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SEISMIC RESPONSE AND FAILURE ANALYSES 
OF A MIXED-OXIDE FUEL FABRICATION PLANT 

Abstract 

We studied the structural integrity and 
possible failure modes of mixed-oxide fuel 
fabrication plants (MOFFP) subjected to 
different ground-motion intensities ranging 
from 0 .1- to 1.0-g peak accelerations. 
To perform this study, we developed cal­
culation models of safety-related systems 
to be used in the analysis. We performed 
both elastic and inelastic dynamic response 

We performed a study to evaluate the 
structural integrity and possible failure 
modes of mixed-oxide fuel fabrication 
plants (MOFFP) subjected to various 
ground-motion intensities ranging from 
0.1- to 1.0-g peak ground accelerations. 
Because of the presence of plutonium 
oxide and uranium oxide at these plants, 
this information is needed to provide a 
technical basis for information included 
in the U. S. Nuclear Regulatory Commis­
sion assessment of the environmental 
impact and public risk associated with 
siting MOFFP's. 

A significant portion of the study in­
volved the development of calculational 
models of safety-related systems to be 
used in the analysis, with primary em­
phasis on the main structural systems of 
the manufacturing building. These 
safety-related sy.-terns include both 
glove boxes and barriers, the PuOg 

analyses for both horizontal and vertical 
ground motion. Our conclusions regard­
ing the structural integrity for the model 
MOFFP are as follows: 1) no structural 
damage at ground motions < 0.4 g; 2) s e ­
vere structural damage at 0.4 to 0,5 g; 
3) complete building collapse at >0.5 g; 
4) building collapse before equipment 
failure. 

storage bins, final HEPA filter frames, 
ducting, and utility piping. These systems 
comprisethe confinement system that l imits 
a potential release of plutonium oxide. 

The MOFFP used in our calculations 
was carefully designed to model a 
"representative" facility. It is expected 
that most future MOFFP's will be located 
east of the Continental Divide near re ­
processing plants and power reactors. 
In that region, tornado rather than earth­
quake criteria will generally govern the 
external structural design while se ismic 
criteria will influence the design of 
internal equipment and piping. The 
design earthquake ground-motion levels 
would be in the 0.1- to 0.2-g range. 

We performed both elastic and inelastic 
dynamic response analyses on the main 
structure. Ground motion used for input 
was based on AEC Regulatory Guide 1.60 
(Ref. 1). Damping values used were 
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consistent with AEC Regulatory Guide 
1.61 (Ref. 2). Both horizontal and ver­
tical response analysis were conducted. 
with each treated separately. 

The results of our horizontal inelastic 
response analyses for MOFFP's founded 
on hard s i tes (shear velocity of 8000 fps) 
show that below 0.6-g maximum horizontal 
ground acceleration, tho main building shows 
no appreciable damage (i .e. , no extensive 
cracking). At 0.8 g and greater, the total lat­
eral resisting capacity of thebuilding is ex­
ceeded andthe building col lapses. For 
MOFFP's on intermediate (shear velocity of 
2000 fps) or soft (shear velocity of 500 fps) 
s i tes , extrapolation from the elastic response 
analysis including soil-structure interaction 
effects shows that total building collapse from 
lateral motions occurs in the 0.5- to 0.6-g 
range of ground acceleration. 

Analysis of vertical motions shows that 
roof slab damage occurs at about 0.4 g; 
the floor slab and most of the roof slab 
show plastic deformation at 0.5 to 0.55 g; 
and total collapse occurs above 0.55 g. 

The conclusions regarding the structural 
integrity for the model MOFFP we de­
veloped are summarized below: 

• No structural damage at ground 
motions < 0.4 g. 

• Severe structural damage at 0.4 to 0.5 g. 
• Complete building collapse at >0.5 g. 

Introduction 

This i s a final report of a study by the Law­
rence Livermore Laboratory that was request­
ed and tended by the U. S. Nuclear Regulatory 
Commission, Office of Standards Development, 

Our study identifies probable failure 
modes in a model of a commercial-scale 

With minimal structural modifications, 
such as additional reinforcing steel in the 
walls, the building modeled for our study 
could be made capable of carrying ground 
motion leve ls exceeding 1 g. 

Review of representative equipment 
located within the manufacturing building 
indicates that by proper design the equip­
ment will have a natural frequency >30 Hz 
The maximum acceleration the equipment 
will experience will then be the maximum 
floor acceleration. Input motion to the 
equipment is obtained by developing in-
structure response spectra called floor 
spectra. These spectra include the 
effects of dynamic amplification of the 
ground motion by the structure. 

We have generated floor spectra and 
m?jcimum floor accelerations for our 
model building founded on a hard site. 
We found the maximum floor acceleration 
to be l e s s than two t imes the maximum 
ground acceleration. 

We have estimated the elastic strength 
of the equipment and found it able to 
survive acceleration levels greater than 
1 to 2 g's. Inelastic analyses of equip­
ment would increase these levels . 

At ground acceleration levels <0.5 g, 
we do not expect any equipment failures. 
We expect complete building collapse 
before equipment failure. 

MOFFP that we subjected to various in-
- tensities of earthquake ground motion. 

The resulting failure modes will be used 
, to estimate radiation-source terms for 

earthquake-induced accidents in 
commercial-scale MOFFP's. 
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Our study efforts included the following: 
• Characterization of a model 

commercial-scale MOFKP to form 
the basis for the calculations! 
models. 

• Development of an acceleration 
time-history with a frequency con­
tent compatible with AEC Regulatory 
Guide 1.60, 

• Performance of dynamic response 
analysis using ground-motion in­
tensities ranging from Modified 

Mercalli VII (0.2 g) to X (>1 g) 
earthquakes, 

• Identification r>f failure modes 
associated with the various levels 
of ground-motion intensities. 

The characterization of a typical 
MOl'FP involved a significant portion of 
our study. Once it was characterized, we 
defined the ground motion to be used in 
our analysis and performed dynamic 
response analysis of the manufacturing 
building. 

