial separation of an edge of the footing from the soil occurs
and not when the entire footing is pivoting about a corner.

As discussed in Task I report, the reserve energy method
was also utilized in the HEC rigid body rocking analysis in order c
evaluate the ground acceleration capacity for the eventual
overturning of the HEC. This capacity was found to be 4.2g. Even

tre initiation of uplift (0.23 ) is significartly above the range of9

ground accelerations where valid data exists upon whicn to determine

the return period. Therefore, with such a high aporoximate capacity
for overturning it was judged that a time history dynamic analysis
of the HEC including the effect of uplift was unnecessary.

The dynamic model used to evaluate the response of the

JN-1B building for seismic ground motions is snown in Figure 3-14

The finite element mathematical model was formulated employing the
EDAC/MSAP computer code. The three-dimencional elastic beam

elements and boundary spring elements were utilized to construct tne
model with the necessary kinematic constraints to achieve the
element stiffnesses desired. As discussed previously, the ~ 11 is
a two-dimensional representation of the roof truss with bount r,
spring elements representing the vertical braced frames. The

stiffnesses of the vertical braced frames were calculated based on
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static analyses assuming that only those diagonal bracings in
tension are effective in transferring shear force. In view of the
connection details, the columns of these braced frames were assumed
pinned at the base. The effective stiffnesses of the braced frames
along column lines Q and 13 of the crane freming were calculats! to

account for the force transfer from the roof truss to the crane
framing. Table 3-3 sumarizes the stiffnesses of all braced
frames. As noted previously, tne modeling of the mass distribution
of the 50 ton crane mass in the roof truss is dependent on the
direction of the roof truss response. Assuming the crane is parked
at the east end of the building as shown in Figure 3-14, for
response in the N-S direction, more than half of the tor.a1 crane
inertia loading is transferreu to the roof truss through the 12W27
horizontal strut at the crane level and the main building calumn
along line P. This mass distribution is reflected by the two heavy
Y-direction nodal masses at node 5 and node 25 as shown in Table
3-4. Tb2 rest of the crane mass inertia in the Y-direction is
resisted by the braceri system (12W40 diagonal strut) along line Q.
For roof response in the E-W direction, the crane mass aleng column
16 is transferred to the roof truss through the cross bracings cf
the north wall framing as reflected by the heavy X-direction lumped
masses at node 1 and node 3 in Taole 3-4 The crane mass inertia
along column line 13 is then resisted direccly by the cross braced
system of the crane framing. The material property and section
properties of the beam elements are sumarized in Table 3-5.

The dominant mode shapes obtained from the modal analysis

of JN-1B building frame for ground motion levels less than 0.11g are
shown in Figures 3-15 through 3-17. The first three modes, which
have mere than 95 percent of the mass participating, were included
in the dynamic response spectrum analysis. An elastic resoonse
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spectrum analysis was first conducted in order to evaluate the
yielding of the structural bolts at the connections and the elastic
buckling of the diagonal bracing members. It was found that at some
of the highly stressed connections the bolts begin to yield at a
ground acceleration of 0.08 . The double angle tension / compression9

diagonal member of the north wall braced frame (Figure 3-4) was also
calculated to buckle at a relatively low ground acceleration
(0.11g). The north frame is assumed to lose its lateral force
resisting capacity as soon as this diagonal member buckles. Thus,

the inelastic response spectrum analysis of the JN-lB building frame
was performed with may remaining stiffness of the north wall braced

frame neglected. The mode shapes of the first th-ee significant
modes for the JN-1B structure with buckled north frame cross brace
are shown in Figures 3-15(a) through 3-17(a). The SRSS element

forces obtained from inelastic dynamic analyses for a) 1.0g N-S and
concurrent 0.4g E-W grcund motions and b) 1.0g E-W and concurrent
0.4g N-S ground motions are summarized in Tables 3-6 and 3-7.

.

The most critical structural elements and details evaluated
for the inelastic behavior of the JN-1B building are the connections
of the diagonal bracings of the roof truss and the remaining
vertical braced frames, the compressive capacity of the braced frame
member, and the capacity of the main building columns and the column
anchor bolts.

Using the median element forces (SRSS) obtained from the

dynamic response spectrum analysis of the finite element model and
the median element capacities, the median ground acceleration

capacities, A , were computed as indicated by Equation 3-2.g

Additional inertia forces of the part of the crane mass which is
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resisted directly by the crane framing were evaluated and included
in assessing the ground acceleration capacity of the crane framing.
Table 3-2 presents the ground acceleration determined for each of
the elements or connections with major damage potential considered
for the UN-1B structural system.

The critical detail of the mezzanine framing in
transferring the mezzanine inertia force to the HEC is the one-inch

diameter concrete inserts which connect the two 12W45 floor beams to
the HEC soutn wall. The detail of this connection is shown in
Figure 3-9. The spectral acceleration of the mezzanine due to the

seismic ground motions was determined based on the ground response

spectrum and the dynamic properties of the HEC. The ground
acceleration capacity of this connection was found to be 1.90g which
is greatly in excess of any anti:1 pated ground motion acceleration
levels for the site. -

Some ground acceleration capacities for other system
considerations (vertical roof girder respouse and rigid body roc'K '1g4

of the HEC and unreinforced masonry walls) are also tabulated for
comparison. The lower and upper bounds of the grocnd acceleration
capacities were determined as described in Appendix A. For details
with collapse capacities significantly greater than the controlling
capacity, only median values are given.

The lowest collapse capacity of the JN-18 building system
(0.30g) is associated with the shear f ailure of the bolts at the
connection of the roof truss diagonal bracing. The loss of the
diaphragm action of the roof truss due to this connection f ailure is
postulated to then lead to the total collapse of the JN-1B
building. Again, this acceleration 1 eve 1 is considerably above'the
predictable return period acceleration levels.
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3.4 JN-4 STRUCTURAL SYSTEMS

The JN-4 Plutonium Laboratory is an unsyrmietric, U-shaped
building constructed in several phases with different methods of
construction. A floor plan is shown in Figure 2-2. Although they
are nominally part of the same building, the initial (Old Lab) and
final office addition portions of the structure were not analyzed.
No critical facilities are located within these parts of the
structure and they will tend to respond independently to seismic.,
excitation due to lack of structural ties and a 6-1/4 inch gap
between the Old Lab and the main lab portion of the structure. In
the main laboratory, lateral force is resisted by a steel
column /unreinforced masonry wall system supporting the roof. The
roof system is fabricated from 6-inch deep by 24-inch wide precast
concrete channel sections which span between the roof beams. A

1-1/2 inch rigid insulation and built-up roof is supported by the,

channels. Inertial roof loads are transmitted to the exterior walls
at the steel column connections and to the exterior masonry walls by
means of the columns beat Ing against the masonry blocks. The

exterior masonry walls thus act as shear walls preventing large
deformations of the adjacent steel frame. The shear walls of
concern are the north, south, east, and west exterior walls of the
Main Lab and north-south wall between the original office and
service room and Old Lab portions of the structure. The interior
masonry walls do not support any roof structure but are locally
grouted to the joists. Grout was considered to be ineffective in
trans.i.itting shear due to the observed presence of cracks between
the grout and beams.

The ability of the masonry to act as shear walls is
significantly degraded by the numerous floor to ceiling windows in
the north and south exterior walls. Also, the ability of the south
wall between the service room and the original structure (Old Lab)

\
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to transmit shear is quite limited. This occurs because the load
path for the horizontal inertia roof load which must be transferred
to the wall through a precast concrete slab is limited by the
friction between the lower steel beam and the slab. The vertical
roof load is carried by the steel columns, however, so that the
normal (vertical) load and hence the friction capacity to transmit
shear is quite low.

The channel slabs resting on top of tne steel beams will
act as a diaphragm transmitting the lateral inertia loads to the
exterior shear walls for low levels of response. Due to the f act
that the structure is unsyrrmetric, the center of mass and the center
of rigidity are not coincidental. Therefore, the torsional effects
due to earthquake loads must be considered at levels for which the
diaphragm action exists.

The vertical force resisting system consists of the precast
concrete roof channels supported by unbraced 8 to 21-inch deep
rolled steel beams. Lightweight square steel columns embedded in
the masonry walls support the roof system. The exterior columns are
field welded to the continuous 3/8-inch steel plate which rests on

the concrete grade beams. Window and door openings are spanned by 8
x 8 inch precast concrete lintels.

Inelastic behavior of the structure begins upon the
cessation of diaphragm action of the channel slabs and significant
cracking of the masonry occurs. At this point, the structural
resistance of the building may be examined in two independent

orthogonal directions since the torsional coupling becomes of
negligible importance. At these levels of response, the structural
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elements which resist the inelastic behavior of the JN-4 facility,
(rigid body rocking of the walls and roof) are the couple action of
the channel slabs on the steel beams, the interference of the
exterior masonry walls with steel beams, and the in-plane shear
resistance of the unreinforced masonry walls. These systems will be
discussed more extensively in Section 3.5 and in Appendix B.

3.5 JN-4 STRUCTURAL ANALYSIS PROCEDURES

This section contains the modeling techniques and

assumptions used in the analysis of the JN-4 Plutonium Laboratory.
Significant differences in the approach are evident between the
linear models valid for low levels of seismic response compared to
the models used for increased levels where collapse of the structure
is imminent. The procedure for determining the uncertainty bounds
is presented in Appendix A.

3.5.1 JN-4 Modelling Considerations

In creating a mathematical model of a structure such as the

JN-4 Plutonium Laboratory for various levels of earthquake response,

idealization of the various structural elements need to be made.
Judicious choice of mathematical models which will accurately
represent the dynamic response of the physical structure is
necessary. These are in addition to the normal requirentents of mass
and stiffness considerations required in order to calculate the
correct response of the structures for various levels of ground
excitation.

In modeling the JN-4 facility for low levels of ground
excitation, consideration of the steel framing interacting with the
unreinforced masonry walls in order to develop an elastic model

representing the complete structure composed of the Main Lab,
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initial office building, etc., was required. Finite element models
were created for the noth wall, the east wall, and south wall of the
laboratory portion of the JN-4 building. These models considered
soil compliance, footing flexibility, and masonry wall stiffness. A
typical finite element model used for the south wall is shown in
Figure 3-18. Soil compliance was evaluated through the use of the
soil properties presented in the Task I report. Discrete soil
springs were used to represent the support of the surrounding soil
in both the vertical and horizontal directions. The soil spring
constants were evaluated using relationships presented in Reference
9. Soil springs were calculated for a rectangular footing resting
on top of the soil surface. These values were then modified to
account for the effects of footing embedment (References 10 and
11). It should be noted that the soil spings were included in the
models in order to assess the effect of soil compliance on wall

stress distribution and rot to model soil-structure interaction
effects which are consioered negligible for this type of structure.

The soil springs were used in conjunction with plane stress
membrane elements and beam elements in order to accurately determine
the equivalent stiffnesses of the various walls. The footing was
modeled as a continuous beam supported at discrete points by
boundary elements (soil spring). Steel columns and surrounding
masonry comprising the individual columns were represented by beam

elements. A transfcrmed section was used to account for differences
in the material properties of the steel and masonry. The
unreinforced masonry walls were represented by plane stress membrane

elements. The finite element models were analyzed using a static
analysis with the EDAC/MSAP computer program.

.
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The static analysis calculated an equivalent in-plane snear
stiffness for the wall. Displacements and rotations were distinc:'y
different from the corresponding values computed for a uniform shear
wall. However, the finite element model results for the east wall,
which is a homogenous unreinforced masonry wall, may be closely
approximated by hand calculations. Therefore the elastic shear
stiffnesses of the other homogeneous walls in the JN-4 f acility were
evaluated using simple hand calculations.

In creating an overall elastic dynamic model of the JN-4
'

f acility, a two-dimensional model was used as shown in Figure 3-19.
The shear springs attached to the model account for the in-plane
stiffness of wails along the various column lines. The shear socing

stiffnesses were evaluated from the *esults of the finite element
models of the north, south, and east walls, and from hanc
calculations of other critical walls. For low levels of response
where the roof channel friction forces are sufficient to provide
diapnragm action, the channel slabs were modeled as plane stress

membrane elements attached to the structural steel roof framing
system.

The distribution of mass was accounted for in two ma7r.e :
in the JN-4 facility. Distributed mass was used in ccnjunction . i:-
the plane stress membrane elements. Additional discrete tributary
lumped masses were used at appropriate nodes to account for

interaction of the shear walls with the roof framing system.

.
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3.5.2 JN-4 Inelastic Behavior
In order to accurately determine the collapse capacity of a

building of this type under earthquake loading, behavior of the
structure in the inelastic range must be considered. Tne approach

taken in analyzing the JN-4 facility was to use the Reserve Energy
(RE) Method in conjunction with rigid body rocking of the roof
framing system ind the unreinforced masonry walls.

The RE method is relatively simple to use and has been

shown to give good results for rigid body wall systems (Reference
29). The rigid body behavior to be analyzed is illustrated in
Figure 3-20 for a simple wall / roof system and involves pivoting
(rotating) of the wall about a small segment (effectively a corner)
at the edge of the wall base. This rotation occurs under the action
of the horizo.'tal inertial forces due to ground shaking. The

inertial forces may be represented by a force F, concentrated at the
roof line. This is appropriate for analysis as a large share of
inertia is generally contributed by the roof. As the wall moves
through the displacement 5, measured at the roof line, the
stabilizing weight of the roof and wall becomes less effective until
at 6

pg the restoring moment is zero. This deflection, fag, is
taken to be the collapse displacement f or purposes of the evaluation

analysis, and it occurs whM the lateral force resistance capacity
becomes essentially zero. At the beginning of rigid body resistance
(with 5 = 0) the maximum inertial force capacity Fgg, maintains
equilibrium with the restoring force of the wall and roof weight,
considering pivoting about the edge of the base. The

force-deflection diagram shown in Figure 3-21 depicts the behavior
of a typical wall through the first cycle of motion as it cracks
through, and then responds as a rigid body with the effective-
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cegrading stiffness from FRg at A= 0 to F 0 at 'R3 After=

through-wall cracking at low shaking levels, the force-deflection
diagram for subsequent cycles of shaking is essentially that shown
by the dashed line in the nonlinear diagram of Figure 3-21. It is

noted that the maximum force level prior to cracking is
approximately equal to FR8 as indicated by the dashed and solid
di agrams. Thus the two diagrams are essentially colinear and K and
K 2 both have equal values.

The RE method consists of analyzing an equivalent elastic
system by the modal spectral method of analysis. The equivalency is

maintained by equal energy capacity of the nonlinear system and its
equivalent elastic system. This equivalence is obtained as shown in
Figure 3-21 by comparing the non-linear and linear diagrams.
Failure of the linear system thus occurs at the force F

RB and
deflection SRB wnich corresponds to the force and deflection
capaci,ty of the nonlinear wall / roof system. The energy equivalence
is shown in Figure 3-22 together with the equivalent linear and
nonlinear models. A time history response analysis was conducted in
conjunction with the evaluation of another f acility in this study
(Reference 29) on a similar unreinforced masonry wall and the
results were favorably compared with those obtained from the RE
method. The results of this comparison are contained in Appendix D.

