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EVALUATION OF METHODS FOR SEISMIC ANALYSIS 
OF MIXED-OXIDE FUEL FABRICATION PLANTS 

Abstract 

Guidelines are needed for select
ing appropriate methods of structural 
analyses to evaluate the seismic 
nazard of mixed-oxide fuel fabrication 
plants. This study examines the 
different available methods and. their 
applicability to fabrication plants. 
Our results should provide a basis 
for establishing guidelines recommend
ing methods of analysis to ensure safe 
design against seismic hazards. 

Using the Westinghouse Recycle 
Fuels Plant as representative of 
future mixed-oxide fuel fabrication 
plants, we identified critical 
structures and equipment (systems, 
components, and piping/ducting). 
Tnese included the manufacturing 
building and 11 different pieces of 

This is the final report of a 
Lawrence Livermore Laboratory study 
requested and funded by the U.S. 
Nuclear Regulatory Commissior:, Office 
of Standards Development. The report 
is submitted to NRC in fulfillment of 
tnat request and funding. 

equipment. After examination of tne 
dynamic response characteristics of 
the building and the different 
methods available to analyze equip
ment , we recommend appropriate 
methods of analyses. 

Because critical equipment 
analysis and test methods generally 
use floor-response spectra as their 
seismic input loading, we also 
examined several metnods used to 
generate floor spectra. Tnese 
include the time-history approach and 
the Kapur and Biggs approximate 
methods. Our examination included 
the effect of site characteristics 
and both horizontal and vertical 
structural response. 

Guidelines are needed to specify 
methods of structural analysis that 
ensure safe earthquake design of 
nuclear fuel fabrication facilities. 
The objective of this study is to 
compare the methods of structural 
analysis available for seismic design 

Summary and Recommendations 



of nuclear fuel fabrication plants. 
The results may be used as the basis 
of a Regulatory Guide that recommends 
the method or methods of analysis to 
ensure safe structural design. The 
study is restricted to fuel fabrica
tion structures and equipment defined 
to be critical, that is, structures 
and equipment whose failure could 
cause substantial radioactive hazard 
to the public. 

To reach this objective we 
identified critical fuel fabrication 
plant structures and equipment. The 
Westinghouse Recycle Fuels Plant was 
selected to be representative of 
future fuel fabrication plants. Our 
review of this plant pointed to 
11 items (listed in Table 2) as 
critical, We include a description 
of each critical item, its function, 
and its location within the manufac
turing building. 

The next step was to determine 
the method of seismic analysis 
appropriate for each item. Our 
recommendation for the manufacturing 
building is based on the results of a 
study recently completed for NRC and 
is shown in Table 1. In selecting 
methods of analysis for equipment, we 
evaluated 11 different approaches. 
We found that the choice of method 
depended heavily on the response 

characteristics of both the equipment 
and its support structure (iu tnis 
case, the maim I!acturing building). 
Table 3 summarizes the different 
methods of equipment analysis and 
Table 1 summarizes our recommendations 
for critical equipment analysis. 

In the section Genei'^zion vj' -'"IJO? 

Sfejfciu, we evaluate methods of 
calculating floor spectra for fuel 
fabrication plants. The choice of 
methods is important, because floor 
spectra will normally be required 
during the design of future mixed-
oxide fuel fabrication plants 
(MOFFP's). A dynamic time-history 
analysis of tne building is the most 
coiunon approach used to calculate 
floor spectra, however, alternate 
approximate methods have been 
suggested by both Kapur and Biggs. 
We generated and compared horizontal 
and vertical MOFFF floor spectra by 
all three methods. Our comparison 
indicates that although the approxi
mate methods could be male acceptable 
from a safety standpoint, they would 
be overly conservative. The time-
history method will yield floor 
spectra that are less uncertain and 
less conservative for a relatively 
modest additional effort. We 
recommend the time-history approach 
for developing MOFFP floor spectra. 
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Recommended methods of analysis for manufacturing building 
and critical equipment. 