Background Information on MOFFP's 

When reactor fuel elements are spent, 
they are sent to a fuel reprocessing plant 
where plutonium and uranium are re­
covered for re-use. The recovered plu­
tonium and uranium oxides will be sent to 
mixed-oxide fuel fabrication plants 
(MOFFP), where they will be made into 
new fuel elements for light-water-cooled 
reactors. The fuel cycle for light-water-
cooled reactors is shown in Fig. 1 (Ref. 3), 

The MOFFP of the future (10 to 15 yr 
hence) is expectea to produce approxi­
mately 1 metric ton of mixed-oxide fuel 
per day. This fuel will contain about 
2 to 4% by weight of plutonium oxide and 
the remainder uranium oxide. Because 
plutonium presents a much greater radio­
logical hazard than uranium, our study 
concentrates on earthquake-induced acci­
dents in plutonium processes. 

Future MOFFP's will contain many 
design and operational features to avoid 
criucality conditions and to influence or 
limit the potential release of plutonium. 
These include process confinement sys­
tems, control of process inventory, and 

building integrity. Process confinement 
includes glove boxes and associated ex­
haust systems in the powder steps of the 
process and the cladding after encapsu­
lation of the sintered fuel pellets. Control 
of the fuel inventory includes separating 
the various steps in the process either by 
means of isolation (distance or barriers) 
or by employing parallel production lines 
to reduce the normal process inventory. 
In some facilities, similar processes are 
confined in separate areas, which provide 

New fuel Reactor 

Recycled 
fuel 

Fuel 
reprocessing 

pfant 

Mixed-oxide 
fuel fabrication 

plant 

Wastes 

Plutonium 
and 
uranium 

Fig. 1. Fuel cycle for light-water-cooled 
reactors. 

- 3 -



additional control against release of 
radioactive material. 

The confinement design features are 
usually designated as barriers. The 
process confinement is called the primary 
barrier; the separation of the processes 
into separate rooms is termed a secondary 
barrier; and the building structure and 
building exhaust system are generally 
called the final barrier. Plutonium and 
uranium oxides will enter the MOFFP 
manufacturing building in powder form. 
The process steps in the fabrication of 
fuel are shown in Fig. 2. Potential in­
halation hazards exist where plutonium 
oxide is in powder form (steps A, B, C, 
D, and E). In step A, the receiving and 

storage area, both plutonium and uranium 
oxides are stored in double containers. 
The containers are usually in racks to 
prevent overturning and to provide spacing 
to avoid criticality accidents. Step B 
includes the transfer systems between 
various stages of the process . Either 
manual or mechanical transportation 
schemes are used to move the plutonium-
oxide powder. 

Weighing and blending., steps C and D, 
are both performed in a gloved barrier. 
In the remaining processes (miiling, 
pressing, sintering, grinding, cleaning, 
and loading intc fuel rods), the plutonium 
oxide is not readily dispersible. In step 
E, all wastes are reprocessed by a 

© (!) 
© 

(!) 
Weighing Receiving and storage 

P u 0 2 

(!) 
Weighing Receiving and storage 

P u 0 2 

Weighing Receiving and storage 
P u 0 2 i 

© © 

Receiving and storage 
U O , 

-*[ Weighin 
•y 

Blender 

Storage or 
powder treatment 

H Scrap Recovery System * 

© 

• Milling 
• Pressing 
• Sintering 
• Grinding 

• Cleaning 

• Load Fuel Rods 

(AJ Receiving 

( i ) Transfer 

(^Weighing 

( D ) Blending 

[EJScrap recovery 

F ig . 2. Flow chart showing fuel fabrication process. 
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filter 

HEPA 
filter Giove-box, '-»|Box HEPA 

filter 

^Glove-box-* Box H E P A L 
""" filter | 

Manifold 
HEPA 
filter 

Final 
HEPA Filter 

bank 
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Fig. 3 . Typical ventilation sys tem. 

T 

O 
Stock 

s c r a p - r e c o v e r y sys tem located in glove 
boxes . 

Figure 3 is a schematic of the ventila­
tion sys tem used for a i r cleaning in the 
manufacturing building. Within the manu­
facturing building a i r flow is always in 
the direct ion of greater radioactive con­
tamination potential . The sys tems e m ­
ploy high-efficiency part iculate a i r (HEPA) 
f i l ters to minimize the r e l ease of a i r ­
borne plutonium oxide from the building. 

Separate HEPA fi l ters a re provided for 
glove boxes, gloved b a r r i e r , and work 
rooms . Air is filtered when it en te r s the 
plant, when it enters glove boxes and 
gloved b a r r i e r s , when it l eaves the glove 
boxes and gloved b a r r i e r s , when it leaves 
the work a r e a s , and, finally, when it 
leaves the building through a final HEPA 
filter bank. The final double-HEPA 
filter bank is a cr i t ica l par t ol the final 
confinement b a r r i e r . 

Characterization of MOFFP Structures for Analysis 

The model MOFFP that we charac ter ize 
for our study must be reasonably r e p r e ­
sentative of future MOFFP designs if we 
a r e to consider our r e su l t s as r ep resen ta ­
t ive . We used severa l sources of infor­
mation for our design: 

u A review of the License Application 
for the Westinghouse Recycle Fuels Plant 
to be located in Anderson, South Caro­

lina, This plant will have an annual 
receip t of mate r i a l sufficient to produce 
approximately 200 met r ic tons /yea r 
initially, and approximately 400 met r ic 
tons /yea r in the future. 

• Discussions with personnel from 
the Ralph M. Pa r sons Company who a re 
current ly designing the W'estinghouse 
plant. The discussions dealt p r imar i ly 
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with alternative building layouts and 
equipment for future plants. 

• Information obtained from a visit, 
and discussions at the EXXON Nuclear 
Plant (40 metric tons per year) in Rich-
U.nd, Washington. Our discussion con­
centrated on typical equipment that might 
be used 

• Discussions with Bat telle Northwest 
personnel. 

MANUFACTURING BUILDING 
STRUCTURE 

Our study emphasized an evaluation of 
the main structure of the manufacturing 
building (final confinement barrier). We 
also examined glove boxes and gloved 
carriers (primary confinement barrier), 
a PuOg storage biu, the ventilation sys­
tem ducting, the final HEPA filter bank 
(final confinement barrier), and utility 
piping. 

General Layout 
The manufacturing building of a future 

MOFFP is assumed to be a two-story 
structure. Figure 4 shows what we con­
sider to be a representative layout of 
work areas in the building. The emer­
gency power supply, waste-handling 
equipment, building exhaust system, and 
powder storage and scrap recovery areas 
are on the second floor. T**"? first floox 
(ground level) includes the emergency 
control room ano areas for chemical 
analysis, fuel fabrication, sintering fur­
naces, weighing, and blending. Areas 
where plutonium is in powder form will 
be enclosed by a restricted access barrier 
and is called the "canyon" area. The can­
yon area is assumed to extend from first 
floor to the roof. 