Response spectrum analysis techniques are used in

conjunction with the Reserve Energy Method. The WASH 1255 median

response spectrum for alluvium soil conditions (Reference 7) with
10". damping and a ductility ratio equal to 1.0 was deemed

appropriate for use in the inelastic analysis. The damping in the
masonry wall is the result of cracking and crushing of the mortar
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under the concrete blocks during rigid body rocking. Damping of the
roof system results from the sliding of the concrete channel slabs

relative to the steel beam as well as yielding at the framing
connections.

.

3. 6
JN-4 STRUCTURAL MODELS AND RESULTS

Due to the f act that the JN-4 facility is an unsymetric
structure, torsional effects on the building are important for low
levels of earthquake response. Therefore the initial section,
3.6.1, will consider a completely elastic structure with cencurrent

-

loadings in two orthogonal directions. Subsequent sections will
examine the building under higher ground accelerations. An elastic
model with a released roof diaphragm and rigid body rocking models
were used to determine structural system capacities as appropriate
for increasing ground motion input levels.

3.6.1 JN-4 ELASTIC ANALYSIS

The dynamic model used to evaluate the initial elastic
response of the JN-4 facility is shown in Figure 3-19. The

two-dimensional model contained boundary elements, (shear springs),
beam elements, and plane stress membrane elements. The shear
springs represented the in-plane stiffness of the unreinforced
masonry wall. These springs accounted for wall flexibility, soil
compliance, and the footing stiffness.

The finite element beam members represented the beams in

the roof framing system. End conditions of the beams we e evaluated
as fixed or pinned as required by the structural steel drawings of
the Ji-4 f acility. The plare stress membrane elements attempted to
account for the couple action of the channel slabs interacting with
the steel framing. This couple action is more fully expla'ned in
Appendix 8.

,
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The main purpose of the elastic model was to investigate
the degree of dynamic coupling between the Main Laboratory Building
and the Initial Office Area (Figure 2-2) and determine the onset of
masonry cracking and other nonlinear response and the locations

where these effects would occur. The Old Lab and Final Office Areas
were not considered in the dynamic model because of absence of

structural ties with the Main Laboratory Building as previously
discussed.

Figure 3-23 is an isometric sketch of the structural steel
layout in the JN-4 Facility. The portion of the sketch labeled
building interf ace required some additional consideration in
developing a two-dimensional model of the facility. To account for
the flexural stiffness of the columns extending above the office
area, artificial beam elements were included in the two-dimensional

model. The axial stiffness and shear stiffness of these elements
,

accounted for the out-of-plane and the in-plane bending of the
columns, respectivey. These beam elements are numbered 77, 81, 88
in View A of Figure 3-19.

The elastic dynamic analysis used the median horizontal
response spectrtn for alluvium soils (Reference 7) with 2 = 7%
and u = 1.0 (Figure 3-11). The analysis was run on the EDAC/MSAP
computer program.

The results of the elastic dynamic analysis showed that the
Main Laboratory and the Initial Office Area essentially are
uncoupled. The first six modes investigated had almost 100% of the
structural mass participating in both the X and Y directions. The
fundarrental mode shape is shown in Figure 3-24 The Main Laboratory
portion of the facility responds in the N-S direction while the
Office Area is unaffected. even though the interf ace wall is loaded
in the ;n-plane direction.
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The Main Laboratory Building responded within a range of
frequencies from 10-23 hertz. In order to account for torsional
effects, the hypothesized earthquake loading was applied to the
building concurrently in two orthogonal directions. The major
acceleracion component was designated 1.0 Ag with the minor
acceleration component assumed as 0.4 A . Initial failure of theg

diaphragm action of the roof channels slabs occurred at A, .
0.03g for E-W direction excitation along the channel slab-beam
interf ace atop the wall between the Old Lab and the service room
(Location I in Figure 3-19). For principal excitation in the N-S
direction the corresponding median g ound acceleration is 0.076g
with initial slipping occurring along the east wall.

3.6.2 Modified Elastic Analysis of the JN-4 Facility
The loss of the diaphragm action of the channel slacs was

accounted for by some basic modification in the two-dimensional

computer model. The modified elastic model deleted all the plane
stress membrane elements and lumped all the roof mass at discrete

modes. This model was then used to investigate the dynamic
characteristics of the structure at ground motion accelerations
above the 0.03 to 0.089 levels, but below the collapse levels where
very large deformations result. The analysis results show a large
frequency shift will result due to the release of the roof
diaphragm. The structure now responds in two basically independent
fashions. The roof framing with the lumped masses due to uniform

roof weight was found to respond at frequencies in the range of I
hertz. The wall masses located along column lines represented by
the shear springs were found to respond at st;h higher frequencies.
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Figures 3-25 and 3-26 show the mode shapes of the m3jor
framing systems for the modified two-dimensional model. Table 3-8
lists the frequencies of these modes.

For ground acceleration levels above the accelerations
which cause loss of roof diaphragm action but below the point where
significant rigid body out-of-plane rocking of the masonry wai!I
occurs, the response is characterized by in-plane motion of the
various roof bays. The channel slabs contribute virtually ne
restraint for these modes with the only restraint resulting from
bending about the weak axis of the roof beams. Since the out- of
plane motion of the walls is not sufficient to result in arching of
the masonry between the roof beams and foundation and since the

grout was assumed incapable of transmitting out-of-plane shear, no
restraint results from out- of-plane loading of the walls.

A response spectrum analysis was run with the modified

elastic model in order to calculate forces on the shear walls due tc
the dynamic response of the roof. The range of ground motion levels
for which this model is applicable varies with the direction of
motion and the location within the structure. For E-W inout,
hinging of the steel columns at the base occurs in the range of
0.04g along column line 7 while slipping of the 2-foot wide concrete
slab adjacent to the corridor between the service room and the Old
Lab along column line 4 results at approximately 0.08 . For N-S9

excitation hinging of the columns along column line F occurs in the
range of 0.09g. Portions of the solution to the modified elastic
two-dimensional model were combined with the rigid body rocking

.

analysis in order to calculate shear forces on various structural
elements.
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3.6.3 Dynamic Response of Unreinforced Masonry Walls

The cracking capacity and the collapse capacity of the
unreinforced masonry walls were investigated for several modes of
collapse. The cracking capacity of the walls at the base was
defined as the dynamic load required in order to create a condition
of zero strength under one edge of the wall for the exterior walls.
This assumes there is no tensile bond strength between the steel
base plate and the masonry wall. The interior walls crack when the

dynamic tensile str2ss equals the tensile strength of the grout.
Table 3-9 identifies four different wall cracking capacities.

The two capacities listed as most probable for cracking to
occur are the ones in which the walls act as a free-standing
cantil ever. The second set of capacities were developed on the
hypothesis that the steel roof beams interface with the walls to
such an extent that the tops of the walls are restrained. In this
mode, in order to for the walls to form significant cracks, a second
crack must occur close to the mid-height of the wall (Figure 3-27).
Since cracks are known to exist in the grout between the top of the
wall and the bottom flange of the beam, significant rocking of the
walls must occur before interference can occur.

.

The collapse capacities of both the interior and exterior
walls were also investigated for a number of different f ailure

modes. Table 3-10 identifies three basic failure modes with their
respective collapse capacities.

.

The first failure mode for both the interior and exterior
walls considered the walls acting as a free-standing rigid body
cantilevers rocking about their own base (Figure 3-20). For this
case, the walls were assumed to be totally independent of the roof
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girders which implies no out-of-plane shear is transmitted through
the grout between the top of the wall and the bottom of the beam

fl ange. Collapse was calculated to occur at a median ground
capacity, A , of 0.18g for exterior walls and 0.149 for interiorg

walls. Interior walls which do not have the benefit of roof beam
sJpport are expected to Collapse at this ground acceleration.

The second type of failure mode considered interference

between the roof beam and the wall during rigid body rocking. The
roof beam was modeled as a spring supported roller which provided a

normal force to the wall for all wall configurations during rigid
body rocking (Figure 3-28). This model accounts for same

interference between the w311 and beam such as would result due to
closure of cracks in the grout due to rigid body rotation of the
wall about a lower corner. The flexibility of the beam is
considered in this model and a low coefficient of friction between
the wall and beam is assumed as should be appropriate as the result
of the pulverizing of some of the grout. This model provides
intermediate levels of collapse between those resulting from a
free-standing car.tilever exterior wall and one whir.h is restrained
at the top by a pinned connection and hence cause cracking and
subsequent buckling at some mid-height elevation. This failure mode
was considered to be the most likely with median ground motion
collapse levels calculated at 0.18g for E-W excitation and slightly
lower at 0.178g for N-S excitation. The Reserve Energy Method was
also used in conjunction with this model. Although the maximum
c"splacements and the effective masses for this case are

substantially different from the free-standing wall model, the
resulting ground acceleration capacities for f ailure were almost the
same (Table 3-10). The reason for the similarity of the answers is
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because that although the second f ailure mode is stiffer due to the
restraining influence of the beam, the additional mass from the beam
acting with the wall negates any large shif t in frequencies that
normally would occur. The slight difference in ground acceleration
capacity for the two orthogonal directions is due to the different
wall configurations considered.

The third type of f ailure mode considered assumed that tne
roof provideo so much restraint that the walls had to f ail in the
knee action mode shown in Figure 3-27. This is unlikely to occur
except possibly close to the intersection of tne shear walls since
the walls and roof framing must act integrally as a unit at all
times.

3.6.4 Ultimate Collaose Capacity of the JN-4 Structure

Three basic failure modes were found to be critical when
examining the collapse of the Main Laboratory portion of the JN-4

facility. Figures 3-29 ar.d 3-30 show the basic rigid body rocking
failure modes which were considered. At ground motion levels

approaching the collapse levels of the structure, rigid body rocking
of the JN-4 f acility in the E-W direction along column line 7 occurs

because of the low lateral resistance of this column line in
comparison with the other column lines. A plan view of the
structural steel columns and important masonry walls along coltrnn
lines 6, 7, and 8 is shown in Figure 3-31. Column line 7 has almost
no restraint in the way of masonry shear walls for rigid body
rocking of the roof in a westerly direction. Although stronger than
column line 7, column lines 6 and 8 alco have shear capacities below
that of uniform homogeneous shear walls due to the numerous floor to
roof windows. Examination of the detail of a typical column (Figure
3-32) shows that each 4 x 4 inch steel column is surrounded by a
small masonry pier. In between this small pier and the adjacent
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masonry wall is a 3/16-inch plate glass window. However, Figure
3-32 shows the 8 x 8 inch precast concrete lintel which is capable
of transferring in-plane loads from the steel column to the adjacent
masonry wall. In considering the strength of this detail,
consideration was given to the bearing stresses occurring at both
the steel-lintel interface and the lintel-masonry block interface.
The shear stress in the masonry walls was investigated along with
the possibility of the whole masonry wall sliding along the steel
base plate. All shear walls were examined for both lateral loads
due to rigid body rocking and the simultaneous nearly elastic
response of the structure forming the adjacent stronger bays.

As previously discussed, a significant restraint effect
results due to the couples formed in the individual roof channels at
significant response levels. These couplas develop through friction
between the roof beams and the channels. Appendix B describes the

development and magnitude of these restraint forces when the ground
motion is assumed parallel to the direction of rigid body rocking
response of the bay. Also described is an approximate method of
accounting for simultaneous horizontal input components. The
reduction in capacity as a result of a simultaneous ground
acceleration equal to 0.4 times the principal horizontal input was
computed on the basis of a typical critical slab and results in a
decrease in capacity of approximately 16 percent when compared to
cnly a single input component.

Tne median ground motion collapse capacity of the structure
with maximum response along column line 7 was calculated to

correspond to a ground motion input of 0.17 . The resulting maximum9

rigid body displacement at the roof elevation is 7.3 inches.
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Another critical section of the building considered for E-W
excitation was the rigid body rocking of the bay between column
lines 4 and 6. This porion of the building was determined in the
Task I report to contain a natural gas line. The model used in
evaluating the rigid body rocking capacity is shown in Figure 3-33.
The same figure shows the brick and block wall which ties the

separate stories together. Therefore a displacement, , of the

lower story will create a displacement of the same magnitude at the
roof line of the upper story. For this model, the restraint of the
structure due to the 2-foot-wide channel slab roof was again
evaluated in considering the rigid body rocking. The median ground

motion collapse capacity of the structure was determined to be 0.2Sg
at a maximum displacement of 9.8 inches.

The other major rigid body rocking motion that occurs in
the N-S direction in the JN-4 structure is along column line F.

(Figure 3-29). This motion again occurs because of the relatively
low lateral resistance of the steel frame along column line F
(Figure 3-31) in comparison to the adjacent column lines Ea and G
which act as shear walls. The restraint provided by the couple
action of the channel slabs is different for rigid body rocking of
the structure in this direction. This is because the forces created
by the channel slabs are dependent on the orientation of the slabs
on top of the steel framing. Appendix B contains a more detailed
explanation of the channel slab-steel frame interaction forces
developed during rigid body rocking in the N-S direction.

The collapse of the structure for rigid body rocking along
column F was calculated to occur at a median ground acceleration of,

0.23g with a maximum rigid body displacement of 9.6 in. Thus, the

1363 060
3-32

.__ - ---



first part of the JN-4 structure to collapse is the Main
Laboratory. This is calculated to occur at median ground
acceleration levels of approximately 0.179 for E-W excitation or

0.239 for N-S excitation. The initial mode of failure for both
these directions is rigid body rocking out-of-plane of the outside
walls as shown in Figures 3-29 and 3-30. At least initially after

this type of collapse, some portions of the shear walls could remain
standing as well as other portions of the structure such as the
service room and initial office portions of the structure. Total
collapse, however, is expected at median ground excitation levels of
approximately 0.26g. A sunrnary of the important seismic capacities
of the JN-4 structure together with their upper and lower bounds
appears in Table 3-11.

1363 061
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TABLE 3-1

SYSTEM DUCTILITY FACTORS AND DAMPING RATIOS
FOR THE JN-1B ANALYSIS

Ductility Factor, u Damping, s (~) |
Lower Median Upper Lower Median UccerKey Element Bound Value Bound Bound Value Bound

Braced Frame
System 1.5 2.5 4 10 15 22

Roof Girder
Vertical Resnonse 2.5 6.5 10 3.5 5 7

High Energy Cell 1.0 7 10 14

Masonry Wall .

Rigid Body 1.0 7 10 14Rocking

.
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CONFINEMENT BARRIERS
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TABLE 3-3. JN-1B TRUSS MODEL BOUNDARY ELEMENT PROPERTIES

Element No. Description Stiffness (lb/in)

l North Wall Braced Frame 29500

2 Crane Braced Frame Along 11000

Line 13

3 South Wall Braced Frame 18500

4 West Wall Braced Frame 20800

5 Crane Braced Frame Along 14650

Line Q

1363 064
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TABLE 3-4 JN-1B TRUSS MODEL NODE MASSES

Node No. X-Mass (1b-sec2/in) Y-Mass (lb-sec2 in)/

1 140.68 11.28

2 16.45 16.45

3 145.85 16.45

4 16.45 16.45

5 13.05 139.86

6 16.14 16.14

7 19.39 19.39

8 19.39 19.39

9 19.39 19.39

10 16.81 16.81

11 16.97 16.97

12 20.39 20.39

13 20.39 20.39
14 20.39 20.39

15 17.68 17.68

16 16.21 16.21

17 21.16 21.16

18 22.84 22.84

19 22.84 22.84

20 18.57 18.57

2,1 11.36 11.36

22 16.55 16.55

23 16.55 16.55

24 16.55 16.55

25 13.13 139.94

}3b3 0
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TABLE 3-5. JN-1B MODEL BEAM PROPERTIES

Beam Description Material No. Area (in ) Moment of inertia (in ) Beam No.
2,

L4 x 3 x 1/4 1 0.845* 2.77 6, 7, 8, 9, 10, 11,
12, 13, 27, 28, 38,

.