Recommended method 
of analysis 

Recommended 
model 

Input 
loading 

.lanuf ac_turin% building 
Founded near or Dynamic 
at grade (response 

spectra) a 

Oeeply embedded 
(embedded depth 
>15% of least 
foundation 
dimension) 
Critical equipment 
Rigid 
(f * 3J Hz) 
Flexible 
(f < 33 Hz) 

Heavy 

dynamic 
(response 
spectra) a 

Jynamic 
(response spectra 
or time-history)c 

dynamic 
(response spectra 
or cim£-hi3tory)c 

Lumped mass 
or finite 
element0 

Finite 
element 

Lumped mass 
or finite 
element 

Lumped mass 
or finite 
element 
(coupled 
building- / 
equipment f 
model) / 

G,round-response 
spectrum or 
acceleration 
t£me-historya 

Ground-response 
spectrum or 
acceleration 
Lirae-historya 

/Maximum floor 
I acceleration 
/ Floor-response 
spectrum or 
acceleration 
time-history 
Grouud-response 
spectrum or 
acceleration 
time-uistory 

If time-histoi'y-response quantities and their phas/s relationship are 
required, a time-history analysis by either modal or direct integration must 
be performed. If nonlinear effects are considered important, a time-history 
analysis by direct integration must be performed. 

"For layered and shallow sites, use of a lumped-mass model with soil springs 
may not be accurate. 

cIf differential support motion need b» considered for equipment, a dynamic 
analysis, either coupled (building-equipment) or uncoupled, must be performed. 

"distribute loads per mass distribution. Model should reflect stiffness 
of actual structure. 

e A coupled model includes both the equipment and ;he supporting structure. 
Criteria for decoupling equipment from supporting structure are 

R < 0.01, m * 
0.01 < R < 0.1, 

R > 0.1, 

decouple far any R, 

do not decouple, 
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mass of equipment 
m mass of supporting structure 

natural frequency of equipment 
f frequency of dominant support motion 

Critical Structures and Equipment 

We chose to study the Westing-
house Recycle Fuels Plant, cc be 
located in Anderson, South Carolina. 
The capacity of the Westinghouse 
plant is typical of those expected 
for future mixed-oxide fuel fabrica
tion plants, that is, an ultimate 
production of about 1 metric ton/d 
of fuel in fuel rod form. We con
sider the planned process flow 
equipment, piping, and structures to 
be representative and inclusive of 
equipment and structures anticipated 
in future commercial-scale fuel 
fabrication plants. 

Ine fuel received at KOFFP's is 
expected to be in the form of 
Plutonium and uranium oxide powders. 
Fuel elements produced from these 
oxides will be used in light-water-
cooled reactors* 

The future HOFFP is assumed to be 
composed of a manufacturing building 
and structures housing auxiliary 
functions. The manufacturing build
ing will house powder process 
operations and safety-related items 
that must remain functional during 

the standard maximum credible 
accidents, such as tornadoes and 
earthquakes. 

It is further assumed that tne 
plutoniuin and plutonium-uranium 
mixtures will not be uirectly nandle/t. 
A remote, automatic process and 
appropriate suields and confinement 
will be necessary. Thus, it is 
assumed that processing will be 
performed in a "canyon" capable of 
withstanding the design eartuquake. 
Equipment critical to sate operation 
must also withstand the design 
earthquake. 

Table 2 lists those 3tructuies 
and equipment we consider critical. 
For purposes of analysis, we have 
assumed that the failure of any r.i 

these structures or components could 
lead to a substantial radioac.ive 
hazard to the general public. Zt 
should be noted tnat these critical 
items are associated with the fabri
cation process when t'le plutonium au*i 
uranium oxides are in powder form. 
Systems and components for subse
quently processing fuel pellets are 
not considered to be critical. 



Table 2. MOFFP critical structures and equipment. 

Uuter confinement 
structure 

Process 
equipment 

Auxiliary 
systems 

Manufacturing 
building 

PuO^ receiving and 
drum storage 
PuQ,, unloading station 
PuO^ bulk storage tanks 

blending column 
Mixed-oxide storage 
tanks 
Pressing column 

Powder transfer 
system 
Scrap recovery system 
Ventilation system 
exhaust (piping anu 
final HEPA bank) 
Diesel generators 

Instrumentation 
system 

The following sources of informa
tion were used to develop this list: 
<1> the License Application for the 
Westinghouse Recycle Fuels Plant ; 
(2) discussions with Ralph M. Parsons 
Company engineers, designers of the 
plant; (3) discussions with Battelle 
Pacific Northwest Laboratories 
personnel regarding airborne release 
of plutoniura from generic mixed-

2 oxide plants ; and (4) discussions 
with Regulatory staff. These 
discussions permitted us to study 
alternative building designs, systems, 
and components for future plants. 