Structural Features of 
Manufacturing Building 

Figure 5 shows a plan and elevation 
that define our typical manufacturing 
building. The building is 210 ft square 
with 18-in.-thick reinforced concrete roof, 
floor5", an*3 walls. T!.^ first story extenas 
20 ft above grade, with the roof 50 ft above 
grade. The structure is assumed not to 
exter.d below grade., 

The vertical ioad-carrying system ron-
s i ' t r of slabs "panning between supporting 

Emergency 
power 
sup?l> 

Waste 
handling | 

Final* 
HEPA 
filter 
banks 

Final* 
HEPA 
filter 
banks 

Powder storage 
and scrap 
recovery* 

2nd floor 

Canyon area 

Emergency 
control Chemical 

analysis 

Fuel 
fabrication 

area 
Furnace 

area 
Weighing, 
Blender* 

1st floor 

*Areas whe'-e PuO^ can be in powder or 

dispersed form. 

Fig. 4. Typical areas within manufacturing 
building. 



vdge beams that bear on 24 X 24 in. col­
umns on 30 ft cen ters each way. At end 
bays, iiie exter ior walls act as bearing 
wal ls . Should heavy equipment be located 
on the second floor, additional beams 
would be provided to cart} 'he add^d load. 

The la tera l fo rce- res i s t ing sys tem 
consis ts of floor and roof s labs and shea r 
wal ls . The s labs a r c assumed to act a s 
rigid concrete beams (diaphragms) span-
ring between exter ior shear walls that a re 
para l le l to the direction of applied forces . 

210 ft 

o a o o D D 

o a o • a o 

a D D a • a 

• D o o o a 

D a c a a o 

D D o o\ / a a 

J_ 
18 in. 
wall 

210 
ft 

-24 x 24 in. 
square columns 
30 ft on centers 
each way 

Plan view 

18 in. 
t Roof 

- ••18 jn. wall 
1 

118 In. 2nd floor 

a WfRKMSHKWIWI 

t 1 'ist floor 1 

30 ft 

20. ft 

Elevation 

Fig. 5. Typical manufacturing building of 
a MCFFP. 

The shear na i l s t ransmi t the loads to the 
foundation. Adequate space between the 
manufacturing building and adjacent 
s t ruc tu res is assumed to accommodate 
differential motions. 

End walls perpendicular to the direction 
of la tera l loadings were not considered 
effective la te ra l res i s t ing m e m b e r s . The 
inter ior canyon walls were treated as 
parti t ion walls and were not considered 
part of e i ther the vertical or la teral force-
res is t ing sys t ems . The interior columns 
were a lso assumed to i*ave no la teral load-
res i s t ing capacity. 

Design Basis of 
Manufacturing Building 

Most MOFFP ' s (perhaps as many i s 
90%) expected to be built in the next 30 yr 
will be located east of the Continental 
Divide near fuel reprocess ing plants and 
nuclear power r eac to r s (typically n e i r 
e lec t r ica l load centers ) . This would 
resul t in typical MOFFP manufacturing 
building external s t ruc tura l designs 
being governed by Region I tornado 
c r i t e r i a . Figure 6 shows the different 
tornado intensity regions, ac ros s the 
country as specified for power r eac to r s 
by the Directorate of Regulatory Stand­
a r d s . The variation in design bas is 
cha rac te r i s t i c s is governed by the maxi­
mum wind speed and a tmospher ic p r e s s u r e 
change associated with the different 
regions, tj. S. AEC Regulatory Guide 1.76 
and ANSI A58.1-1972 (fSefs. 6 and 7) de­
fine the tornado design loading. Our r e p ­
resenta t ive manufacturing building ex­
ternal s t ruc tura l design was governed by 
these c r i t e r i a . 

Both the roof and .al ls a re designed 
for 500-psf tornado loading. The roof is 



considered as a slab that distributes the 
load in both horizontal directions, while 
the walls are treated as slabs that dis­
tribute the load between the floor and/or 
roof levels. Horizontal steel in the walls 
is the minimum required for shrinkage and 
temperature considerations. The floor 
and columns are designed for 400 psf 
floor loading (175 psf live and 225 psf 
dead load). The floor is considered a 
two-way slab and the columns as doubly-
reinforced tied members. Ultimate 

p 
strength design concepts are employed 
throughout, assuming 3000 psi concrete 
and reinforcing steel with minimum yield 
strength of 4C.0C0 psi. Figure 7 shows 
the reinforcing details. Design of the 
floors and columns will be governed by 

seismic criteria. An 18-in. floor slab 
appears to be a reasonable thickness to 
minimize seismic loads to equipment. 

Seismic considerations played no part 
in arriving at our final MOFFP manufac­
turing building external structural design. 
Seismic criteria in Region I give peak-
design ground motion levels in the 0.1- to 
0.2-g range, so tornado design criteria 
are overriding. la Regions II and III, 
however, the tornado loading decreases 
by a factor of about 2 over Region I, while 
the seismic loads approach the 0.5- to 
0.6-g level. This change in loading means 
that seismic criteria will usually control 
the external structural design in Regions 
II and III. MOFFP's built in these regions 
will be considered on a case-by- cas e basis. 

/Continental Divide 

Fig. 6. Tornado intensity regions. Source: U.S. AEC Regulatory Guide 1.76 (1974). 
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-*A ties at 12 in 

Column reinforcing 

18 in. thick 

Vertical steel (each face) 
*9 bars at 5 in. on centers 

-Horizontal steel (each face) 
' 5 bars at 12 in. on centers 

Wall reinforcing 

T 
18 T E53 

*8 bars at 12 in. on centers; 
both horizontal directions and 
top and bottom. 

2 in. 
Floors and roof reinforc-ng 

Fig. 7. Reinforcing details of walls, roofs, floor, and columns. 

EQUIPMENT AND PIPING 

Review of representative equipment 
located within the manufacturing building 
indicates that by proper design and lo­
cation of attachments, the equipment will 
have a natural frequency >30 Hz. The 
maximum acceleration the equipment will 
experience will then be the maximum floor 
acceleration. Input motion to the equip­
ment is obtained by developing floor 
spectra. These spectra include the ef­
fects of dynamic amplification of the ground 
motion by the structure. 