39, 49, 50

14W22 1 6.490 7.00 18, 19, 20, 21, 29,
30, 31, 32, 40, 41,
42, 43

14W30 1 8.830 19.50 1. 2, 3, 4, 5, 22,
! y

& 33, 44, 51, 52, 53,
54

33W118 1 34.800 187.00 14, 15, 16, 17, 23,
24, 25, 26, 34, 35,
36, 37, 45, 47, 48*

Italf of the Axial Area

Material No. Material E (psi) v

[ 6l A36 Structural Steel 29 x 10 0.3m

C
CB
CB
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TABLE 3-6.
JN-1B ROOF ~ TJSS OIAGONAL MEMSER FORCES (SRSS)

1.09 N-S + Concurrent 1.0g E-W + ConcurrentBeam Element No. 0.4a E-W (Lbs) 0.4a N-S (Lbs)
6' 60160

I 59680
7 95480 85400
8 45880 50440
9 69360 60840'

10
: 58960 57960

11 95000
'

85040
'

12,

48280 52240'

13 70680
,

62040
27 42040

f 42520
28 43240 43000
38 58920

57000
39 57440

55400
49 31384

27220
50 31280 26960

1363 067
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Node Mass Property
Node No. 1 2 3 4 5-

Mass
2(1b-sec /in) 2514 2073 2073 1595 1416

2Beam No. Area (in ) Shear f.rea (in ) Moment of Inertia (in )
All

Beams 76570 25170 4.9 x108

Boundary Element
er ies

Element No. (lb in) (in-lb)/ rad
7 IIStiffness 1.1 x 10 1.7 x 10

High Density Concrete
y O Beam Element No.

(4 ft. Cell Roof Slab g Boundary Element No.
b | Ia

@ HEC Walls (Tyn.)

7., t i
e

7 G
HEC 4 IHEC North 5

SouthWally Wall \
[ @q
'

I >

@ Translation Soil Soring
**y "

2,

Dall Footing / b
Rockino Soil Soring

Transverse Section of the HEC Z

.

Mathematical Model of the HEC

FIGU9E 3-12.
FINITE ELEMENT MODEL OF THE HIGH ENERGY CELL
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4. EVALUATION OF CRITICAL EQUIPMENT

This section of the report presents a discussion of the
analysis of the critical equipment items including analysis
procedures used in the evaluation and the results. The Task I

Report (Reference 4) provides additional background information
concerning a number of construction details of the equipment.
However, for convenient reference, selected data and equipment
details which are most pertinent to the critical equipment are
abstracted from the Task I Report and presented both in this section
and in Appendix C. In addition, several minor details are included

which were not available at the time of the Task I release.
.

The material in this section is organized into equipment
considered in the analysis of the JN-18 Hot Cell Laboratory and the
JN-4 Plutonium Laboratory. Methods of analysis are briefly
described and the results of the analysis are presented. The
procedure used to determine the uncertainty bounds is presented in
Appendix A.

4.1 JN-1B CRITICAL EQUIPMENT CONSIDERED

Within the JN-1B facility, the primary area of concern is
the High Energy Cell (HEC). This was discussed in the preceeding
section. However, the capacity of the ccll exhaust system is also
of some concern since the cell is not airtight and the exhaust
system is required to maintain a net pressure difference across the
cell boundary with corresponding in-leakage.

1363 100
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Two air conditioning units located on the east end of the
mezzanine supply air throughout the operating area. These units and
their associated ducting are not critical since there is no direct
connection with any areas containing hazardous chemicals and since
this equipment provides no contribution to the confinement
boundaries. Conditioned air enters the HEC through two 32-1/4 x
40-1/4 inch openings located 3 feet above the mezzanine floor on the

east wall of the cell. Aeromold filters are mounted flush with the
outside cell wall. The air is exhausted through the primary 24 by
48 inch aeromold filters embedded in the north cell wall to the
final absolute filters located external to the cell above the
mezzanine as shown in Figure 2-3. The filtered air is then
exhausted through the roof by means of three motor driven fans.
These f ans maintain a pressure difference of 0.5 inch of water
across the cell. Loss of these fans will eliminate the pressure
differential across the HEC and thus conceivably allow somt. escape
of unfiltered air from the cell by means of the small openings
around the cell door, shield plugs, drop-in and drop-out tubes,
etc. The total leakage area available under this condition with all
the plugs in place, doors closed, etc., is approximately 560 square
inches of unfiltered area. In addition, the inlet filters comprise
a single-pass filtered area with a total of 2600 square inches. At
very high seismic response levels, some additional unfiltered area
may become exposed due to shaking out of some plugs as discussed in
a subsequent section.

In addition to the primary filters embedded in the cell
wall, the exhaust air passes through a final filter external to the
cell through a 12-inch diameter duct to the exhaust fans, and

,
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finally through a 24-inch diameter duct to atmosphere through the
roof. The final 24-inch duct was not considered critical in this
evaluation. The fans and motor assemblies are mounted to the
mezzanine floor by means of vibration isolators and connected at the

inlet and outlet ducts with flexible connetions. Other flexible
connections are attached between the filter assemblies and the
12-inch diameter ducts.

4.2 JN-1B EQUIPMENT ANALYSIS PROCEDURES

The seismic capacities of the HEC exhaust system components

were evaluated in order to determinc che ground motion capacity at
which loss of the pressure differential across the cell wall was
likely to occur. In addition, components subject to potential
damage from f alling objects were evaluated with regard to the size
of missile and free-fell distance they could withstand. Shield
plugs within the cell walls were investigated to determine the
ground motion levels at which they could be shaken from their

locations. These capacities can then be compared with the primary
capacity of concern, namely the overturning of the HEC, as well as
the collapse capacity of the steel frame structure.

4.2.1 JN-1B Equipment Response

The response of the critical items of the HEC exhaust

system was evaluated by means of lumped mass models simulating the
dynamic characteristics of the individual components. The final
filter system was modeled as a rigid planar body supported by
equivalent springs representing the 8-inch diameter pipes from the
HEC. Although some panel modes and small gages and their associated

piping may be expected to exhibit some amplification, the primary
pressure boundary is expected to behave such that the simplified
models provide an adequate representation. All fundamental response

1363 102
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frequencies were found to be above 20 hertz and hence in the rigid
portion of the response spectrum. Since no amplification results

for these high frequency modes, no consideration of damping or
ductility modified response spectra was required, and the response
was obtained directly from the response of the HEC at the elevation
of the 8-inch diameter exhaust pipes. The response of the 12-ir.ch
diameter ducting from the final filters to the exhaust f ans was also
evaluated by means of planar models. Since the ducting is separated
by flexible connections from both the final filters and the f ans, no
consideration of the interaction of the ducting with the other
system components was required. The f an and motor assemblies are

also separated fran the exhaust ducts by flexible connections. The
fan / motor assembly was treated as a rigid body supported on the

flexible vibration isolation mounts. In this case, however, due to
the geometry of the system and the relatively soft equivalent spring
rates of the isolation mounts, the analysis was conducted on the
basis of a coupled 6-degree-of-freedom system. The response was
obtained assuming the mezzanine was rigidly coupled to the HEC so
the input motion into the f ans was controlled by the response of the
HEC rather than the remainder of the steel building framing.

4.2.2 JN-1B EQUIPMENT OBJECT IMPACT

In the JN-18 f acility, breach of confinement is not of
primary importance for the HEC exhaust system components

considered. This results from the fact that even if the confinement
boundary is breached, the primary filters embedded in the cell wall
will, remain intact. If breach of confinement occurs downstream of
the final filters, then both sets of filters would be effective in
preventing release of any hazardous chemicals. Evaluation of impact
damage, then is of relatisely minor importance with the exception of
potential loss of the fans. The most vulnerable portion of the fan
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system to damage is the electrical system although buckling of a fan
plenum and subsequent cessation of fan rotation is also possible for
missiles originating from elevations near the roof (approximately 42
feet free-fall height). Although the fans and ducting are exposed
on the mezzanine, they are shielded from f alling missiles to some
extent by the 12WF27 crane framing at column lines P, Q, R, and S.
Also, since there are three f ans a significant mechanical redundancy
exists although all three fans share a common electrical system.

4. 3 JN-18 EQUIPMENT ANALYSIS RESULTS

The final filters are supported by short lengths of 8-inch
diameter pipe directly from the HEC. The fundamental frequencies in
the three principal directions are all calculated to be greater than
20 hertz and the filter assemblies will therefore respond as rigid
bodies attached to the HEC. The minimum response levels are greater
than 59 in all three principal directions. Although some light
tubing and gauges (Figure 4-1) are attached and may be expected to
exhibit resonance at frequencies below 20 hertz and possibly f ailure
levels below Sg, these were not considered vital to the function of

the filters and were not evaluated. The final filter assemblies may
therefore be considered to remain intact until collapse of the steel
building structure.

The 12-inch diameter ducts are separated from both the

final filter assemblies and the motor driven fans by means of
flexible, multi-ply expansion joints. The ducts are supported in
gusseted steel plate saddles approximtely 10 inches above the
mezzanine floor. The lowest calculated fundamental frequency was
above 18 hertz in the axial direction. Very little dynamic
amplification results and the response capacity of the ducts is also
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greater than 5g based on anchor bolt pullout from the mezzanine
fl oor. Although buckling of the ducts can result from missile
impact, the ducts can be considered to remain effective until
collapse of the building.

The HEC exhaust f ans are Buff alo Forge Model 30AW with

7-1/2 horsepower, 240V, 3 phase motors. The catalog weight of the
fan in the Arrangement No. 9 configuration is 405 lb. and a 275 lb.
motor weight was used in the evaluation. The fan-motor assemblies
are supported on vibration isolation mounts and are connected to

both the inlet and exhaust ducts by means of flexible connections.
The units were analyzed as rigid bodies with 6 degrees-of-freedom.
The frequencies of the coupled rotational-transtational modes range
from approximately 5.2 to 29 hertz. Therefore, some dynamic
amplification of the ground motion will result, both at the resonant
frequencies of the unit and due to the rocking (N-5) of the HEC at
2.9 hertz. Based on the rubber adhesion and shear stresses
resulting in the isolators, a median ground motion for f ailure of
the fan-motor mounts of 0.7g was calculated. Again the collapse of
the steel building frame system will control the ground motion level
at which operation of the f ans and hence the HEC exhaust system is
expected to remain functional.

Several items were investigated with regard to exposure of
unfiltered access co the HEC. As previously discussed, a total
" leak path" area of approximately 560 square inches exists assuming
all access doors are closed, and shield plugs, etc., are in place.
The shield doors for the drop-in and drop-out tubes are exposed to
f alling objects on the outside of the HEC walls. These shield doors
are 9 x 14 x 18 ir.ch lead filled with 3/8-inch steel shells.
Failure of a hinge with resulting exposure of the 6-inch sch. 80
pipe (Area = 26 sq. in) could be expected if impacted at the outer
edge by a 6 to 15 pound object f alling frcxn the roof elevation.
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The vision inserts and shield plugs are flush mounted or
recessed and, hence, damage from f alling objects is extremely
remote. The vision inserts are tapered and retained on the cell hot
side by means of ws:ided bars. The inertia loads required to fail
these bars is greater than that resulting at HEC overturning.
Therefore the vision inserts are expected to remain in place. The
shield plugs, on the other hand, are not restrained except by
friction. Using a range of coefficient of friction of mild steel on
steel from 0.4 to 0.8 and assuming a component of ground

acceleration equal to 0.4 times the horizontal input simultaneously
in the vertical (upward) direction, ground acceleration levels at
which sliding occurs of from 0.21 to 0.399 result. However, in
order to snake a plug completely out of the cell wall, a number of
cycles are required. Typically, some sliding motion would be in the
direction back into the wall. In order to evaluate this completely,
a series of time history analyses would be required. In view of the
relative lack of severity associated with increasing the leak area,

*

however, time history analyses were not considered necessary. The
number of cycles was estimated assuming the outward motion was

approximately twice that of the inward motion for a given number of
cycles. On this basis and assuming 3 to 4 cycles of strong motion
excitation for a typical eastern U.S. earthquake, median ground
acceleration levels of 0.3 to 0.49 would be required to dislodge the
plugs. For 0.55g or higher, the plugs could be dislodged in a
single cycle. A maximum of approximately 8380 square inches of

unfiltered area could exist assuming all plugs without positive
retention are shaken loose and the drop-in and drop-out shield doors
are sheared off.
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4.4 JN-4 CRITICAL EQUIPMENT CONSIDEREL

The primary areas of concern within the JN-4 Plutoniua
Laboratory are glove boxes 20 and 37. In addition, the integrity of
the filters for these glove boxes is also of concern which required
an evaluation of the JN-4 exhua:t system. To evaluate the extent
that dispersion of hazardous chemicals due to fire resulting from an
earthquake could occur, the natural gr.s line to the service room and

a hydraulic reservoir located near glove box 20 wer,e also considered.

Glove box 20 is actually composed of two boxes of similar
construction connected by means cf 20-1/2 inch diameter by 4-inch
long by 3/8-inch wall stainless steel tubing as shown in Figure
4-2. The larger of the boxes is shown in Figure 4-3 in more
detail. Both boxes are similar in construction and configuration
with the exception that one is somwhat smaller and has only one,

inclined f ace. The boxes are f abricated of 1/4 inch thick type 304
stainless steel of all welded construction. A 12 x 24 inch
rectangular view panel is provided on the inclined faces of the
boxes anel two 12-inch diameter view ports are located on each top
surf ace. One-inch-thick glass plates supported in neoprene gaskets
provide visual access to the box at all viewpoint locations. The
boxes are welded to stands fabricated from 2-inch schedule 40 pipe
sections with adjustaole feet and 2 x 2 x 1/4 inch angle sections.
The glove boxes are attached to the floor by means of brackets as
shown in Figure 4-4. Glove box 37 is of similar construction and
configuration with the exception of lack of the inclined sides.

Both glove boxes 20 and 37 are inerted with nitrogen gas.
Exhaust is by means of a 2-inch diameter copper tube through a HEPA
filter enclosed in an 8-inch diameter canister and through another

1363 107
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2-inch copper tube into the 9-inch diameter exhaust piping as shown
in Figure 4-5. The filter is attached to the tubing by clamps and
the tubing provides the only support for the filter. The 9-inch
dicneter piping leads from the floor mounted filters, through
collection pipe and headers to the final filters which are suspended
from the precast concrete roof channels. The 9-inch exhaust ducts
are suoported by rod hangers. The final filters, in turn, exhaust
through fans mounted on the roof. As in the JN-1B facility, the
fans are mounted on vibration isolators to 6-inch-thick concrete
slab' and are separated from both the inlet and exhaust pipes by

flexible connections. The absolute filters for both the floor and
ceiling mounted units are enclosed in frames fabricated frr.m 2 x 2 x
1/4 inch angle sections held together by 3/8-inch diameter 334

stainless steel turnbuckles. Figure 4-6 shows the configuration of
the floor mounted filters and Figure 4-7 shows the mounting of the
final filters between the roof and ceiling. Figure 4-8 shows En
overall view of the exhaust duct system in the Main Laboratory part
of the facility. *

A 2-1/2 inch diameter black steel natural gas pipe runs
along the block wall between service room and the office area and to
the boiler. The line is supported by rod hangers which are spaced
at 2 to 3 foot intervals. Also, there are hydraulic fluid
reservcirs located at several glove boxes. One of possible interest
is located at the end of glove box 38. This reservoir is 12 x 12 x
18 inches and is housed in 3/16 inch stainless steel sheet together
with the pump and electrical conduits. The housing is free-standing
on the floor with the reservoir connected to the giove box through
high pressure tubing. Both the gas line and hydraulic reservoir

contribute to the release of hazardous chemicals from seismic events
only in the case of fire with resulting damage to a confinement
barrier such as the gloves of a glove box.