Figure 1 shows the manufacturing 
building plan of the Westinghouse 
plant. The plutonium and uranium 
oxide powders are received at the 
plant in drum containers (1). After 
initial storage the containers are 
moved to unloading stations (2) where 

the oxide powders are transferred to 
the bulk storage bins (3). The 
powders are then taken frou the bins 
in weighed amounts, mixed in i blend
ing collar. (4), and sent to the 
mixed-oxide storage area (5). The 
properly blended mixed oxide is then 
compacted, granulated, and pressed 
into pellets in the pressing column 
(6). The final operation involves 
sintering, grinding, cleaning of rod 
hardware, and loading the pellets 
into fuel rods. (See Refs. 1 and 2 
for more detailed information.) 

The transfer and scrap recovery 
systems associated with the mixed-
oxide powder operation are also con
sidered critical. The transfer 
systems are assumed to be pneumatic. 
The scrap recovery system will gather 
mixed-oxide scrap and recycle it. 
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PuO» bulk storage 

Sintering furnaces 

Pressing column 

Gloved barrier 

Blending column 

Fig. 1. Manufacturing building of Westiii^house Kecycle Fuels Plant . 



Parts of. Luc ventilation systen. 
art: also considereu critical. "iais 
system will filter tne air entering 
and leaving tne process area to 
minimize the release of airborne oxide 
particles iron the building. 

i-lAKLFACXtRl^C BUILDING 

Our selection of appropriate 
methods of seisuic analysis ox the 
manufacturing building is based on 
Refs. 3 and U. Justification for our 
recommendations is contained in Ref. 
U and will not be repeated here. 

Figure 2 shows the key structural 
elements of a representative manu
facturing building. The building is 
approximately 210 ft square with 
lb-in.-thick reinforced concrete 
roof, floors, and exterior walls. 
Tue ground floor is at grade, the 
second floor 20 ft above grade, and 
the roof 50 ft above grade. 

The vertical load-carrying system 
consists of slabs spanning supporting 
edge beams that bear on 2- * 2-ft 
columns on 30-ft centers each way. 
At end bays, the exterior walls act 
as bearing walls. 

The lateral fcree-resistlng 
system consists of floor and roof 
slabs and exterior shear walls. The 
slabs act as rigid concrete diaphragms 
spanning the shear walls, which 

210 ft 

o o c o a c 

a o a 3 o a 

a a c o o a 

a o a a a c 

a c o a 

a o a Q\ / a a 

-L 
18 in. 
wall 

210 
ft 

E 

Plan view 

IS in, J 

-24X24 in. 
square columns 
30 ft on centers 
each way 

Roof 

i—rr—nn—'— 
18 i n . wall j j Second floor 

18 i 

30 ct 

U l • r - ! + 
i . ' Ground floor 20ft 

Elevation 

Fig. 2. Manufacturing builaing. 

transn.it the loads to the foundation. 
End walls perpendicular to the 
direction of lateral load and 
interior columns were assamed to 
provide negligible lateral resistance. 

In our model the interior canyon 
walls are treated as partition walls 
and are not considered part of either 
the vertical or lateral force-
rejisting systems. 

http://transn.it


External structural design of 
this manufacturing building was 
governed primarily by tornado 

3 
considerations. Many future recycle 
plants will be located east of the 
continental divide near fuel reproc
essing plants and nuclear power 
reactors, and these buildings will 
have their external structural 
designs governed by Region I tornado 

5,6 criteria. The design of floors 
and columns will be governed by 
seismic criteria. Similarly, the 
1.5-ft-thick floor slab was governed 
by seismic loading to equipment. 
External structure design of future 
fuel recycle plants located west of 
the continental divide may or may not 
be governed by tornado loading. 

RECEIVING AND DRUM STORAGE 

Plutonium oxide is received and 
stored in specially designed double 
shipping containers in the receiving 
and drum storage area. The outer 
container is similar to a 55-gal drum. 
The inner container is a thick-walled 
tube closed on one end and sealed on 
the other with a heavy, bolted lid. 
The inner container is centered in 
tr.he outer container and is surrounded 
by packing material. The oxide powder 
is located in two sealed cans inside 
a thin-walled vessel within the inner 
container. 