We have generated floor spectra and 
maximum floor accelerations for our 
model building founded on a hard site. 
We found the maximum floor acceleration 

to be less than two times the maximum 
ground acceleration. 

This section includes our estimates of 
the elastic strength of the equipment. 

Glove Boxes and Gloved Barriers 
All processes and operations that in­

volve quantities of plutonium oxide in 
powder form sufficient to cause potential 
inhalation hazard are performed in glove 
boxes or gloved barriers. These proc­
esses include weighing, blending, 
milling/pellet pressing, and scrap re­
covery. The glove boxes are used for 
the process confinement of weighing and 
scrap recovery operations. The blending 
and milling/pellet pressing operations 
are performed in gloved barriers. 



Both the glove boxes and gloved barriers 
are assumed located within a restricted 
access area. This access area is part of 
the canyon construction enclosing the main 
fabrication, powder storage, and scrap 
recovery areas. The canyon area is 
assumed to be constructed of 8-in. con­
crete block walls spanning between pilasters 
10 ft apart. All concrete block cells are 
assumed filled with grout, and reinforce­
ment is assumed in the horizontal and 
vertical directions. 

Figure 8 shows what we considered a 
representative glove box design. The 
glove box is constructed of 12-gage stain­
less steel with a 3/8-in. shatter-proof 
glass window. It is 30X42X96 in. and 
weighs 5000 lb with the process equipment. 
The glove box is fastened to a structural 

steel support frame that is anchored to 
the floor of the main building structure. 

The gloved barrier (Fig. 9) is made of 
10-in. thick reinforced concrete. It ex­
tends from first floor level to the second 
floor and is about 5. 5 X8. 5 ft. 

Experience at LLL indicates that the 
glove boxes and gloved barriers can with­
stand floor acceleration levels greater 
than 1 g. 

An examination of possible penetration 
of the stainless steel portion of the glove 
box because of concrete spalling or falling 
objects, such as piping, was conducted. 
Results indicate objects greater than 
100 lb are needed for penetration. Objects 
of this size (concrete chunks) are not 
available prior to total collapse of the 
main building. 

12-goge 
stainless 

steel roof-

Shatrerproof 
window 

1/2 in. diam 
leveling bolts 

2 x 2 x 3 / 1 6 in. 
structural tubing 
(welded consmjc-

5/8 in. diam 
anchor bolts 
(2 each leg) 

-4»Jfc Hon) 

Fig. 8. Typical glove box design (weight about 5000 lb). 
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Reinforced concrete - -Stainless steel 
sheet or olate 

in • / ^ 4 in. / 
'0 in. / V Iy6 

/ ^ A \ V A v » " A \ y» 5 ft 6 in. 

U — 8 ft 6 in. — - ( ^ 

-Ground level 

Fig. 9. Representative gloved barrier 
for blender. 

6 ft 

r 
Seismic brace -

Fig. 10. Representative P11O2 storage 
bin. Seismic brace will pre­
vent lateral motion and allow 
vertical motion for weighing. 

braces • ';n be designed to handle seismic 
loads resulting from acceleration of many 
g's. 

PuOnStorage Bins 
PuO, powder is stored in bins prior to 

weighing and blending. These bins must 
be designed to receive powder from the 
transfer system, avoid criticality con­
ditions, and inventory the powder by 
weighing. Weighing may be accomplished 
by picking up the bin. A representative 
storage bin is shown in Fig. 10. We 
have chosen to support the bin by two 
seats and have provided four braces for 
lateral support as shown. The weight of 
the bin and powder has been er • s •'d to 
be 1500 lb. The integrity of the bin to 
seismic motions will be governed by the 
adequacy of the support. Estimates of 
support requirements indicates that 

Venti lat ion System and Uti l i ty Piping 

We considered the ventilation system 
shown in Fig. 3 to be reasonably repre­
sentative of a typical system. We re ­
stricted our examination to the final IIEPA 
filter bank. A failure of the final HEPA 
filter could produce a large potential leak 
path. 

Figure 11 shows a HEPA filter frame 
designed by ORNL-NSIC-65 guidelines. 9 

These guidelines state (1) that the frame 
must be designed to carry a 2-psi shock 
loading across the bank without exceeding 
the elastic limit of the material, and 
(2) that the maximum member deflections 
must be limited to 0.1% of their length 
under a loading equivalent to 1.5 times 
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Typical 24 X 24 x 12 in. 
HEPA filter (50 lb/filter) 

20 ft- -H 

A-'//////-A 

i 
i -+-
i 

i 
-+-

i 
_ _ i — 

i 
u 

I 

I 
_ l 

"T" 
I 

—t-

10 ft 

•All stainless 
steel welded 
construction 

Fig. 11. Typical final HEPA filter frame. 

the maximum dirty-filter pressure drop 
across, the bank. Since these criteria 
are far more severe than seismic criteria, 
they govern the design. We judge that the 
structural integrity of the final HEPA 
filter frame is such that floor acceleration 
levels greater than 1 g are required to 
cause failures. 

Because most designs do not consider 
the stack an effective part of the system, 
we also neglect it. The purpose of the 
stack is to start dispersion of the filtered 
air and provide it with an initial upward 
velocity. The worst type of failure ex­
pected would be a complete collapse of 

the stack, which would also seal the 
stack and prevent filtered air from 
leaving the building. Such a failure is 
very unlikely. 

We did not perform an extensive struc­
tural analysis of ventilation ducting and 
utility piping. Both are relatively light­
weight (16 gage) and are usually sufficiently 
anchored to the main building structure so 
that any failures of the ducting or piping 
lines would not be the result of vibratory 
motions. Failure would most likely result 
from falling objects (concrete spalling) or 
excessive relative displacements between 
anchor points that should not occur until 
total building collapse. 

Utility lines consist of 1/2-in. diam 
piping containing nonexplosive mixtures 
of hydrogen and nitrogen, and compressed 
air; 1- to 3-in. diam water lines; and 
3/4-in. diam hydraulic lines. Failure of 
any of these lines does not itself create 
the potential for a radioactive release. 
The compressed air lines could provide a 
means of dispersing plutonium oxide pow­
der only if they are located in the imme­
diate vicinity of the powder. Ventilation 
ducting consists of 16 gage 18-in. diam 
lines. A break in the ventilation ducting 
could be a potential source of a small 
radioactive release since it is anticipated 
that plutonium oxide would be plated on 
the interior walls of the ducting upstream 
from the final HEPA banks. 