4-'
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4.5 JN-4 EQUIPMENT ANALYSIS PROCEDURES

The seismic response capacity of the critical glove boxes
and their associated exhaust filter systems was evaluated in terms
of ground motion levels where overturning of the gloveboxes would be
expected. In addition, the effects of relative end motion between
the glove box mounted filters and the roof-hung piping were
evaluated. The glove boxes and particularly their glass view ports
were investigated with regard to f alling objects assuming all
missiles originated at the roof level.

4.5.1 JN-4 EQUIPMENT RESPONSE

The response of the glove boxes was determined by means of
planar lumped mass models simulating the response in the principal
directions. The response was determined from the ground response
spectra using the WASH 1255 (Reference 7) median alluvial spectra .

with 5% critical damning. The legs were modeled as pin-ended at the
floor level in order to simulate the single anchor bolt and were
modeled as built-in at the bottom of the box to reflect the
1/4-inch-thick gusset plates.

The 8-inch diameter filter housings are attached by means
of 2-inch diameter copper tubing to both the gloe box and the 9-incn
diameter ceiling exhaust duct as shown in Figure 4-5. The response
of the system to inertia loading as well as relative end point
motion was evaluated.

With the exception of the floor mounted filters, the
majority of the JN-4 filter system is suspended in the four foot
space between the roof and the ceiling. This is a complex system
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with a large number of resonant frequencies resulting in the
individual duct elements, major equipment masses, and the overall
system modes. The response frequencies of the overall system
suspended below the roof result from both pendulum effects of the
hangars as well as the stiffening resulting from the floor mountec
filters which are anchored tr> the floor. A rigorous analysis of
this system was not conducted. Ratner, the frequencies of tne
system evaluated as a planar body at th? elevation between the roof
and ceiling were estimated neglecting the flexibility of the 16-incr
diameter horizontal ducting elements in order to determine the
inertia loads. The ductility requirements to ensure that the syster
will remain intact until building collapse were then determined.

The integrity of the roof mounted motor-driven f ans was not
investigated since they are downstream of the final filters anc
their failure will not affect any confinement barriers.

4.5.2 JN-4 E0VIPMENT OBJECT IMPACT

In the JN-4 facility, breach of confinement resulting frer
missile impact is of primary concern for the critical glove boxes.
Of particular concern are the glass view ports. Although buckling
of the glove box shell and legs was also evaluated, these ascects
are somewhat less important. Buckling of a box can occur, for
instance, without rupture of confinment, while buckling of the box
support stand would result in rupture of the 2-inch copper filter
tube which could occur either upstream or downstream of the filter
with approximately equal probability.

\b0
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4.6 JN-4 EQUIPMENT ANALYSIS P*SULTS

The response of the glo e boxes was determined from the
lumped-mass planar models prev 4;usly described. The fundamental

1.V "? vies computed are all 'a the range of 7 to 8 hertz. Since

there is lit 6.: *ocking of .ne boxex on the unbraced stands, the
frequencies in the two horizontal principal axes are virtually
identical. Sane torsion results in glove box 20 due to the stiff
coupling of the smaller and larger boxes (7.5 and 7 hertz uncou: led
fundamental frequencies respectively). For all boxes, th f ailure
was found to be governed by the pullout capacity of the 1/2-inch
diameter anchor bolts. For 5% critical damping and simultaneous
components of ground acceleration equal to 0.4 times the principal
horizontal input in the other orthogonal directions, the boxes are
capable of withstanding over 3g median ground accelerations in betr
the strong and weak horizontal axis directions.

The response of the 8-inch diameter filters mounted above
the glove boxes was evaluated by means of simple beam models witn

distributed mass for the tube and a lumped-mass simulating the
filter. Dynamic input for the system was determined after
accounting for both the glove box and roof mounted piping dynamM
amplification. The simple copper tubing / filter system investigated
has a inertia capability corresponding to over Sg ground motion for
these conditions. In addition, the system can accommodate relative
horizontal end point motions of over 10 inches. An axial
deformation in the copper tube of approximately 0.47 inches results
with corresponding axial strain in the tubing of .0078 inches /incn.
However, the filter is attached to the tubing by clamps. If these
clamps should allow slippage under the axial loads, tube buckling
can result as a result of roof drift reversal. This will not cause
a breach of confinement, however.

hbNb*
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At low response levels, the exhaust duct system suspended
between the ceiling and roof will exhibit frequencies signicantly
below those of the building structure. At these ground motion
levels (less than 0.089), the building is quite stiff and tne duct
system will behave essentially as though ground mounted with
predominant resonant frequencies in the range of 1 to 3 hertz. Fo*
5 percent critical damping, duct response will remain elastic with
relative deformations less than one inch throughout the system. As
ground response levels increase, the building structure experiences
nonli%ar behavior with subsequent increase of the building response
periods. At increased ground acceleration levels, the building
response frequencies will correspond with the resonant frequencies
of the ducting and significant amplification will occur.
Concurrently, the damping of the ducting may be expected to increase

and gaps such as the one between the roof slabs and dampers will
open and close and yielding at several locations will occur
resulting in nonlinear response of the ducting as well as the
building. Although resonance of the ducting with the building
fundamentals will occur at certain frequencies and acceleration
levels, the inertia loads within tne ducting are less important thcn
the ultimate roof story drift relative deformations when considerin-
the collapse of the ducting. At near building collapse, ductility
requirements of approximately 4.9 are required for N-S response and
approximately 4.8 for E-W response. Although these are attainaole

for welded steel ducting, it is likely that jus . prior to building
collapse significant damage in terms of f ailed hangars, buckling of
sheet metal and possibly weld failures are expected. This

corresponds to median ground acceleration levels of 0.23g in the N-S
direction and 0.17g in the E-W direction; both of which have return
periods well beyond 2,000 years.

1363 112
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Failure of a glove box can result from crushing or fracture
of the viewports from free-falling objects originating at the
ceiling or roof. The free-f all height for these cases is six to ten
feet to the top of the glove box. The most critical items from
falling object damage are the 12-inch diameter horizontal plate
glass viewports. The weight of missile these viewports can
withstand depends to some extent on the missile hardness as

reflected in the rise time of the impact pulse. For "hard" objects
with pulse durations of the order of 0.001 seconds, objects of
approximately 8 pounds originating at the roof can be expected to
cause fracture of the glass. For " soft" objects with a pulse
duration of approximately 0.005 seconds, the flexibility of the
neoprene gasket becomes effective and mist ile weights in the range
of 27 pounds are required for fracture. The 12 x 24 inch
rectangular viewports on the inclined f aces were calculated to
withstand falling objects with weights .. M 24 to 44 pounds for
pulse durations of from 0.001 to 0.003 seconds.

Buckling of the glove box structure was calculated to occur
from impact of objects in the range of 80 to 150 pounds and leg
buckling from objects of approximately 120 to 460 pounds for one tc
four legs, again assuming a 0.005 second pulse. Breach of
confinement due to box buckling will not necessarily result unless a
viewport is fractured or a glove is torn. However, deformations in
the region of the 8-inch diameter HEPA filter in excess of
approximately one inch will likely cause the filter clamps to be
pulled loose and thus expose a 2-inch diameter path to the
atmosphere. The weight of one concrete channel roof slab is
approximately 500 pounds.

\563 \\h
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The natural gas line to the boiler in the JN-4 service room
is suspended on hangars at intervals of 2 to 3 feet. The line
passes through the Old Lab portion of the building which was not
evaluated. Fire resulting from collapse of the structure and
resulting rupture of the natural gas line could occur at ground
acceleration levels in the range of 0.26g for E-W direction
excitation. Another possibility for fire exists at the hydraulic
reservoir. Sliding of the reservoir on the floor is not calculated
to occur at levels below the roof collapse. Thus, even if fire
should result, it would not be expected to occur until collapse of
the glove boxes from building collase occurs.

1363 114
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5. SUMMARY OF RESULTS AND STRUCTURAL DAMAGE SCENARIO

This section presents a summary tabulation of the results
of the analyses previously described and presents the interpretation
of these results in terms of a structural damage scenario which
describes the progression of expected damage to the BMI facility
with increasing intensity of earthquake ground motion.

Table 5-1 presents a tabulation of the critical seismic

capacities of the structural and equipment systems evaluated during
the Task II effort. These capacities are associated with probable
structural collapse and as such establish the ground motion
acceleration levels associated wtih probable release of hazardous
material. The High Energy Cell in the JN-1B facility has a
substantially greater seismic capacity than the steel frame
structure which encloses it. Furthermore, collapse of the steel
structure is unlikely to significantly damage the cell. The

equipment associated with the HEC exhaust system was also shown to

have a higher seismic capacity than the building structure.
Therefore, the seismic ground motion which causes collapse of the
JN-IB building will result in an unfiltered leak path to the cell
only. Evaluation of the glove boxes and exhaust piping /ductwcrg in

the JN-4 Plutonium Laboratory indicates that these equipment systems
also have ground acceleration capacities in excess of the building
structural collapse capacities. However, the equipment systems

cannot withstand the impact of the falling weight of the collapsing
structure. Thus, for the JN-4 facility, these ground motion
acceleration capacities represent the level of seismic motion which
causes virtually complete loss of confinement for hazardous
materials.

1363 123
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The analyses of structural capacity were conducted using
median material strength properties and median estimates of dynamic
response to ground shaking. Based upon the assumption that the

important contributing variables are approximately lognormally
distributed, the calculated upper and lower bound capacity values
represent and estimated one standard deviation variation. The
median capacity values represent the evaluation of the various
systems as they currently exist in the BMI facility.

For breach of primary confinement boundaries to occur in
any BMI facility or component, median ground motion acceleration

levels in excess of 0.17g must occur. This level is above that upon
which sufficient data are available to base reliable return periods
(Reference 5). Thus, accurate estimates of the return periods for
loss of f onfinement o' the various critical systems, and for all
ground motion acceleration levels above 0.14g (T 2,000 years)'

return periods are quoted as " greater than 2,000 years". The
following scenarios present a general description of behavior of the.

structures and equipment resulting from increasing ground motion
acceleration. The scenarios are based upon the median predicted
capacities of the BMI structural systems.

GROUND SHAKING OF 0.03 to 0.09q (T 70 to 700 years)=

At ground acceleration levels below 0.03g all structures
and equipment will behave elastically and there will be no

significant effects resulting from an earthquake. At 0.03g in the
E-W direction, the diaphragm action in the JN-4 roof will begin to
be lost and slipping of the concrete channel: will occur. At 0.04g
N-S excitation, plastic hinges will begin to form at the base of the

1363 124s-2
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columns along column line F, and the diaphragm action in the roof
will be lost at 0.076g for N-S excitation. Plastic hinges will
begin to fonn along column line 7 for E-W excitation at

approximately 0.09 . Both horizontal and vertical cracking of the9

masonry will occur with some vertical cracks remaining open after
the disturbance. Breaking of windows will occur in the JN-4
building but no significant damage will result in the critical

.

equipment.

t

In the JN-18 facility, cracking at the base of the exterior
walls will occur at about 0.08g. At this same ground level for N.S
excitation, yielding of bolts will occur in some of the diagonal
member connections of the roof truss. At 0.08g E-W excitation,
yielding of the bolts in the diagonal member of the north wall
braced frame will occur. Again no damage of any structure or
equipment which could lead to release of hazardous chemicals will

result in the JN-1B facility for ground motion levels in this range.

GROUND SHAXING OF 0.11 to 0.23a (T 1100 to Greater than 2,000=

Years)

At 0.llg ground excitation in the E-W direction, buckling
of the diagonal member occurs in the north wall braced frame of the
JN-1B building and the lateral forces must be resisted by the
remaining south and west walls and crane framing. At 0.239 rigid
body rocking of the HEC reaches the point at which uplift of tne
footing begins. The structural integrity of the cell will remain
intact, however, and no structural failure of the cell's filter and
exhaust system is expected at these ground motion levels.
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TABLE 5-1

SUMMARY OF CRITICAL SEISMIC CAPACITIES

Ground Acceleration Capacity (g)

Structural and Equipment Damage Lower Median Upper

Buckling of the Diagonal Member 0:08 0.11 0.15
in the JN-1B North Wall for E-W
Excitation

Collapse of the Steel Framino and 0.11 0.17 0.26
Roof of the JN-4 Main Lab for E-W
Excitation

Initiation of Uplift of the HEC 0.18 0.23 * 0.31

Collapse of the Steel Framing ar.d 0.i7 0.26 0.38
Roof of the JN-4 Main Lab for N-S
Excitation

Loss of Roof Truss and Collapse 0.17 0.3 0.54
of JN-1B Frame

Shaking Loose of HEC 0.21 0.35 0.55
Shield Plugs

Overturning of the HEC >3
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APPENDIX A

Uncertainty Bound Analysis Procedure

The procedure used in the probabilistic seismic capacity study
was based upon the general properties of a lognormal distribution. The
procedure involved the identification of each major random variable which
can be considered as a potential source of substantial variability affect-
ing component and structural resistance and response values. For each var-

"iable, median and standard deviation estimates are made.

Lognormal distributions were selected for use since the statistical

variation of many material properties and seismic response variables may rea-
sonably be represented by this distribtuion so long as one is not primarily
concerned with the extreme tails of the distribution. Use of this distribu-
tion for estimating conditional probabilities of failure on the order of one
pe'rcent or greater is considered to be quite reasonable. Lower conditional
probability estimates which are associated with the extreme tails of the

distribtuion must be considered more suspect. However, use of the legnormal
distribution for estimating very low conditional probabilities of component
or structural failure associated with the tails of the distribution is con-
sidered to be conservative since the low probability tails of the lognormal
distribution generally extend further from tne median than actual structural
resistance or response data might extend since such data generally shows cut-
off limits beyond which there is essentially zero probability of occurrence.

It is generally acknowledged (Reference 31, 32) that the mechanical
strength properties (e.g., yield and tensile strenoth) of structural materials
may be reasonably represented by a lognormal distribution. In addition, studies

(Reference 30) have indicated that the statistical variation of response to
seismic ground motion, as characterized by response spectra (Reference 7), may
be represented by a lognormal distribution. Thus, while a lognormal distri-
bution may not provide a perfect fit of the distribution for structural element
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capacities or element forces due to dynamic response, it provides a suf ficient
approximation. Furthermore, it is computationally convenient since the assump-
tion of a lognormal distribution leads to a simplified combination of product
and quotient random variables which are used in this study to determine
structural capacities and dynamic responses considering several contributing
variables. In addition, the central limit theorem states that a distribution,

D, consisting of products and quotients of distributions of several variables
tends to be lognormal even if the individual variable distributions are not
lognormal.