Design of the complete container 
is controlled by handling and trans
portation loading, which far exceeds 
seismic loading. 

UNLOADING STATION AND SCRAP 
RECOVERY SYSTEM 

The shipping containers are 
mechanically transferred to the 
unloading station. After the lid and 
packing material are removed the open 
shippir.^ container is placed in a 
glove box enclosure and the powder is 
unloaded. Glove boxes are also used 
to enclose all waste reprocessing. 

Figure 3 shows a representative 
glove-box design. The glove box is 
constructed of 12-gauge stainless 
steel with a 3/8-in. shatterproof 
glass window. It is 2-1/2 * 3-1/2 
x 8 ft and weighs 5000 lb. The glove 
boxes are assumed fastened to a 
structural steel support frame 
anchored to the main building 
structure. 

BULK STORAGE AND MIXED-OXIDE 
STORAGE 

Prior to the blending operations 
the plutonium oxide powder is 
temporarily stoied in bulk storage 
bins. These bins are designed to 
receive powder from the transfer 
system, are geometrically safe, and 
permit powder weighing. After blend-
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96 in. 

oo oo 

Front view 

Shatterproof 
window 

42 in . 

- l /2-in.-diam 
leveling bolts 

- 2 X 2 X 3 / 1 6 in. 
structural tubing 
(welded construction) 

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

Fig. 3. Glove box (5000 lb). 

ing, the mixed-oxide powder is stored 
in similar bins until transfer to the 
pressing column. 

Figure 4 shows a representative 
storage bin design. The bin is 
approximately 8 ft high, 8 ft wide, 
and 4 in. thick and is constructed 
of 1/4-in. stainless steel plate. We 
supported the bin by two seats and 
provided four braces for lateral 
support. The weight of the bin and 
powder is estimated at 1500 lb. 

"Stainless steel 
sheet or plate 

Seismic brace-

Fig. 4. Storase bin. 

- 9 -



BLENDING COLUMN AKD PRESSING 
COLUMN 

Reinforced concrete -

The blending and pressing columns 
are an assembly of equipment arranged 
to perform a common operation. It is 
likely that arrangement and selection 
o£ equipment in future designs will 

vary considerably. For tniet reason 
we will not conduct structural 
response calculations to evaluate 
and recommend the most appropriate 
method of analysis for the columns. 
We consider, however, that both the 
Mending and pre&sing columns are 
subsystems and require a dynamic 
analysis. This approach follows the 
same guidelines used for critical 

8 subsystems in power plants. 
Both the blending and pressing 

columns a*e enclosed by gloved 
barriers (a barriers,), shown in 

Fig. 5. They are constructed of 10-
in.-thick reinforced concrete and 
extend from the first-floor level to 
the second-floor level. They are 
5-1/2 x 8-1/2 f t in plan, and they 
are attached to the main building 
structure at both floor levels. 

TRANSFER SYSTEM 

The Westinghouse plant wilj. use 
a pneumatic (vacuum) system to trans
fer the oxide powders. Future designs 
could use mechanical systems for 
transfer, but we consider the 

-Second floor level 

|20ft 

' f — 6 ft 6 in .~^*T 
•C 5 ft 6 in. 

-Ground f loor level 

Fig, 5. Gloved barrier. 

pneumatic transfer system as 
representative for this study. 

The pneumatic lines are asstuned to 
be schedule-40 stainless steel nipe 
with a maximum 6-in. diameter and 
0.28-in. wall thickness. The pneumatic 
system will be used to transfer the 

The schedule number is not a struc
tural term but refers to the 
pressure-stress ratio of pipe. For 
further information see American 
Standard ASA B36.10-1959. 
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powder oxides from the unloading 
station to the bulk storage bins and 
also to transfer the blended powder 
from the blending column to the 
mixed-oxide storage bins. Storage is 
assumed to be on an upper level to 
take advantage of gravity feed for 
blending and pressing operations. 

VENTILATION SYSTEM 

The ventilation system will employ 
high-efficiency particulate air 
(HEPA) filters to minimize the release 
of airborne oxides from the building. 
The system will always direct the air 
flow towards zones of greater radio
active contamination potential. 
Separate HEPA filters are provided 
for glove boxes, gloved barriers, and 
work rooms. Air is filtered when it 
enters the building, when it enters 
glove boxes and gloved barriers, when 
it leaves the glove boxes and gloved 
barriers, when it leaves work areas, 
and when it leaves the building 
through a final HEPA filter bank. 