Ground Motion and Damping 

We used AEC Regulatory Uuide 1.60 
(Ref. 1) to define the ground-motion input 
to our model MOFFP. Guide 1.60 de­
scribes a procedure acceptable to the 

NRC staff for defining response spectra 
for the seismic design of nuclear power 
plants. The guide is based on a statis­
tical treatment of recorded ground 
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accelerations and response spectra of past 
earthquakes. It is intended for sites 
underlain by either rock or soil deposits, 
and it covers all frequencies of interest. 
For unusually soft sites, modification of 
this procedure is required. 

Guide 1.60 gives both horizontal and 
vertical response spectra for different 
values of structural damping. All are 

normalized to a maximum horizontal 
ground acceleration of 1,0 g. Once the 
intensity of ground motion for a site is 
specified in terms of maximum horizontal 
ground acceleration, both horizontal and 
vertical spectra can be defined from 
Guide 1.60 simply by scaling. 

In addition to specifying the ground 
motion in terms of response spectra, it 

10F 
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was necessary to synthesize acce lero­
grams, for input to the dynamic t ime-
history analysis, that would reasonably 
reflect the frequency content of the speci ­
fied spectra. We generated such accel­
erograms using the computer code 
SIMEAJR. In developing the accelero­
grams, we selected a 30 - sec record with 
10 to 15 sec of strong shaking. We believe 
that these parameters are representative 
of motions near large earthquakes. For 
examples, a magnitude 7.7 earthquake 
recorded at Taft, California nad a dura­

tion of 30 sec and a duration of strong 
shaking of 10 sec . A magnitude 7.1 
earthquake recorded in Olympia, Wash­
ington had duration parameters of 30 sec 
and 13 sec . There were no recorded data 
for the Charleston, South Carolina earth­
quake (1886), but historical accounts indi­
cate that the near epicentral durations 
were within the above ranges. 

Figures 12 and 13 show the horizontal 
and vertical response spectra and syn­
thesized accelerograms used in this study. 
They are normalized to a maximum 

Table 1. Modified Mercalli intensity l eve l s . 

Modified 
Mercalli 
intensity 

leval 
Approximate intensity 

of earthquake 

Ground 
acceleration 

(a/g) 

I Detected only by sensitive instruments. -
II Felt by a few persons at rest , especially on upper floors; 

delicate suspended objects may swing. 
-

III 

IV 

Felt noticeably indoors, but not always recognized as a 
quake; standing autos rock slightly, vibration like passing 
truck. 
Felt indoors by many, outdoors by a few; at night some 
awaken; dishes , windows, doors disturbed; motor cars 
rock noticeably. 

- 0 . 0 0 5 

= 0.01 

V Felt by most people; some breakage of dishes; windows, 
and plates; disturbance of tall "ejects. 

1 
1 

VI Felt by all; many frightened and run outdoors; falling 
plaster and chimneys; damage small . 

; 0 . 0 5 

VII Everybody runs outdoors; damage to bu'ldings varies , 
depending on quality of construction; noticed by drivers 
of autos. 

= 0.1 

VIII Panel walls thrown out of frames; fall of wall, monu­
ments, chimneys; sand and mud ejected; drivers of 
autos disturbed. 

DC Buildings shifted off foundations, cracked, thrown 
out of plumb; ground cracked; underground pipes 
broken. 

- 0 . 5 

X Most masonry and frame structures destroyed; ground 
cracked; rai ls bent; landslides. 

~ 1 

XI New structures remain standing; bridges destroyed 
fissures in ground; pipes broken; landslides, rails bent. 

XII Damage total; waves seen on ground surface; lines of 
sight and level distorted; objects thrown up into air. - 5 
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horizontal ground acceleration of 1.0 g. 
Figures 12(a) and 13(a) show the actual 
response spectra generated from the 
synthesized accelerograms, and the 
accelerograms are shown in Figs. 12(b) 
and 13(b). A comparison shows reason­
able agreement over the entire frequency 
range of interest. 

We used a 7% viscous damping value. 
This value is consistent with AEC Regu­
latory Guide 1.61 (Ref. 5), which delineates 
damping values acceptable for elastic 
dynamic analysis. The 7% value is a 
particularly reasonable choice for rein­
forced concrete structures subjected to 

strong ground motions. It accounts for 
energy dissipation and reflects bot i mate­
rial and structural damping for stresses 
less than yield. Increased damping asso­
ciated with stressing members beyond 
yield was included in our material stress-
strain characterization. 

Table 1 shows estimates o- maximum 
horizontal ground acceleration corre­
sponding to various intensity levels on the 
Modified Mercalli intensity scale (MM). 
We used this table to define different 
intensities of ground shaking correspond­
ing to MM's ranging from VII (-0.2 g) to 
X-XII (>1.0 g). 

Analysis of the Main Structure of the Manufacturing Building 

We made a seismic response analysis 
of the main structure of the manufacturing 
building. We conducted both dynamic 
elastic and inelastic response analyses 
for the horizontal and vertical directions, 
treating both directions separately. The 
elastic analysis was performed with the 
computer program SAPIV, using the 
acceleration response-spectra ground 
motion directly. The inelastic analyses 

12 was performed with DRAIN2D, using 
the synthetic ground-motion accelerogram 
developed. An equivalent viscous damp­
ing of 7% of critical was used for all cal­
culations. 

HORIZONTAL ANALYSES 

Figure 14 shows the lumped mass 
model used to capture the horizontal re­
sponse characteristics of the building. 
The springs Kj and K, are shear springs 
that represent the lateral resistance of 

the shear walls. The mass of the building 
is distributed to the roof, second floor, 
and first floor (M,, M 2, and Da,), The 
mass used at the roof level (M,) is based 
on the total roof weight, one-half the 
second-story wall weight, and the esti­
mated weight of the equipment attached to 
the wall and roof. The second-story 

"1© 

*Z(.> 

--WV-

-Roof 

-2nd floor 

&-3 

*' Earthquake motion 

-1st floor 

Fig. 14. Model used for horizontal re­
sponse calculations. 



mass (M 2 ) includes the weight of the floor, 
one-half the weight of both the first and 
second-story walls, and estimated equip-

Shaorload 

3 2 . 6 x 1 0 ° lb-

Horizontal deflection 

K, *= 3 0 0 x 1 0 * lb / in . 
K 2 * 4 5 0 x 10* lb/ in. 