A.1 BASIC RELATIONS

Some general relationships for lognormally distribution variables
are presented which are used more specifically in development of median values
and logarithmic standard deviations. Background and further information on
these relationships are given in References 33 and 34.

A random variable x is said to be lognormally distributed if its
natural logarithm x given by

i En(x) (A-1)=

is normally distributed with the mean of i equal to in x where x is the median
of x, and with the standard deviation of i equal to e which will be defined
herein as the logarithmic standard deviation of x. Then, the coefficient of

variation, COV, is given by the relationship:
/exp(s2 )-1 (A-2)C0V =

For 3 values less than about 0.5, this equation becomes approximately:
COV = a (A-3)

and COV and e are often used interchangeably.

For a lognormal distribution the median value is used as the
characteristic parameter of central tendency (50% of the values are above
the median value and 50% are below the median value). The logarithmic
standard deviation, S, or the coefficient of variation, COV, are i..ed as
a measure of the dispersion of the distribution.

A-2 ) b
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The relationsnip between the median value, x, logarithmic standard
deviation, s, and any value x of the random variable can be expressed as:

x . exp ( f. s) (A-4)x =

where f is the standardized Gaussian random variable (mean zero, standard de-
viation one). Therefore, the probability that x is less than any value x'
equals the probability that f is less than f' where:

f'= En (x' / x) (A-5)
8

Because f is a standardized Gaussian random variable one can simply enter
standardized Gaussian tables to find the probability that / is less thanf'
which equals the probability that x is less than x' .

Using cumulative distribution tables for the standardized Gaussian
random variable, it can be shown that x exp ( + s ) of a lognonnal distri-

bution corresponds to the 84 percentile value, i.e., 84 percent of the data
fall below the + s value. The x . exp ( - s ) value corresponds to the value

.

for which 16 percent of the data fall below.

One implication of the usage of the lognormal distribution is that
if a, b, and c are independent lognormally distributed random variables, and if

s= a" b (A-6)-

d

C

where r, s and t are given exponents, then d is also a lognormally distributed
random variable. Further, the median value of d, denoted by d, and the logarith-
mic variance Sd , which is the square of the locarithmic standard deviation, s 'd
of d, are given by:

d = 7 . {sv
(^^ }vt

C

and

2 23 =rg *5S +tg (^^ }d a b c

A-3
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v v v
wnere a, b, and c are the median values, and s ' 8 , and s are the locarithmic

a b c
standard deviations a, b, and c, respectively. The logrithmic standard devia-
tion for each independent variable may be estimated as shown below for the
variable a, from the estimated lower bound, median, and upper bound values
given by a , a , and a respectively.2 m u

I m)
+ i n 1 - uh(a1

3* Er y in la (A-9)| - t

(a ]].
(gj"

m

Nota :nat if a is exactly legnormal,

s = in ina ( A-10)
=

Given the estimated logrithmic standard deviation for each variable, it follows
that the estimated one standar;d deviation upper and lower bound values of d,
given by d and d , may be computed as

u g

d = d exp (S ) ( A-ll )d

d = d exp (-S ) (A-12)g d

The coefficient of variation of d is given by Eq. A-2 as

COV =/exp(ad)-1 (A-13)d
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A.4 APPLICATION TO CAPACITY EVALUATION

The application of the statistical procedure described above
to the evaluation of the structural system is demonstrated in the following
discussion. From Equation 3-2, the median ground acceleration capacity.

fA ,of a structural element may be computed as follows:g

9 C SRSS,lg
'

m

where

F
C Median element force capacity=

F
SRSS,lg Median element force response determined by=

square-root-sum-of-square (SRSS) combination
of modal response components obtained from a

modal spectral analysis of building models
using median 1.0 g ground acceleration non-
linear (reduced) response spectrum with

median damping, 8, and median ductility fac-
tor, u.

The estimate of median element force response, may be ex-
pressed (Equation 3-1) as

E Fe
' SRSS ,1 g n n,19 ( A-15)

=

j

s
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where Fn,19 represent the modal components of element force response.
Given that the modal component corresponding to the fundamental frequency
(or period) of the structural system is 2 or 3 times the other modal
response components, the fundamental component (n = 1) will account for
85-95% of the SRSS estimate given by Equation A-14. Thus, due to the

dominance of the first mode, the median element force response may be

considered to be approximately proportional to the spectral acceleration,
SA)g, given by the ordinate of the median response spectrum (normalized

to 1.0g) associated with the fundamental frequency of the structural system.
It should be noted that this approximation is also valid for element res-
ponse governed by a mode other than the fundamental as long as the dominant
modal component exceeds the remaining modal components by a factor of 2 or
greater.

The variation in element force capacity, F , is ' considered to
C

be independently a function of the variation in material strength and con-
struction quality.

The variation in element force response, FSRSS, is con-
sidered to be independently a function of the structural idealization rep-
resented by the dynamic model and the spectral acceleration associated
with the dominant modal frequency. The variability associated with the
capability of the dynamic model to duplicate actual structural response
due to earthquake ground motion is assessed by a subjective judgement fac-
tor. For simplicity, the variability of the spectral acceleration is con-
sidered to oe independently a function of the variation in the spectral
response ordinate, SA, due to the variation of input ground motion, the
variation in system damping, 8, and the variation in the value of spectral
acceleration reduction factor, R, as influenced by the variation in system
ductility factor, u. The factor R is taken as unity for the ground accel-
eration portion of*the response spectrum,1//2p - 1 for the amplified
acceleration spectral region and 1/u for the spectral velocity and spec-
tral displacement regions. Thus, the ground acceleration capacity may be
expressed as a function of the following variables centered on median
values:
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A A EN d b C D, (A-16)

=
g g cc ag

where

E Factor expressing the variation of element=
c

capacity as a function of the ratio of material

strength to the median material strength govern-
ing the element failure mode (median value for

E = 1.0).c

W Subjective factor expressing the variation of=
e

element capacity as a function of construction
quality and workmanship (median value for W *

c
1.0).

S . Factor expressing the variation of spectral=
a

acceleration response due to the variance in

ground motion input (given median system damping
8, and median system ductility, u) as a function
of the ratio of response spectrum ordinate to the
median response spectrum ordinate at the system
frequency at the dominant mode. (Median value for
S = 1.0) .a

C Factor expressing the variation of spectral accel-=
g

eration response due to the variance in system
damping (given median response spectra and median
system ductility) as a function of the ratio of
response spectrum ordinate to the median response
spectrum ordinate at the dominant system frequency.
(Median value for C = 1.0).g
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D Factor expressing the variation of spectral accel-=

eration response due to tne variance iri system
ductility, characterized by the spectral reduction
factor, as a function of the ratio of response
spectrum ordinate to the median response spectrum

ordinate at the dominant system frequency.
(Median vclue for D, = 1.0).

J Subjective judgement factor expressing the vari-=

ation of ground acceleration capacity as a function
of the overall assessment of the procedure accuracy,
element force capacity co- ervatism, and capability
of the building dynamic model to duplicate actual
structural response due to earthquake ground motion.

(Median value for J = 1.0).

The logarithmic variance in ground acceleration cacacity may
then be defined in terms of the logarithmic variance of each of the in-
dependent contributing random variables

8 O +85 +8C +O D +E + J S[A =
( A-17 )g c c a e u

Thus, the upper and lower bound values for the seismic acceleration
capacity may be computed as

A exp(3 )A =

(A-IS)

A exp( BA)A "
g g

1363 140

A-8



A.3
UNCERTAINTY BOUND CONTRIBUTING FACTORS

This section provides the values assigned to the various
factors utilized in the uncertainty bound analysis. The uncertainty
bound analysis was performed utilizing the relations developed above
with the values for the factors as given herein. The results are
given in Section 3 of this report for the controlling elements / systems.

For each type of system analyzed with similar capacity
analysis procedures, generally only one analysis for uncertainty
bounds is required for systems with natural frequencies in the same
region of the response spectra. These frequency regions are constant
displacement (f s0.25 Hz), constant veloctiy (0.25 s f s 2.0 Hz) ampli-
fied acceleration (2.0 s f s6.0 Hz), transition region (6.0 s f s 20.0 Hz)
and hich frequency region (f 2 20.0 Hz) . For the transition region, the
bounds are linearly interpolated between those calculated for the amoli-
fied acceleration region and those for the high frecuency region. The
effect of the variation in ground motion (variable S ) and the effect

a
of the variation in system damping (variable C ) were assessed from

g

the criteria spectra data presented in WASH 1255 (Reference 7). Table
A-1, which was abstracted from Reference 7, presents the median (50
percentile) and the one standard deviation (84.1 percentile values of
spectral amplification for various levels of damoing and for the three
major spectral frequency regions. The results of the determination of
the variation in spectral acceleration resconse due to the independent
variation input motion, dampina, and ductility are tabulated in Table
A-2(a) for the dynamic response of JN-1B steel frame (f = 0.78 Hz to

1.78 Hz) with the median values normalized to 1.0. Tables A-2(b), (c),
and (d) give the results for the JN-4 facility at three different fre-
ouency regions.
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The variation of material strencths for each element failure
mode which governs each major capacity estimate for tne BMI facility is
tabulated in Table A-3. It snould be noted that for rigid body analyses,
the capacity is not significantly affected by variations in strengtn.
In the cracking analysis the variation of tne modulus of rupture (MOR)
is of small significance as the pre-compression cue to dead load is the
largest factor contributing to cracking aaa:ity. In this case the small
effect of variation in MOR is included in tne cverall analysis variation
factor J for convenience. This is reflected in the element capacity
factor presented in Table A-4(b). The resulting normalized conttibuting
factors, as defined for Equation A-ll, are tabulated in Tables A-4(a)
and (b) for JN-1B and JN-4 facilities rescectively.

Some further explanation is required for the values presented,

in Table A-4(b). For the rigid body capacity analyses, the reserve energy
method was judged to give slightly unconservative results (Reference 29).

This is because of the small differences between the theoretical model.

and the actual physical system. For example, vertical accelerations of
the ground are not considered and the walls are generally not constructed
perfectly plumb. (J)m, the analysis judgement factor, is thus taken as
0.95. All of the median value rigid body results summarized in Section 3
have been adjusted accordingly.

A.3.1 Examole Calculation: JN-1B Roof Truss Capacity

The failure of the roof truss (shear failure of the bolted
connection of the diagonal bracings) is controlled by the second mode of
response (0.82 Hz) for north-south shaking. Referring to Table A-4(a),
we obtain the estimates of the logarithmic stancard deviation for each
contributing factor.

Roof truss resoonse

/ = 0.2ii j5 = 0. i3 5 |3 = 0. ' 9 5*,A 9 ,
%

.
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Roof truss capacity

b S
/ 5,. = 0. 0'i5 / g = 0.>

Analysis assessment

f3=0.ib4 |

Now, utilizing Equation A-17 we obtain

2

=(0.2ii)2T (0. s 3 5) f ( C.@ S| ~ ( UW). (O.t i".I = .:. 3+f4
n 2..

( r

A = 0.59 0

and from Equation A-18, the ground acceleration capacity is, given
(A ), 0.30,

g

A y = 0.3o eep( : o.590) Ae 0. r4=
da

A g, = 0 17
A

Using Equation A-13, we cbtain tne coef'ic'er of sar'ation for tr.e
ground acceleration capacity,

C0%,=Jemto.ug4>-1 c.64s=
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TABLE A-1. HORIZONTAL DESIGN SPECTRA AMPLIFICATIONS AND BOUNDS

(Reference 17)

* Spect rum bounds Spectrum boundsFarl 9Percentile CamPIn9 Ampilfication (a lluvium) (rock)g, neypercent D y A D V A D V Ahertz in in /see o in In/see o
,

0.5 1.97 2.58 3.67 40 73 124 3.67 24 72 3.67
2.0 1.68 2.06 2.76 30 60 99 2.76 20 58 2.76 '50
5.0 1.40 1.66 2.11 20 50' 80 2.11 17 46 2.11

10.0 1.15 1.34 1.65 20 41 64 1.65 14 38 1.65

0.5 2.66 3.41 4.65 40 96 164 4.65 32 95 4.65
2.0 2.24 2.68 3 36 30 81 12 9 3 36 27 75 3.3673
5.0 1. 83 2.10 2.48 20 66 101 2.48 22 59 2.48

10.0 1.47 1.66 1.89 20 53 80 1.89 18 46 1.89
.

05 2.99 3.81 5.12 40 108 183 5.12 36 107 5.12
2.0 2.51 2.98 3 .65 30 90 143 3.65 30 83 3.6584.1

(1 e) 5.0 2.04 2.32 2.67 20 73 III 2.67 25 65 2.67
10.0 1.62 1.81 2.01 20 58 87 2.01 19 SI 2.01

0.5 3.28 4.16 5.53 40 118 200 5.53 39 116 5.53
2.0 2.74 3.23 3 .90 30 99 155 3 90 33 90 3. 90go

5.0 2.21 2.51 2.82 20 80 120 2.82 27 70 2.82
10.0 1. 75 1.94 2.11 20 63 93 2.11 - 21 54 2.11

0.5 3.65 4.60 6.05 40 13 1 220 6.05 44 129 6.05
2.0 3.04 3.57 4.22 30 109 171 4.22 36 100 4.2295
5.0 2.44 2 . 75 3.03 20 88 13 2 3.03 29 77 3 03

10.0 1. 91 2.11 2.24 20 69 101 2.24 23 59 2.24

0.5 4.01 5.04 .6.57 40 144 242 6.57 48 141 6.57
2.0 3 34. 3.89 4.54 30 120 187 4.54 40 109 4.5497,7

(2 e) 5.0 2.67 2 98 3.23 20 96 I43 3.23 32 83 3.23
10.0 2.08 2.28 2.37 20 75 109 2.37 25 64 2 37

Cround motions a, g v, In/sec d, in

alluvium 1.0 48 36rock I.0 28 12
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TABLE A-2(a) SPECTRAL ACCELERATION RESPONSE VARIATION -

JN-1B HOT CELL FACILITY

Contributing Contributing Variable Values
Variable Lower Median Upper

Spectral Response
Input Variation

( f = 0.41 ~ 1. 78 Hz) , 1.0 1.24

a = 15%. u = 2.5)

System Damping

(s, percent of critical) 10% 15% 22%

Spectral Response
Damping Variation

( f = 0.41 ~ 1.78 Hr, Median 0.84 1.0 1.10
Spectra, u = 2.5)

System Ductility (u) 1.5 2.5 4.0

Spectral Reduction Factor 0.25 0.4 0.67

(R = 1/u)

Spectral Response
Ductility Variation

( f = 0.41 ~ 1. 78 Hz, Median 0.62 1.0 1.68
Spectra, c = 15%)
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TABLE A-2(b) SPECTRAL ACCELERATION RESPONSE VARIATION -

JN-4 PLUT0NIUM LAB

_

Contributing Variable Values

Contributing Variable Lower Median Upper

Spectral Response
Input Variation

1.0 1.4(0.25 s f s 2.0, s = 10%,

u = 1.0)

System Damping

(S, Percent of Critical) 7% 10% 14%,

Spectral Response
Damping Variation

0.9 1.0 1.15(0.25 s f s 2.0, Median

Spectral, u = 1.0)
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TABLE A-2(c) SPECTRAL ACCELERATION RESPONSE VARIATION -

JN-4 PLUTONIUM LAB

Contributing Variable Values

Contributing Variable Lower Median Upper

Spectral Response
Input Variation

(2.0 s f s 6.0, s = 10%, 1.0 1.22
u = 1.0)

System Damping

(8, Percent of Critical) 7% 10% 14%

Spectral Response
Damping Variation

(2.0 s f s 6.0, Median 0.88 1.0 1.12
Soectral, u = 1.0)

.
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TABLE A-2(d) SPECTRAL ACCELERATION RESPONSE VARIATION -

JN-4 PLUT0NIUM LAB

Contributing Variable Values

Contributing Variable Lower Median Upper

Spectral Response
Input Variation

(f 2 20.0, s = 10%, u = 1.0) 1.0 1.0 1.0

System Damping

(2, Percent of Critical) 7% 10% 14%

Spectral Response
Damping Variation

(f 2 20.0, Median Spectral, l.0 1.0 1.0
u = 1.0)
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TABLE A-3. ELEMENT MATERIAL STRENGTH VARIATION - JN-1B

HOT CELL FACILITY (REFERENCE 4)

Contributing Variable Values

Contributing Variable Lower Median Upper

Steel Diagonal
Member Buckling 40 ksi 44 ksi 48.5 ksi
(A 36 Yield Strength)

Steel Member
Connection Shear 64 ksi 68 ksi 73 ksiCapacity (A307
Ultimate Tension)

1363 149
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TABLE A-4(a). UllCERTAINTY BOUND STATISTICAL PARAMETERS - JN-10
ll0T CELL FACYLITY

.