For seismic considerations three 
parts of the ventilation system are 
important: the exhaust ducting, the 
box HEPA filters, and the final HEPA 
filter bank. The ducting will con

sist of approximately ltf-in.-diameter, 
relatively lightweight (16-gauge) 
pipe. The ducting will be anchored 
to the main building structure. The 
box HEPA filters are lightweight and 
are approximately a 1-ft cube. The 
final HEPA filter bank consists of a 
filter frame that houses the box HEPA 
filters. 

Figure 6 shows a HEPA filter frame 
designed in accordance with ORNL-

9 NSIC-65 guidelines. The frame is of 
welded stainless steel construction. 
with dimensions of 1- x 10- * 20-ft 
and a total weight of 2000 lb. 

DIESEL GENERATORS 

.Diesel-driven electrical genera
tors are required as a backup 
electrical system. They axe located 
on the second floor of the Westing-
house plant. 

INSTRUMENTATION 

The critical instrumentation con
sists of devices that measure and 
record earthquake ground motion and 
those that monitor the integrity of 
the systems confining the oxide 
powders. 
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Filter bank enclosure 

Typical HEPA 
f i l t e r , 2 4 X 2 4 
X 1 2 i n . , 50 l b / 
f i l t e r 

/ - F r a m e , 1 ft deep, 
v 10 f t h i g h , 

20 f t long. A l l 
stainless stee! 
welded construc
tion . Connected 
to f loor , wa l l s , 
and roof of 
enclosure. 

Fig. 6. Final HEPA filters, frame, and enclosure. 

Methods of Structural Analysis 

MANUFACTURING BUILDING 

We recommend that the manufactur
ing building for fuel fabrication 
plants be evaluated against potential 
seismic hazard using the guidelines 
shown in Table 3. These recommenda
tions are based on the recently 
completed study "Evaluation of Methods 

for Seismic Analysis of Nuclear Fuel 
Keprocessing Plants." The objective 
of that study was to examine available 
methods of structural analysis to 
evaluate the earthquake hazard of 
nuclear fuel reprocessing plants. The 
conclusions may be used as the basis 
for a Regulatory Guide that recommends 
methods of analysis necessary to 
insure safe design. 
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Table 3. Kecommended models and 
method of analysis. 

Foundation Method of 
location Model analysis 

Near or at Lumped mass or Response 
grade finite element spectra3 

Deeply Finite element Response 
embedded spectra3 

If time-history response quantities 
are required, time-history analysis 
by either modal or direct integra
tion must be performed. If non
linear effects are important, a 
time-history analysis by direct 
integration must be performed. 

In Ref. 4 we considered the 
Barnwell Nuclear Fuel Plant (BNFP) 
to be representative of future 
commercial reprocessing plants and 
identified critical structures requir
ing seismic analysis. We then placed 
these critical structures into four 
categories of different response 
characteristics: (1) structures 
founded near or at grade; (2) struc
tures deeply embedded; (3) structures 
fully buried; and (4) equipment. 
After selecting one representative 
structure in each of the first three 
categories» we performed extensive 
response calculations using the 
different methods of analysis. The 
calculations included static and 
dynamic methods using lumped-mass 
and finite-element models. Response-
spec t rum > modal, and direct-
integration analysis procedures were 

used. The effects of site character
istics (such as nard, intermediate, 
and soft) on the response were 
considered. Regulatory Guide 1.60 
was used as the basis for ground-
motion input. compared the 
calculational results and the required 
manpower and computer effort to form 
the basis for our recommendations. 
Also included in Ref. 4 were 
discussions of the available methods 
of analysis for both site response 
and structural response. 

We chose the process building at 
the BNFP as representative of the 
structures founded near or at grade. 
The dynamic characteristics of the 
i-IOFFP manufacturing building in this 
study are sufficiently similar to 
those of the process building in the 
earlier study to base our recommenda
tions on the calculations r.nd 
evaluation in Ref. 4. For example, 
the horizontal fundamental frequencies 
are compared in Table 4 for hard, 
intermediate, and soft sites. 