Fig. 15. Snear resistance of walls . 

ment weight. At ground level, the mass 
(Mj) is based on one-half the first-story 
wall weights, a foundation mat, and the 
estimated equipment weight. Actual 
mass values used were 33,500, 39,000, 
and 24,000 lb. s e c 2 / i n . for Mj , M 2 , and 
M„, respectively. 

Figure 15 shows the lateral resistance 
characterization used. These values 
reflect the shear resistance of the rein­
forced concrete walls parallel to the 
direction of the motion. The lateral re ­
sistance of the columns was neglected. 
Elastic unloading was assumed, as was a 
concrete ductility ratio at 2.5. 

Figure 16 defines the soil-structure 
spring constants used in the elastic 

Sit« 

Shear-wave 
velocity 
(ft/sec) 

Soil 
unit 

weight 
( l b / f t 3 ) 

Shear 
modul ii 
( l b / f t 2 ) 

K 

( l b / i n . ) ( in.- lb/rad) 

Hard 

Intermediate 
Soft 

8000 
2000 

500 

150 
125 
1P0 

298x10° 
15 .5x10* 
0 .78x10* 

1.41 x l O ,12 
8 7 . 3 3 x 1 0 ' 

3.67 X l O 7 

2 5 . 5 x 1 0 
1 .33x10 
6 .65x10 .13 

K x = 2 ( l +v)GPx-tt 

B = L = 210ft 

v - 0.35 

G = Shear modulus of soil. 
v = Poisson's ratio of soil. 
B = Foundation dimentlon 

0L 

- i 1—i 1 1 1 — r 

0.1 1.0 
L/B 

_l i__i_J0 

|1.5 

- M 

0.5 

10 

perpendiculor to applied fore*. Coefficients (3 and | 1 , for rectangular footings 

L = Foundation dtmention parallel to 
applied force. 

3 X / L = Functions of l /B and are shown. 

Fig, 16, Soil-structure interaction characteristics based on fief. 11. 
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analysis (the spr ings a re K and K , in 
Fig. 14). These values were developed 
from the c r i t e r i a given in Ref. 13. These 
so i l - s t ruc tu re interaction p a r a m e t e r s 
were included because of the possibil i ty 
of founding future M O F F P ' s on hard, 
in termediate , or soft s i t e s . The soil 
spr ings reflect shear -wave velocit ies of 
8000, 2000 and 500 fps, respect ively . 

F igure 17 s u m m a r i z e s the r e su l t s of 
the horizontal e las t ic response analys is . 
It shows the lowest three fundamental 

mode shapes for each of the th ree s i tes 
and the corresponding fundamental per iods . 
Values for the lowest fundamental period 
varied from 0.10 to 0.34 sec . The base 
shear and deformations a r e given for a 
1-g peak horizontal ground-motion level . 

For the inelast ic analys is , the maxi­
mum la tera l load capacity of each wall 
was determined to be 32.6 X 10 6 lb . This 
value is based on a 360-psi ult imate shea r -
s t r e s s capacity of the walls with web 
reinforcement . We assumed the horizontal 

Roof 

2nd floor 

1st floor 

Tj = 0.096 see 

T, = 0.047 sec 

T 3 = 0.0001 sec 

T, =0.116 sec 

T„ =0.046 sec 

T 3 = 0.027 sec 

T, =0.341 sec 

T, = 0.077 sec 

T 3 = 0.034 sec 

Hard site Intermediate site Soft site 

V t a s e ^ 5 * 1 0 * " 5 Vbose = 6 9 - 7 x ' ° 6 | b V b a s e = 9 0 x l ° 6 | b 

A r o o f = 0 - 2 4 i n - £ r = 0.41 in. roof A , = 0.39 in. roof 

^2nd floor = 0 - ' 2 i n - *2nd floor = ° - 2 7 i n - '2nd floor = 0 - 3 5 i n -

A l , r floor = 0 i n - * l s t f l o o r = ° - " ! n - A l s t floor " 0 . 3 2 In. 

1 = 1st mode 
2 = 2nd mode 
3 = 3rd mode 

Fig. 17, Resul ts for horizontal e las t ic analysis (based on spec t ra normalized to 1 g). 
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Table 2. Resul ts from inelast ic dynamic t ime-h i s to ry analysis— (horizontal). 

Accelera t ion 
level 

Maximum 
2nd floor 

displacement 
( in.) 

Maximum 
roof 

displacement 
(in.) 

Wall shea r 
bottom 
panel 
(pst) 

Wall shea r 
top panel 

(psi) 

0.50 
0.60 

0.068 
0.086 

0.1S2 
0.163 

3- 3-iyield 
360 

201 
266 

0.70 O.llOj 0 . i 8 9 2 360j 284 3 

0.75 
0.80 

0.127j 
>3 .0 3 

0.206, 
> 9 . 0 3 "" 

360J 
3 6 0 3

a 

292„ 
3 e " 5 3 y i e l d 

a In i t i a l yielding occur s at 2.5 s e c . 
Time of max value 

Subscript (sec) 
1 
2 
3 

2.5 
4.0 

12 - 12.5 

t empera tu re and shrinkage re inforcement 
a l so acted as web reinforcement . Ne­
glecting the web re inforcement , yields a 
190-psi ul t imate value. 

Table 2 s u m m a r i z e s the r e su l t s from 
the horizontal ine las t ic - response analysis . 
Note that these calculations do not include 
so i l - s t ruc tu re interact ion effects. The 
building model was assumed fixed at 
ground level . Table 2 shows maximum 
floor and roof displacements and maximum 
shea r wall s t r e s s e s for different levels of 

grojnd motion. The resu l t s Fhow that the 
lower shear walls exhibit inelast ic defor­
mations between 0,5- nad 0.6-g a c c e l e r a ­
tions and g r e a t e r . At approximately 0.75 
to 0.8 g, the upper shea r wall also becomes 
inelast ic, and the total s t ruc tu re col lapses . 