Contributino Factor Values

EstimatedContributing Factor Lower Median Upper Standard Deviation

Spectral Response
S,, f = 0.78 ~1.78 Hz 1.0 1.24 0.2M

Spectral Response
C , f = 0.78 ~1.78 llz 0.84 1.0 1.10 0.135g

! $
Spectral Response

D , f = 0.78 ~1.78 Ilz 0.62 1.0 1.68 0.498,

" .

Ductility
t

Ec
eel lunn .0 1.10 0.095Elenent .

Capacity
E

c
(A307 Bolts) 0.94 1.0 1.07 0.065

Construction W
Quality and-

ts Workmanship (Steel) 1.0 1.0 1.0 0.0
Cd
O> Analysis

Judgement J 0.85 1.0 1.18 0.164
|
:

LD
CD

.
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TABLEA-4(b). UitCERTAlflTY 80UtID STATISTICAL PARAMETERS -
JN-4 PLUT0flIUM LAB

Contributing factor Values

EstimatedContributing Factor Lower Median Upper Standard Deviation
Spectral Response 0.25 s f s 2.0 1.0 1.4 0.336

Input S, 2.0 s f s 6.0 1.0 1.22 0.1993

f 2 20.0 1.0 1.0 0.0
_

Spectral Response 0.25 s f s 2.0 0.9 1.0 1.15 0.1232
1.
* Damping C, 2.0 s f s 6.0 0.88 1.0 1.12 0.1216

f220.0 1.0 1.0 1.0 0.0

Element
ECapacity c 1.0 1.0 1.0 0.0

Analysis Rigid Body Rocking 0.80 0.95 1.15 0.181
Judgement, -

u Elastic Cracking 0.85 1.0 1.18 0.164
&
O-)

_

-
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APPENDIX B

DETERMINATION OF CHANNEL SLAB SLIPPAGE
DURING JN-4 RIGID BODY ROCKING
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APPENCIX B

DETERMINATION OF CHAhNEL SLAB SLIPPAGE
DURING JN-4 RIGID BODY ROCKING

The slipping of the precast channel slabs relative to the
steel beams is an important phenomenon when studying the rigid body

rocking response and ultimate collapse capacity of the JN-4 facility.
All the precast channel slabs are orierced in the same manner throuch-
out the building (Figure B-1). The~ fore, it is sufficient to examine

two independent ground motions in studying the rigid body rocking
response of the structure.

.

A. EAST-WEST GROUND MOTION

The rigid body rocking motion of the JN-4 facility for East-
West (E-W) ground excitation is shown in Figure B-2. Calculations have
shown that under E-W excitation the unreinforced masonry piers located
along column lines 6 and 8 (Figure B-2) will interact with the steel
framing. Thus the piers in effect act as shear walls and provide re-
sistance against rigid body rocking of the Main Laboratory building.

Along column line 7 however, restraint of the steel framing
is minimal. As the lateral loading at the roof level increases, the
steel framing will begin to rock with maximum deflection along column
line 7 (Figure B-2), and the roof beams will form plastic hinnes at the
connections. This rigid body rocking motion is resisted in the roof by
the couples the channel slabs exert on the steel framing (Figures B-5 to B-17)
and by the restoring effects developed by the vertical roof load on the
steel columns. The couple action of the channel . slabs on the steel

1363 153
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framing was examined in some detail since the magnitudes of the forces
created are not always obvious.

Figure B-3 shows a typical channel slab resting on a pair of
16W36 beams. The precast channel slabs have typical dimensions of 2-
inches-thick by 2-feet-wide by 12-feet-long. A six-inch flange is
located along both the 12-foot-long edges 9 Figure B-4). Figure B-3
idealizes the centerline of the North Bay as having no shear resistance.
The ends of the steel wide flanges above unreinforced masonry walls are
assumed to be pin-ended to simulate the plastic hinge.

A free-body diagram of a typical chan nel slab is shown in
Figure B-5. If one slab on the steel framing is loaded laterally as shown

in Figure B-3, a statically deteminate system results. Reactions R) and
R depend on the distance L the slab is located from the shear wall.

3

Hewever, if two or more channel slabs are on the steel beam
and an equal inertia load is applied to all the channel slabs, a different
force distribution results. Because the problem is now statically in-
deteminate, forces in both the beams and channel slabs depend on their

relative stiffness. A finite element model was run for a series of channel
slabs connected to two 16W36 beams. The beams were modeled by finite
element beams and the channel slabs by plane stress membrane elements
(Figure B-6). The results of the computer program showed that, as exDected,
all the shear loading is carried by the channel slabs. Only negligible
shear stresses and bending moments occurred in the beams. In effect, all

the lateral loading on an individual channel slab reacts directly along
the edge of the channel slab located the closest to the shear wall. The
resulting force distribution is shown in Figure B-7.
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For slip to occur along the left edge of the channel slab, assume
S), S2 = 0.

[F = 2( pg)y

14 F = 2 ($-y k )

F = h |Ud:.

This slip pattern is only valid if the slab is not slipping at corner
3. A check of the maximum force shows that:

Ss = 2.15 F

V3 = 5'3 + 6.5 F =J2.25*t6# F

V3 = 6.F F F

If v1 <. 7 F no sl;p occws.

' no slip occurs at corners 3 or 4 as corners 1 and 2 slip.,.
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Figure B-ll examines the same row of channel slabs an instant
later. The forces shown on the diagram are the ones that must exist in

order for both the exterior channel slab and the next slab inward to
slip.

Wat r,<a t ra nte

E L
_

_u.

g

,j A d "

a

F 13F-y[deg

EM = 0A

F1 + 21(t3 F-$p M) = O

'

F = 27 / N

E Fy G A = O

R = F + i3 F - /N
'

= I4 ( 27 ? N ] ~ ~b'f N

S**018#/ N Reaction of steel
beam on shear wall a s first
Ond Second Slabs Slip .

.
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Figure B-12 re-examines the channel slabs at the instant when
all the slabs across the bay slip. An idealization is shown below:

14 f
4_ .

-

3a o o a a j
. e 1,

F F F F yyJ- F-

'l

ems = 0

F1 + F- 2 9 + - - - - - r F s+9 - t49 ($p u) = 0

F E(i v2 +3, - +I4)=7pH

6 05 F = 7)l N

105 b"

ZF@B:oy

14 F - } / N - 28=0
7Re = I4 ( ,os )p d 5p d

Re = . 4.33p d
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oo oJ . 2 . . \. __,

When considering the rigid body rocking model for the whole
Main Laboratory an ecuivaler.t force -* the oay centerline is reouired
to account for the resistance of the cnannel slab-steel frame systent.

7F=H5 .==H5(ws-)yN

S - number d sjuerric sides of The baj, = 2

f = OC(C2 ,v cwreb To bho One Yaw 00 hanne|e C

Slabs

),( : C00h uenT Of frictior1 =.G

N total r10rma} force h# d PO W Ob -

Char 1 riel 5|0bS extending alDj Tne

whole bay

H = One hGlf Thi :'JanDir Q? cnar:,1cl slab 5
PGY Side = 7

F = 2( ]f)( s)(N5)(2)(3tf)(7) = 37x Ibs.T

An equivalent constant force of 3700 lb. must be aoplied to
the rigid body rocking model in the E-W direction to account for couple
action of the channel slabs.
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B. NORTH-SOUTH GROUND MOTION

The critical portion of the JN-4 f cility which was analy:ec2

for N-S ground excitation is shown in Figure B-13. Tnis particular cortien

of the building fails in a rigid body rocking mode because of tne rela-
tively low shear capacity of column line F as compared to muc;i higher
capacities of adjacent column lines Ea and G. Figure B-1 shows :ne creint-
ation of channel slabs across the bay. Once again it is important tc
examine how a single channel slab slips under late al loading in crae-
to determine the action of the entire bay.

Figure B-14 shows a typical pair of cnannel slaos ces-Sc ::
sf eel beams (1/2 of the bay considered). The shear well is again iceal-
ized as a fixed support with the centerline of the bay ree esentec as a
roller. A free-body diagram of the channel slac labelec 1 in Figure 5- M
is shown in Figure B-15. In addition to tne lateral inertia force ia t's
y-direction, the only external force considered to be acting cn the slab
is due to the inertial load of the slabs own weight. An additicnal ex-
ternal load due to slab 2 (Figure B-14) will be considerec iater

* In order to correctly interpret the force cistribution ex-
plained in the following paragraph, simultaneous consiceratier of bcIn

Figure B-14 and Figure B-15 is required. Assume an inertial load is a:pitec
to channel slab 1 in the cositive y direction. The icac initially a:-
tempts to distribute equally to all four corners of tne channel stat.

However, all of the load due to reactions R and R4 which is accifec c3
beam B must react at shear wall I. The only possible load cath f0-

reactions R and R is due to the stiffness of beams A anc : in cu:-o'-3 4

plane bending. The W16 x 36 beams are very flexible when icadec ou:-of-
plane since plastic hinges form at low response levels. This means that

the total reaction, R and R required to deflect the beams enough so3 4

that the channel slab essentially has no restraint along its rignt edge,
is a very small fraction of the total inertia load. The channel slabs
are essentially rigid and non-deformable when compared to the beams,

1363 159
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Therefore for the purposes of the following calculations,
reactions R and R are assumed to be zero. Figure B-15 shows a new3 4

free-body diagram where a support is also assumed at coint 3. This
support models the condition that the channel slabs are restrained from
sliding in the positive x direction because of bearing on adjacent
channel slabs. Consideration of the deformation conditions which occur
as rigid body rocking begins shows that the channel slab must slip at
three corners simultaneously. Slip occurs at any particular corner
when the vector sum of the foces at the corner equals 1/4uN. Through
the use of Figure B-16 and knowing corners 1, 2, and 4 slip simultaneously
the following relationships can be shown.

E Fy = 0

R. , R 1 =F bss u e Ri = h,

e,=+:.

ZM 3=0

F h - 2Ri(fd t s,fi 52 fi = 04

Ff2 3S; _- _

2g

Fu slip to occur at caner 4

Sz = kg H

Siig at cener I occars snen

j S[t Ri = ff M
*

F, 6 i 2 F* 1
e

2/| . 4 4

1363 160
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The vector sum at corner 2 is the same magnitude as corner
1 but the direction it points is different.

Back substituting:

$, = ('' ~.25 A

S, = . 2 s c ip t4

The force required to cause a row of channel slabs across
one-half of the bay is now easily calculated.

EMA=O

6Ft i f F - 2(2 52) - 2 (2 5 ) = o

24 F-4 (.23(,fp tJ) - 4 (,2 5p pj) : o

F=.oetuptl
The total force required to cause all the slabs in the bay

to slip is:

FT = 2(.oSil) p d (2F)

= 2 (18)(.6)(.08tt)(2)(u)( 39.t).

Fr = 1sG o Ibs .

1363 161
B-10

- . . . - - . ... -__



This force, F , is applied as an equivalent point load when
7

calculating the failure of the roof using a rigid body rocking model.

C. CONSIDERATION OF SIMULTANEOUS HORIZONTAL COMPONENTS OF GROUND MOTION
INPUT ON THE COUPLE ACTION OF THE ROOF CHANNEL SLABS

The effect of the simultaneous horizontal acceleration component
equal to 0.4 times the principal input on the restraint capability developed
by the channel roof slabs was not treated in an exact manner. The force
distribution developed in the roof system is statically indeterminant.
Once slipping starts, there is significant shift in the frequencies of
predominant response of the structure with corresponding change in the
response amplification in the principal directions. Thus, although the
ground motion input components are assumed to remain at a fixed ratio of 0.4
to 1.0 with increasing levels of acceleration, the response ratios in the
slab are continuously varying; not only with shift but continuously on a
time history basis.

Rather than solve this highly indeterminant system on a time
history basis for a number of acceleration levels with the iterations
required at each level necessary to account for the amplification
changes, an approximate method of accounting for the reduction in the
allowable lateral load of the roof was adopted. The method adopted was
to solve for the force distribution in the roof for the assumed 1.0
direction input component. The 0.4 component was then added assuming
the same response ratio as the ground acceleration components.

The forces at all corners of the channel slab were then ex-
amined to see if the maximum permissable force,1/4uN, was exceeded.
If this maximum force was exceeded, then a reduction factor for the
slab was calculated to bring the slab back into equilibrium.

B-11

1363 162

__. - _. ..



Using Figure 19 for a typical critical slab

Examine ccyner 2

c.2 n . n )p a p . n y a

Calculate a reduction factor

[.o47 x + . 25x]jA N .2 5p d

x = ,2f = . 842
'

/. Reduce all valdes by approx.mately 1 C '/h .

Figure B-20 shows the corrected force distribution on the slab.
Note that the vector sum for any corner is less than or equal to 1/4uN.
In view of the relatively small reduction in capacity based on this ap-
proximation, especially in view of other uncertaintites connected with
this part of the analysis such as the coefficient of friction and even
the basic assumption of the 0.4 to 1.0 ratio of the input, it was con-
sidered unnecessary to refine this approach further.

.
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I Alti.I C-1. JN-1B Slit 0ClURAL flATERIAl. PROPERllES (TEllSILE tlHl.ESS N0 FED)

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

Vield Strength ultimate Strength
-

to.er upper to.ee ui:perMaterial Min. Spec. Bound Median Sound Min. Spec. Bound Medfan Sound5tructural Element Identification (kst) (kst) (n t) (kst) (kst) (kst) (ksi) (kst)s

Plate. Rolled Shapes
_

and Miscellaneous A5IM 636 36 40* 44* 48.5* 58 64* 68* 73*Structural Steet

1

5 teel Roof Dect A51H A24%
Grade C - 33* M* 45* - - -- 54

. _ . . . - .
_

H 5ertes Jetsts A$lM A242 50 54* 47* 61* 70 76* 80* 85*i

Retaforcing Steel A51M Amis 40 41(a) , 43(a) g(a) to 76* B0* 85*Beae Stirrups) Grad? 40

IDI 70.5(h)Relaforcing Steel A51M A615 60 62 66 90 97* 102* 109*(All Others) Grade 60m
L -

Structural >l"e 81 86* 89* 93* 105 180* 114* 199*ASIM A325 -
--

Bolts <l a 92 97* 100* 104* 120 125* 1 30* 1%*

footlegs. Srade 5tructural 4
Scams and Pool Contrete at -- - - - --- - (comp.) 4.2* 4.6* 5.0*hall 28 Days

j

Other Concrete St ruc tur al 3j 5tructural fle. Concrete at - -- - - (comp.) 3.4 4.0 4.7ments Not (sposed 28 Days
to Weather

"

i U _

I @ ~
Mortar Type N

.0l' .02* .04*ASIM C270
Vertical
Bending (MOR)

teorienntal .02* .04* .UteSending (NOR)Q
Shear Strength .0?* .04* .08*

* Estimated value (a) Reference II (t:) Re f erenc e 12

.



TABLE C-2. JN-1B STEEL STRUCTURAL MEMBER PROPERilES

Major Axis Minor Axis
Area

Member Depth
Structural Component Des igna tion (in.) (in. ) I(in. ) S(in. ) 1(in. ) S(in. )

Roof Framing 33Wil8 33 34.8 5900 359 187 32.5

14W30 14 8.83 290 41.9 19.5 5.80

14W22 14 6.49 198 28.9 7.0 2.80

12W27 12 7.95 204 34.2 18.3 5.63

BW10 8 2.96 30.8 7.8 2.08 1.06

Roof Joist 14ll3 14 0.92 39.0 5.5 - - -

Roof Deck 1-1/2" - 20 (per 12 in) (per 12 in)
Ga. Narrow 1.5 0.24 0.21 ---

c., Rib Galvan-
"" ized Steel

Deck

Main Column 24W68 24 20.0 1820 153 70.0 15.6,

|

| Ilung Corner Column 18W40 18 11.8 612 68.4 19.1 6.3

Craneway Framing 24W84 +
15C33.9 24.5 34.7 3649.6 102.6

i 12W40 12 11.8 310 51.9 44.1 11.0
12W27 12 7.95 204 34.2 18.3 5.63

Craneway Cross Bracing JL 4 x 3 x 3 3.38 2.71 1.20

| 1/4
-

ON

|
LA)

__.

4



TABLE C-2. SlLEL STRUCTURAL MEMBER PROPERTIES (coritinued)

Major Axis Minor AxisAreaMember Depth
Structural Component Designation (in.) (in. ) I(in. ) S(in. ) 1(in. ) S(in. )

Mezzanine floor Slab 12W45 12 13.2 351 58.2 50.0 12.4Support Beams 12W40 12 11.8 310 51.9 44.1 11.0
12W31 12 9.13 239 39.5 21.6 6.61
12W27 12 7.95 204 34.2 18.3 5.63
12W22 12 6.47 156 25.3 4.64 2.31
8W10 8 2.96 30.8 7.80 2.08 1.06

Mezzanine Floor Metal Inland-Ryerson 1.5 0.607 0.243 0.250
Deck 20 ga. Type S (per ft.) (per ft.) (per ft.)

Steal Deck

Low Roof Support 18W35 18 10.3 513 57.9 15.5 5.16o Beam 14W30 14 8.83 290 41.9 19.5 5.80

Low Roof Jolst 1 8117 18 1.73 139.8 15.5

Low Roof Metal Deck 1-1/2" - 20 Ga. (per 12 in) (per 12 in)
Narrow Rib Gal-
vanized Steel 1.5 0.24 0.21
Deck

Cross Bracing at L4 x 4 x 1/4 4 1.94 3.04 1.05 3.04 1.05,

: Side Walls
L3-1/2 x 3-1/2 3.5 1.69 2.01 0.79 2.01 0.79
x 1/4-

va 2LS 5 x 3-1/2 5.0 5.12 13.20 3.87
& x 5/16
v.;

Girt at Panel Joint C8 x 11.5 +
"

L2-1/2 x 2-1/2 4.57O
x 1/4UT



HIGH ROOF UNIFORM WEIGHT

lb/ft

Built-up Roofing 6

1-1/2" Rigid Insulation 2.3
1-1/2" - 20 Gage Metal Deck 2.3 ,

Roof Framing 9.0
Ductwork and Piping 1.5

TOTAL 21.1

MEZZANINE UNIFORM WEIGHT

2
lb/ft

1-1/2" Steel Deck w/4" 39
Concrete Fill

Equipment (Fans and Pumps) 15

Steel Floor Framing 8

Ductwork/ Ceiling 5

TOTAL 67

METAL WALL PANEL UNIFORM WEIGHT

2
lb/ft

'

Metal Wall Panel (2 steel sheets 3.0
and insulating core)

Equivalent weight of girts and 1.8
sag rods

TOTAL 4.8

TABLE C-3. JN-1B UNIFORM AREA WEIGHTS

C-4
J

. . , - -.
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COLUMN FOOTING SCHEDULE
Reinforcing

RemarksMark Size Death Ea. wav 6 L.w. 5.w.

@ | 6 '-6"x6 '-6" l'-10"| 9#5 |
@ 6'-0"x6'-0" l'- 8" 8=5 i

@ 4'-0"x4'-0" l'- 0" 4#5

@ 8'-8"x6'-1" 2'- 6" 12e 7x8'- 2" |17 # 7 x 5 ' 7 '' #6@l2"EW .Too A Bot.
(E) 4'-6"x4'-6" l'-0" 6ft5

cr
.J.f.

-v V
Iruxw,w

N
C5 4Ifr.T \Nr

|

I

I
I

-

!+._. .y
,

TALEWELD |

| ' TfPldAL SRActN(=~
$CE ELEVNTIONS

t.a sq41c, . - ;

I

|

1

1-

1

I_w v._ _
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FIGURE C-Il- JN-1B COLUMN FOOTING SCHEDULE AND WALL BRACING DETAIL
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4 g ,' 4 + 13" x l-1/4" xg4
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0" x 1" x 2'- 1 3'-10" Plt.
1" Plt. !. ;

,

.

| 6 o i f# 1" x 2'-0" Bol t-- ,

e,

,

I
.

b
_ _

l,' 0'p 424W68 Column ,

24W68 Column with 12W40
Crane Column

FIGURE C-12. JN-18 COLUMN BEARING PLATE AND ANCHOR BOLT DETAILS
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TABLE C-4. JN-4 STEEL STRUCTURAL MEMBER PROPERTIES

Major Aats Minor AmtsDesta
Area

Structural Coseenent Designetton ( ) (in ) g (,,4) $ gg,3) g gg,4) $ g,,3)
2

Roof Framint 21WF62 21 18.2 1327 126.4 53.1 12.9
18WF50 18 14.7 800.6 81.0 37.2 9.9
16WF#5 16 13.2 583.3 12.4 30.5 8.7
16WF'- 0 16 11.8 515.5 64.4 26.5 7. 6
16WF36 16 10.6 446.3 56.3 22.1 6.3
16831 16 9.12 372.5 47.0 11.57 4.19
16826 16 7.65 298.1 28.1 8.11 3.17
12WT27 12 7.97 204.1 34.1 16.5 5.112914 12 4.14 88.2 14.8 2.25 1.13
SWT17 8 5.00 54.4 14.1 6.72 2.66813 8 3.83 29.5 9.88 2.62 1.316810 8 2.95 30.8 7.79 1.99 1.01

Colwes 6 a 4 s 5/16 5.52 25.4 8.46 13.5 6.74
-

5 a 5 a 1/4 4.54 16.60 6.6 38 16.60 6.6 38
-

4 x 4 s 3/9 4.95 10.15 5.076 10.15 5.076
-

4 3 4 s 5/16 - 4.24 9.203 4.602 9.203 4.6C2. 4 1,4 3.5. , . . . 3.,,. ,.,88 3.,,.
-

1363 199
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Haso Bearing Moment of Moment of
Area Iner la Iner lag,jj nt

21hickness Size (in ) (in ) (in ) Remarks

'

8 in. 8 x 8 x 16 46.2 4.25 445 1,,__-
. , , , , .,

l

. 7* '' ' ~ -
i i;...

~

86 In.

!

?
G

12 in. 12 x 8 x 16 59.6 1311 1420 1
( l :->f :.. m;

T
-Ps '"-

- |-Jg i.. m:n.~

c6 ;n.
-

-

tra

w (1) Based on approx. 80% of Net Block Section (100% Flange Area and 40% of Web Area)

N (2) Based on Net Block Section (ASIM C90 llollow Block)CD
cD

FIGURE _C-l_4. . GE_0M_ETRIC PROPE_RTIES_OF_ CONCRETE BL_0CK



TABLE C-5. JN-4 STRUCTURAL MATERIAL PROPERTIES (TENSILE UNLESS NOTED)

Modeles
of

fleid Strength Ultimate Strenoth flesticity Cose=ents

1ower Upper 1ower Upper
Material Mla. Spec. Bound Medlan Sovad Min. Spec. Bovad 'tedlan Sovad Medlan

Structural Element identification (lst) (ksil (tsi) (ksi) (ksi) (ksil (ksil (tsil (psi)

Plate. Rolled A51M AM 36 40* 44* 48.5* 58 64* 68* 73* 29.0 10'
Shapes and Miscelv
laaeoes Structural
Steel

Seleforclag Steel ASTM A61
Grade 40 40 44(*I 48("I 53 *I 70 76* 80* 05* 29.C 30I

Miscellaneows A51M A107
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[ footlags. Grade Struc tural 3.20
Beams and Floor e 6g , feat

- - - -

(Comy.) 3.4 4.0 4.7 3.2 10

poof Slabs 6" *aackle*
Stan 4.2* 5.O* 6.O*

(Comp.) (Camp.) (Comp.)

Mascary ASTM C90 63M l.5 10 Assumed ResearyGrade II - - - -

(Comp.) Grade

#
Mortar type H

A5IM C210

Vertical .Ol' .02* .04*
Seadlag (NOR)

Horltontal .02* .04* .08*
Beadlag (W)

5 hear Strength ,Ot* .04 .oga
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* Estimated Value (a) Reference 11W
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TABLE C-6. JN-4 UNIFORM AREA WEIGHTS

2
lb/ft

Roof System Uniform Weight
Built-up Top and Gravel Roof 6

Insulation (1.4" thick) 2.1
Precast Channel Slabs 21

Piping and Equipment * 8

TOTAL 39.l**
.

2
lb/ft

Wall Uniform Weight

Exterior 12 in. (4 in. brick and 8 in. block) 95

Interior 8 in. 55

lb/ft *

Porcelain Facia *
10

Estimate*

Does not account for beam weights - see structural framing plans.**
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APPENDIX D

VERIFICATION OF APPROXIMATE ANALYSIS
METHOD FOR WALL / ROOF SYSTEMS

As a part of the analysis of another facility, a verification
of the Reserve Energy Method of analysis by means of the time history
method (Reference 29) was conducted. The type of wall construction was
essentially the same as for the BMI facility so that the verification
was not duplicated. The results of the comparisons developed in Reference
29 are included here for easy reference however.

.
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APPENDIX D

VERIFICATION OF APPROXIMATE ANALYSIS

METHOD FOR WALL / ROOF SYSTEMS

The use of the RE method was validated as an estimator of
collapse capacity for the roof / wall transverse systems in two basic
ways. First, the results for the 'B&W analyses as reported in Section
3 correlate reasonably with observations and experience from actual
earthouakes. Second, a series of nonlinear time history dynamic analyses
were performed using a typical B&W wall system model. Results of the
approximate RE analyses compare very closely with results of the time
history analyses. An additional confirmation is provided by consideration
of the stability criteria developed by Housner (Reference 35) for in-
verted pendulum structures subjected to earthquake ground motion.

COMPARISON OF RESULTS WITH EARTHOUAKE EXPERIENCE

General observations as to behavior of masonry buildings in
earthquakes was provided in the Task I Report (Reference 4). Further
discussions as related to mechanics of collaose and the method of analysis
are provided in Reference 29. The discussion herein is intended to show
that collapse levels observed from past earthquake experience correlate
reasonably with the capacities predicted by the approximate analyses used
for this study.

Unreinforced masonry is one of the types of construction most
vulnerable to earthquake damage and relative to other construction assemblies
has a high incidence of failure for major seismic events. Despite this fact,
major collapse and total failures observed in moderate to major earthquakes
for unreinforced masonry construction are statistically low for construction

1363 213D-l
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such as found in North America. Table D-1 indicates the percentage of
unreinforced buildings collapsed or subseouently torn down because of
major damage from some past California eartnquakes. These data were

based on information gathered by Steinbrugge (Reference 36) and Martel
(Reference 37). The Table also provides the Modified Mercalli Intensities
for ground shaking levels for these events at the sites of interest.

The percentages shown in Table D-1 are approximate values
based on interpretation of the data tabulated in the References. For

example, the basic data for the Long Beach Earthquake are in categories
which indicate percent of damage. The 53 percent figure given in Table
D-l is for comerical buildinos which were demolished. An additional
41 percent of buildings had damage estimated at between 25 and 75 percent.
It is judged that none of the buildings in this damage range suffered
major collapse. However, the damage in Compton, was relatively high, was
based on a relatively Av buildings, and was for an area which evidently
had a relatively high intensity of shaking. The incidence of major
damage and partial collapse in Long Beach was considerably lower, based
on Reference 37.

The data was more easily interoreted for the Santa Barbara
Earthquake in which of 340 buildings, mainly of unreinforced brick
construction with lime mortar, 38 were demolished. The next category
of damage " seriously damaged" included major cracking but evidently
no major collapse of walls and roof.

The date on the Kern County Earthquake were not as clear.
Sixteen percent of unreinforced brick buildings were torn down and this
is the number reported. An additional 20% of such buildings were in
question as to demolition, and another 42% of buildings were repaired
with 22% undamaged.

~*
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The above data indicates that for severe eartnquake ground
shaking in the range of peak accelerations from about 0.159 to 0.5g
(which is a rough estimate of the range of peak accelerations wnich
occurred for the three earthquakes and the sites considered) the
probability of major collapse is relatively low, within the range of
10 to 40 percent.

A similar inference may be drawn on the basis of experience
from the San Fernando Earthquake (1971). Housner and Jennings (P.eference

38) indicate that, for the type of buildings considered, major damage
and partial collapse can be expected at peak ground acceleration levels
of between 0.2g and 0.49 Housner and Jennings values as reported are
based on estimated capacities of various types of construction under
ground shaking and conditions of the 1971 San Fernando Earthquake.

The specific past earthouake history and other data cited
above indicates no collapse or a very low probability of collapse at
ground levels of below .15g. Also, based on the above data a rather

qualitative estimate of median collapse levels for unreinforced masonry
buildings is in the range of 0.15g to 0.4g.

A more quantitative correlation may be obtained by observing
the approximate relation between intensity and ground acceleration as
coordinated w'th perfomance of unreinforced masonry construction.
Such a correlation based on past earthquake experience is given by the
Modified Mercalli Intensity (MM) scale with approximate intensity and
acceleration levels, Figure D-1. These data are based on work by

Richter (Reference 39) and as discussed in Reference 40.