VERTICAL ANALYSES 

F igure 18 shows the model used to 
cha rac te r i ze the vert ical load-car ry ing 
r e s i s t ance of the building. It represent ; ; 

-Interior columns 

(30-Ft slice between column line) 
Fig. 18. Model used for vertical response calculation. 
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P -ax ia l force 

Element 

P yc 
no3ib) 

V 
(103lb) 

M 

(Iff* in.-lb) 

PA 
(103lb) 

M A 
(TO3 fn.-lb) 

Wall 

Columns 
Roof,4nd floor 

22,000 

1,650 

5,800 

200 

39,000 

3,900 
14,600 

8,100 

750 

124,000 

13,000 

Fig. 19.. Yield interact ion d iagram for the reinforced concrete walls, columns, roof, 
and walls . 

the second floor and roof s labs as beams 
spanning between columns at in ter ior bays 
and spanning to the wal ls at the exter ior 
bays. The columns and walls were 
t rea ted as beam-column e lements . 

Moments of iner t ia were based on 
g ros s - conc re t e sec t ions . We used values 

of 27,700 and 17 5,000 uv* for the columns 
and f loor/roof/wall sections, and c r o s s -
sectional a r e a s of 576 and 6480 in.*, 
respect ively . Member-yield c r i t e r i a were 
developed using ul t imate-s t rength design 
concepts and a review of experimental 
data of failure of reinforced concrete 

Table 3. Resul ts of e las t ic ver t ica l analys is . 

Static loads 1- K earthquake 

L i n e a 

Max roof 
deflection 

(in.) 

Max 2nd floor 
deflection 

(in.) 

Max roof 
deflection 

(in.) 

Max 2nd floor 
deflection 

(in.) 

A - - 0.008 0.003 
B 0.193 0.133 0.476 0.023 
C 0.154 0.088 0.186 0.085 
D 0.232 0.165 0.211 0.194 
E 0.154 0.088 0.160 0.085 
F 0.226 0.160 0.350 0.209 
G 0.153 0.088 0.232 0.117 
H 0.227 0.161 0.433 0.348 
a S e e Fig. 18. 
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Table 4. Results from elastic vertical analysis — 1-g earthquake. 

Roof/ Max 
2nd floor moment 
members (10 7 in. — lb) 

Max shear 
(10 5 lb) 

Wall/ Max 
column moment 

m e m b e r s 3 (10 7 in. —lb) 
Max shear 

(10 5 lb) 

Max axial 
force 

(10 5 lb) 

9 2.71 2.31 1 0.3S 35.6 2.47 
10 1.22 2.22 2 0.12 11.6 6.18 
11 1.51 1.61 3 0.06 5.85 6.09 
12 1.77 1.83 4 0.22 1.39 8.42 
13 0.25 0.16 5 1.44 0.55 2.41 
14 0.17 0.07 6 0.1G 0.07 4.83 
IS 1.05 1.13 7 0.10 0.05 3.76 
16 1.77 1.50 8 0.13 0.05 5.56 

a S e e Fig. 18. 

Table 5. Results from elastic verti cal analysis — static only. 

Max 
moment Max shear 

a (107 in. -r- lb) (10 5 lb) 

Roof/ 
2nd floor 
members 

Max 
moment 

a (10 7 in. - lb) 
Max shear 

(105 lb) 

Wall/ 
column 

members 

cal analysis — static only. 

Max 
moment Max shear 

a (107 in. -r- lb) (10 5 lb) 

Max axial 
force 

(10 5 lb) 

9 0<°2 1.63 1 0.33 0.21 3.12 

10 0.88 1.59 rt - - 6.33 
11 0.8.7 1.58 3 - - 6.32 
12 0.86 1.58 4 - - 1.53 
13 0.83 1.59 5 0.66 0.32 3.19 

1« 0.88 1.59 6 - - 3.18 

15 0.88 1.59 7 - - 3.16 

16 0.86 1.59 8 - - -
a S e e Fig. 18. 

Table 6. Results inelastic vertical analysis. 

Column 
l i n e a 

0.40 g + stat ic load 
Max roof Max 2nd 

defl. floor defl. 
(in.) (in.) 

0.50 g + static load 
Max roof Max 2nd 

defl. floor defl. 
(in.) (in.) 

0.55 g + static load 0.57 g * 
Max roof Max 2nd Max roof 

defl. floor defl. defl. 
(in.) (in.) (in.) 

static load 
Max 2nd 

floor defi. 
(in.) 

A 0 .011 2 0.006 2 0.012 0.007 2 0.012 2 0.007 0.010, 
0.326° 

0.006 2 

B 0.326 ? 0 .203, 0.385 2 0.219 2 0 .411 2 0.227 2 

0.010, 
0.326° 0.200 2 

C 0.239 0.133j 0.260j 0.145, 0.270j 0.150j 0.215 2 0.124 2 

D 0.371 0.27 f̂  0.420 3 0.304! 0.447g 0.325j 0.305b, 0 .215 2 

E 0.247 0.141, j 0.271J 0.152j 0.280j 0.158j 0.1792 0 .105 2 

F 0.379^ 0.258j 0.437 3 0.283, 0 .468 3 0.298j 0.295b, 0.233 
G 0.249 0.136j 0.272j 0.148j 0.28Bj 0.156j 0.168 2 o.ioi 2 

H 0.398, 0.251 0.469 3 0.288j 0.53S 3 0 .291 2 0.283^ 0.198 2 

^See Fig. 18. 
b A t 10 sec . these deflections a r e grea te r than 10 in. 

Subscript Time of max deflection (sec) 
1 
2 
3 
4 

5.02 
8.71 - 9.32 

12.12 
14.39 
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members. Figure 19 is the yield inter­
action diagram used for the different 
structural elements. Assumed reinforce­
ment details are shown in Fig. 7. 

The mass of the building was distrib­
uted uniformly at the roof and floor levels. 
We used values consistent with a 30-ft 
slice of the building, assuminga 125-psf live 
load and a 225-psf dead load. The live load is 
typical of bravv manufacturing facilities. 

Tables 3 through 5 summarize the 
results from the vertical elastic response 
analysis. Table 3 gives the maximum 
roof and floor level deflections resulting 
from s.atic (live and dead) loads and a 1-g 
vertical earthquake ground motion. 
Tables 4 and 5 give the maximum member 
forces for the same two loading conditions. 
The first five periods of vibration were 
calculated as 0.129, 0.120, 0.117, 0.111, 
and 0.107 sec. 