Utilizing this information and considering ordinary workmanshin-

and unreinforced masonry, the construction of interest is " Masonry C".
In Figure 0-1 under MM VIII, correlation is provided indicating damage
and partial collapse of " Masonry C" at peak ground accelerations of

\}[J} 2}bD-3
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between 0.15g and 0.3 . This is a good correlation with the range of9

collapse prediction for rigid body systems (without roof diaphrages)
as calculated for the structures considered in Reference 29. Reference
29 also shows a range (from lower to upper bound predictions) of collapse
for controlling structural wall-roof systems of 0.14g to 0.33 . Also,9

a collapse capacity for all cantilevered rigid body wall / roof systems
is shown to range from 0.14g to 0.41g in the same reference.

Figure 0-1 shows that for MM IX and ground acceleration levels
of 0.3 9 to 0.7 , " Masonry C" is indicated to be heavily damaged and9

sometimes totally collapsed.

In summary the comparisons indicated between observed damage

from past earthquakes and the capacities analytically predicted in this
study compare quite favorably.

COMPARISON OF RESULTS BY ANALYSIS

A second confirmation of the approximate analysis procedures
used in this study was provided by a series of nonlinear time history
verification analyses. In order to demonstrate that the RE method of
analyses provides a good estimate of wall / roof system capacities consid-
ering rigid body response modes, verification analyses were made for a
simple but representative wall / roof system. The RE analysis method was
verified by showing that the capacity of a representative system obtained
using the RE method of analysis compares well with the capacity of the
system as detemined independently using nonlinear time history analysis.
The effect of concurrent vertical motion was also investigated using two
uncorrelated time history input motions.

The representative simplified system selected is a single wall
supporting a uniform roof load, modeled after the east wall of FAB 6. The

12 inch hollow block wall with corresponding wall and roof weignts is

0-4
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shown in rigu e D-2. "1is sys;em is the sa s as that used to illustrate.

acclicatien of tne Rese se Energy (RE) approximate analysis method in
P.eference 29. As reco-te ir. Reference 29, the actual seismic caoacity

in t ansverse snaking Of ME 4 was determinec utilizing a more compier
madai ineci.: g an er:f s strs:..:ril systerr co pmsec Of east al.a 'cas i.
walis anc the roof structure.

GROUND MOTI0il CRFEP: A

Tne Dea? : Ou r accaltr t On ca:&r' y. as oste mined 20 :.emC1-
strate ve-ifica-ion of the RE metnoo, was Las- :n a sei:mic inatt

ce#initica differer.t than :ne criteria in:.c:. ~he rea ,cn fcr selectica

Of tne carticular incut #cr ver'fication analysis was that artificiai
ti ne history accelera:icn e:cres corres;croing :o given response scectra
were readily availacia; x: c' even more imacetance, the time history
records utilized have a number of near peak ampiirudes ccreesponding to a
numoer of frequencies distribetad over a broad frequency band. These
broad band earthouake reco*ds are thus representative of strong earthqua''.e
grcund shaking for a wise variety of earthcuakes wnich may occur at tr.e
site.

The horiz:ntal and vertical time histories and correspondinc
response :pectra ( W damcing) are shown in rigures D-3 and D-4, normal-
i:ed :u an ar:itrarily c:.csen vaius cf o-a/. cmu accelera:ic.1 0.3 ',.9

The corresponding WA5H ~.255 spe::ra (meciar' are also indicated to provice
a basis of compariser. The artificial tir.:e c.istories were originSily
generated to croduce sp0: tral :Hace: whicn enve10a the Regulatory Guic;e
1.50 design spectra. I sncaid ce noted that the r.orizontai and vertical
time histories are essent alb uncorrelatec.

Comparison :f results from the ron'inear analysis using the
selected input time histories and the spectra analysis using the
corres:cnding soectrum anc the equivalen; structural system, should
provide verification of the RE methcd. Nominal results obtained from
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octn analyses are expected to De conservative estimates of coilapse
and would correspond closer to an upper bound or design envelope
crediction than to a median value, oecause the response spectra utilized
are higher than tne WASH-12E5 criteria soectra (Reference 7).

RESERVE ENERGY CAPACITY ANALYSIS

The nonlinear fcrce-deflection characteristic for the
examole waii, under lateral force F at the rocf line, is shown in
Figure D-5 t:gether with the equivalent linear diagram. It should be
noted tnat the force-deflection relationship differs from the example
wail consicered in Appendix A of Reference 29 since the eccentricity of
tne roof load is not included. The effect of eccentricity, while destabil-
1:ing for a single wall, is a stabilizing factor when a structural system
is consioered, such as the example given suosequently. Thus the effects
of eccentricity are not included in the simplified wall system considered
for the verification analysis.

The nonlinear single-degree-of-freedom (SDOF) wall mcdel is
compared with the equivalent linear model developed for use in the RE
method in Figure D-6, indicating the energy equivalence of the two models.
The RE analysis for the system is shown in Figure D-7. The RE analysis
procedure is described in additional detaii in Reference 29. Results
cf the RE metnod indicate collapse at .09; ceak ground acceleration.
The equivalent rigid body system nas a maximum force F caoacity of

RB

47.5 lbs/in and a peak top dispiacement, !pg (at the point of instability)
of 7.94 inches.

NONLINEAR CAPACITY ANALYSIS

A preliminary study of a simole nonlinear spring-mass system
was conducted utilizing the force-deflection cnaracteristic indicated
by the solid line in the upper diagram of Figure D-5. A nonlinear EDAC

computer program (TDYNE) wnich is intended for nonlinear time history
analysis of spring-mass structural systems was used to compute the

TYD**D *

D "S.
:2gg e
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response to the horizontal ground motion (scaled) shown in Figure D-3.
The results of this analysis indicated that stable oscillations occurred
for ground motion scaled to 0.099 peak acceleration and below, and
unstable behavior for ground motion scaled to 0.0959 peak acceleration.
Stability was regained for 0.10g motion, with unstable benavior for
ground motion scaled to 0.119 and higher.

To further investigate this apparent behavior and to include
the effects of concurrent vertical ground motion, a more precise model
of the rocking wall system was developed which would correctly account

for rigid body kinematics. The governing eouiation of tilotion for a rigid
block is presented in Figure D-8. Restriction of the block proportions

to a very slender object and the rotation to small angles allows the
governing equation to be linearized as indicated. The redefinition of

terms allows the governing equation to be expressed in the form of a
SDOF nonlinear spring-mass system. The governing equation as presented
is for rigid body about point 0. For a rocking block, the equations may
be cast as shown in Figure D-9. This representation allows both.

rotation about points 0 and O' as well as an elastic transition region
representative of the cantilever response of the wall. By suitable
grouping of terms, the governing equation for a rocking slender wall,
may be modeled as an inverted pendulum with an elasto-Mastic base
spring (no hysteresis). By expressing the eauation as a damped linear
oscillator, with a forcing function consisting of the horizontal
acceleration time history, stiffness degradation effect (including
vertical ground motion), and a correction moment term, the equation may
be integrated using the algorithm, indicated in Figure D-9. The solution
technique utilized was based on the method presented in Reference 28

with the correction moment and stiffness degrading terms assumed
constant during the time step interval . The response of the example wall
to a half-sine acceleration pulse was solved initially as a sample
problem to verify solution accuracy for various time step increments.
The sample problem response checked within 2*. of the manually comouted
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response for the time step utilized in the verification analysis.

For the verification problem, the effective base spring
stiffness, K , was selected to approximate the elastic cantilever

r

response of the example wall within the rocking transition region
denoted in Figure D-9 by -s*<e<9*. The critical damping parameter,
S, was given a value s = 0.10 for the verification analysis. The actual
damping mechanism of the rocking wall is uncertain, but is assumed to
be related to the crushing of mortar within a joint during the trans-
ition to rigid body behavior. Consideration of the flexural mechanics
of a fully cracked section indicated that an actual transition would be
ccmplete by at least six times the idealized transition angle, s*. Thus,

to prevent damping of the rigid body behavior, the damping factor, S, was
set to zero for angles of rotation in excess of six times the transition

angle, e*.

The solutions obtained for horizontal ground motion are shown
in Figure 0-10. Stable response was obtained for input scaled to 0.099
or less peak acceleration. Unstable resoonse was obtained for 0.095 -

0.110g motion wf *' a stable response occuring for 0.1159 scaling. .

Unstable response was obtained for 0.120g or greater peak acceleration.
Thus, the 0.099 capacity estimate provided by the RE method is verified
by the time history analysis. For ground motions exceedino 0.099 the
peak displacement was found to increase very rapidly and the resoonse
was found to be highly sensitive to exact phasing of the pulses of the
applied time history.

The effects of concurrent vertical ground motion on the stable
0.099 peak horizontal response case are shown in Figures D-il and D-12
for 10.06g and 10.14g peak vertical ground motion. While the general
character of the response is somewhat changed by the concurrent vertical
motion, the stability of the rigid system is not affected.
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In conclusion, the displacements from nonlinear analyses for
the scaled ground motion as predicted from the RE method (0.099) are
below collapse values and the wall is stable. However, with a very
small increase in ground accelerstion (less than 5 percent increase)
beyond the capacity predicted by the RE method, the displacements in-
crease radically and response, in eeneral, is a function of ground motion
phasing as the system nears instability. Thus for this simple system
the RE method is shown to predict a collapse capacity very close to the
capacity predicted by time history analysis. Though the RE method is
based on systems being dynamically equivalent when the energies available
are equal in the inelastic and equivalent elastic systems, there is no
assurance that this equivalence holds for all types of inelastic systems.
However, the verification analysis results as discussed above, provides
a strong indication that the equivalence does hold for the linear degrad-
ing models which represent the rigid body systems considered herein.

The actual capacity analyses using the RE method are generally
applied to more complex and detailed models for B&W rigid body wall / roof *
systems. These models and analyses results are discussed in Reference 29.

A subsequent section provides one of the actual analyses by the RE method
as applied to a complete and detailed model of a B&W wall / roof system (FAB
6) for easterly motion. This calculation is typical of the details con-
sidered in evaluating all rigid body systems.

HOUSNER STABILITY CRITERIA

In Reference 35, Housner considered the earthquake response of
inverted pendulum structures. The following stability criteria 1s
developed:

S Sac /Ff
= * *y e

MR

where S is the spectral velocity. For the example wall system consideredy

herein, S = 0.0448 . Given AF = .49 (Figure D-3, T = 4 secs), then the9ac
capacity given by the above criteria is S = 0.091, thus providing additional9a

verification of the RE method.

D-9
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TYPICAL DETAILED ANALYSIS OF WALL / ROOF SYSTEM

This section illustrates the capacity evaluation of an actual
wcil/ roof system of the B&W Facility utilizing the RE method. This is a
representative analysis for all complex structural systems in the facility,
and the details of the model and analysis are given. The system selected
for this analysis is the FAB 6 wall / roof system undergoing easterly motion.
This is the controlling (lowest collapse capacity) system of FAB 6 as
indicated in Reference 29. The median capacity calculated by rigid body
analyses using the RE method is adjusted by a factor of .95 as explained
in the uncertainty bound analyses, Appendix A. Thus there is a difference
in the capacity indicated in the analysis herein (,23 ) and the median9

tabulated capacity in Reference 29 (.22 ).9

The detailed model for rigid body response undergoing easterly
motion is shown in Figure D-13. The detail considered is typical nf the
detail in other rigid body analyses. This includes the eccentricity of
the roof weight as applied through roof joist bearing points on the wall.
As shown in the details of Figure D-13 rigid body rocking induces essen-
tially point bearings which is also the approximation considered for the
base pivot point.

Statically detenninant structural models result when wall

sections are considered cracked through at the base and moving together
in a rigid body rotational mode. As indicated in the analysis procedures
(I) shown in Figure D-14 equations of statics are developed for each wall
which provide the relation between weights, reactions, and eouivalent
lateral force F applied at the top of the walls at the roof line. On the
basis of these equations and the physical properties (weights and dimensions)
a final equation is developed relating lateral Force F and top displacement
6.

1363 222
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In Part II of Figure 0-14 the RE analysis is shown to reduce
to the same procedure as that for the simple system described in a

previous section of this Appendix. Again FRB, the maximum rigid body
force at a top displacement of 0 is found from Equation (0-1) by setting
6 = 0. Similarly 6pg = (6 max) is found by setting F = 0 in Equation (D-1).
The remainder of the calculations shown are self-explanatory considering
the modal response of the SDOF elastic system with equivalent energy,
stiffness, and maximum displacement as that of the nonlinear system. Note

that the spectral acceleration capacity is just the maximum rigid body
lateral force capacity divided by the equivalent weight contributing to
inertial forces at the roof line, W,, or the lateral force that would
occur for a top of wall spectral acceleration of 19

The final result of 0.239 shown was modified by a factor to
obtain a median value of 0.229 as explained in Appendix A. Because we

are developing an equivalent single degree-of-freedom system from a
partially distributed mass system, the equivalent inertial force, W '

e
at lg acceleration, as applied at the roof line, is not ex5ctly 9 x M

e
for the system. However, for the systems considered the use of W /9 = M

e e
is a reasonable approximation.
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TABLE D-1

PERCENT OF COLLAPSE OF UNREINFORCED MASONRY BUILDINGS

Per + of-

Modified Mercall'i Collaps'd
Earthquake Intensity Building

Santa Barbara 1925 VIII to IX 11

Long Beach (*)1933 IX 53

Kern County 1952 VIII to IX 16

(*) Based only on buildings in Compton.
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[ 'K
(1) f 0.25 CPS= =

e

F
TYPICAL CAPACITY (2) S 0.044 gac " W

=

e
CALCULATION FOR

i (3) AF (From Figure 0.49=
SIMPLE SYSTEM

B-3 Spectrum

S

(4) a = =ac 0.09 g
DEFINITIONS: ( gc Ar

(capaci ty)
W Weight contributing to inertia forces of simple system under=
* base motion (1084 lbs , Figure D-2)

M Mass of equivalent SDOF system (2.45 lb-sec2/in)=
e

F
RB Maximum rigid body force capacity of wall system at roof=

line (47.8 lbs)
RB Maximum rigid body deflection of wall system at roof line6 =

(7.94 in at point of incipient collapse)
Approximate stiffness of nonlinear system i

/6RB =-6.02 lb/in)
K =

PB

Stiffness of simple equivalent linear system (= F /0RB)K =
e RB

f Natural frequency of equivalent system=
e

a(t) = Base motion defined by response spectra (Figure D-3)
AF Spectral Acceleration (Amplification /Deamplification) Factor at=

calculated frequency of system (= S l#g) for given response spect.. .;ma
(10". damping)

Spectral acceleration at a particular frequency correspondingS =
a

to a given level of ground shaking
Peak ground acceleration associated with the level of grounda =

9
shaking for S,

S Maximum spectral acceleration capacity of equivalent system.=
ac See Equation (2)

ge Maximum base ground acceleration capacity of equivalent systema =

FIGURE D-7. CALCULATION OF SEISMIC CAPACITY OF SIMPLE SYSTEM
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FIGURE D-13. DETAILED MODEL FOR FAB 6 RIGID BODY CAPACITY ANALYSIS
EAST WEST SHAKING
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