Table 6 and Fig. 20 summarize the 
results from the inelastic vertical re­
sponse analysis. Table 6 gives the maxi­
mum roof and seconci-floor level deflections 
for increasing levels of earthquake ground 
motion varying from 0.4 to 0.57 g. 
Figure 20 shows pictorially the location 
of plastic hinge formations. Both Table 6 
and Fig. 20 also show the time of occur­
rence of the maximum values. 

Fig. 20. Results of inelastic verticalanalysis. 

0.40 g earthquake + Static 

2 2 

frt f77 fr7 fri 

( Earthquake 
motion 

0.50 g earthquake + Static 

2 2 

rft rfi ft? ft? 
1 Earthquake 
' motion 

0.55 g earthquake + Static 

3 2 2 3 3 3 3 3 3 

( Earthquake 
motion 

* = plastic hinge Formation 

Symbol Time of max 
plastic hinge 
formation (sec) 

5.02 

8 . 9 5 - 9 . 3 3 

i 4 . 5 - 14.8 

Results and Discussion 

HORIZONTAL RESPONSE RESULTS 

The inelastic horizontal-response cal­
culation indicated no inelastic behavior or 

yielding for horizontal ground-motion 
levels below 0.5-g maximum acceleration. 
For ground-motion levels of 0.6 to 0.75 g, 
response excursions into the inelastic 

-21-



range occur at the bottom shear-wall 
panel (ground level to second floor level). 
For ground-motion level greater than 
0.8 g, both the bottom and top shear-wall 
panels have sufficient excursions into the in­
elastic regime to cause large displacements 
that lead to total collapse of the structure. 

Initial yielding (i.e., shear stresses 
greater than 360 psi) always occurred 
early (at about 2.5 sec). For ground motion 
of 0.6 to 0.75 g, the maximum roof dis­
placement followed at about 4.0 sec. At 
0.8 g and greater, deflection of 3 in. and 
more were calculated at 12 to 12.5 sec. 

The most valuable result we obtained 
from the elastic horizontal-response cal­
culations was the establishment of trends 
in response variations as a function of 
possible soil-structure interaction effects. 
The soil springs used reflect site charac­
teristics that are reasonably representa­
tive of hard, intermediate, and soft sites. 
The results indicate considerable varia­
tion in response characteristics for these 
different sites. 

1) The fundament il period varied more 
than 300% going from the hard site to the 
soft (0.10 to 0.34 sec). 

2) Mode shapes also showed consider­
able differences. 

3) Both intermediate and soft site anal­
ysis results indicated considerable rigid 
body translation. 

4) The total roof displacement for both 
the intermediate and soft site cases was 
the same and was 66% greater than in hard 
site cases. 

5) Relative displacement for the soft 
site calculations was only 30% of that for 
the hard site. The intermediate case 
showed 25% greater relative displacement 
than the hard site. 

6) Base shears increased 65% from the 
hard to soft site cases. This increase 
results from better coupling between 
the structural system with the ground 
motion, 

Our elastic analysis with soil-structure 
interaction suggest that an inelastic anal­
ysis with soil-structure characterization 
would show total collapse of the building 
at a lower level of ground motion intensity. 
We feel that a reasonable estimate for 
total collapse of the building with soil-
structure interaction effects included is 
in the 0.5- to 0.6-g range. 

VERTICAL RESPONSE RESULTS 

The elastic response analysis of the 
building indicates that the first five periods 
of vibration are very close (0.129 to 
0.107 sec). Maximum roof and second 
floor deflections for a 1-g earthquake with 
static dead and live loads included are 
0.23 and 0.16 in., respectively. For a 
0.4-g vertical ground motion, values are 
0.19 and 0.14 in. 

Table 6 and Fig. 20 summarize the 
results from the vertical analysis. Below 
0.4-g ground-motion levels, no yielding 
occurs. At the 0.4-g ground-motion level, 
yielding or plastic hinges are formed only 
at the innermost column line in the roof 
slab. At 0.5 g, most of the roof slab has 
yielded, as well as some at the second 
floor level. At the 0.55-g level, yielding 
is even more extensive. Above 0.55 g, 
the extent of yielding is sufficient to lead 
to a total collapse of the structure. At 
the 0.57-g level, most of the plastic hinges 
occur at 5 sec; at 10- to 11-sec deflections 
at the midspan of both the roof and second 
floor slabs all exceed 10 in. 
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DISCUSSION 

Results indicate that below 0.6-g maxi­
mum horizontal ground motion, the main 
building will show no appreciable damage. 
At 0.8 g and greater, the total lateral 
resisting capacity of the building will be 
exceeded and the building will collapse. 
These conclusions are based on the in­
elastic response analysis, which neglects 
possible soil-structure effects. 

If the MOFFP should be founded on 
intermediate or soft sites, an extrapola­
tion from the elastic response analysis 
(which did account for soil-structure inter­
action) shows that total building collapse 
from lateral motions would occur in the 
0.5- to 0.6-g range. 

For vertical motions, results indicate 
that roof slab damage (e.g., concrete 
cracking, and spalling) will occur at ap­
proximately 0.4-g maximum ground 
acceleration. At 0.5- to 0.55-g levels, 
the floor slab and most of the roof slab 
exhibit plastic deformation. At ground-
motion levels greater than 0.55 g, vertical 
motion will cause total collapse of thebuilding. 
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Our examination of the primary con­
finement barriers in the building (glove 
boxes, gloved barriers, PuO„ storage 
bins, and ventilation system) showed 
that they appear to have structural in­
tegrity to resist vibratory motions with 
peak floor accelerations greater than 
1 g. We would anticipate failures of the 
ventilation ducting and utility piping only 
in conjunction with major failure of the 
main manufacturing building structure. 

It is important to remember that the 
response characteristics of the majority 
of most future MOFFP's will reflect de­
signs primarily influenced by tornado 
criteria, as did our own MOFFP charac­
terization. .Such a design will have re ­
sponse characteristics consistent with 
stiff brittle structures having little reserve 
energy capacity. These structures typi­
cally will have to meet seismic criteria of 
0.1 to 0.2 g. With minimum structural 
modification (e.g., additional reinforcing 
steel in walls and slabs and perhaps closer 
column spacing), the building could be made 
capable of carrying ground motion levels 
exceeding the 1-g intensity level. 
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