To cover the possibility that 
future manufacturing buildings may 
be designed with a subgrade floor 
level, we also include recommendations 
for the "deeply embedded" category 
studies. For this category the fuel 
receiving and storage station at 
BNFP was selected as representative. 

The recommended models and methods 
of analysis given In Table 3 should 
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Table 4. Comparison of fundamental frequencies. 

Building 
Hard-site 

frequencies (hs) 
Intermediate-

site frequencies (hz) 
Soft-site 

frequencies (Hz) 

3 .'lanufacturing 
4 Process 

10.4 
9.4 

8.6 
6.3 

2.9 
1.8 

bracket all possibilities of future 
manufacturing building designs. 

EQUIPMENT 

The seismic integrity of equip
ment can be evaluated by either an 
equivalent-static method or one of 
stveral dynamic methods. Seismic 
loads can be determined by analyzing 
either a coupled building-equipment 
system or by conducting two separate 
analyses, one on the building 
structure and one on the equipment. 

The coupled analysis would require 
only one set of dynamic response 
calculations. However, the mathe
matical model required would be more 
complex and require many more 
degrees of freedom in order to include 
both the equipment and the support 
structure. This more complex, larger 
model is necessary to capture 
accurately the response of the equip
ment. Such a model would not only 
require much more computer effort for 
its solution, but would also 
increase the liVy : ihood of introduc
ing errors (by • •>,<' of ill-conditioned 

mass and stiffness matrices) in its 
solution. 

Performing separate analyses on 
the building structure and the equip
ment is generally more practical. 
Although two sets of response calcula
tions are required, the models are 
much more manageable and result in 
the use of much less manpower and 
computer time. The building analysis 
provides the seismic loading to the 
equipment. This approach permits the 
flexibility of performing either an 
equivalent-static or dynamic analysis 
of the equipment, whichever is most 
appropriate. 

If the mass and/or stiffness 
properties of the equipment could 
affect the overall building response, 
then a coupled dynamic analysis is 
necessary. If differential support 
motion must be considered (for example, 
because of a long pipeline extending 
several floor levels), then either a 
coupled analysis or two separate 
dynamic anal>ses with different 
support motions must be performed; a 
static analysis would not be 
appropriate. 



Seismic input loading for the 
building analysis is generally in 
the form of a free-fieJd-ground-
response spectrum or a synthesized 
accelerogram. This input motion 
should be compatible with regional 
and local geology and seismicity. 
The Regulatory position for determin
ing design-basis motion for nuclear 
power plants is described in 
Appendix A of Ref. 10. An acceptable 
ground-motion spectra for rock or 
soil sites for power plants is 
described in Regulatory Guide 1.60. 

Seismic input loading for the 
equipment analysis is generally in 
the form of (1) a static coefficient, 
(2) a floor- or amplified-response 
spectrum, or (3) a floor- or araplified-
acceleration record. The static 
coefficient is used as a multiplier 
in the equivalent-static analysis and 
usually reflects the peak floor 
acceleration or the peak of the 
acceleration-response spectrum at the 
location of the equipment within the 
building. The floor-response 
spectrum and acceleration time-
histories are usually obtained from 
a dynamic analysis of the support 
structure and reflect the actual 
vibratory motion at the equipment 
support. Approximate methods are 
also available to develop floor 
spectra. The available methods to 
determine floor spectra are evaluated 
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in detail later in this report (see 
Jen&i'ztion of Floe? Spectra). 

Seismic analysis of structures 
and equipment must consider three 
components of motion: two perpendicu
lar horizontal components and one 
vertical component. The probability 
is small that the maximum responses 
(displacements and stresses) caused 
by the three directional components 
would occur at the same time and 
therefore they are usually combined 
by the square-root-of-the-sum-of-
the-squares (SRSS) method. 

Definition of Terms 

Single-Degree-of-freedom System 
(SPOT) 

The dynamic response of a system 
subjected to a specified base motion 
may be estimated by assuming that its 
mass, stiffness, and damping proper
ties are concentrated into single 
ph/sical elements. This model is 
called a single-degree-of-freedom 
system (Fig. 7). Once the system has 
been modeled the ground- or floor-
response spectrum can be used directly 
as input motion to determine the 
maximum response. 

Caution should be exercised in 
using single-degree-of-freedom 
representations of systems that 
physically have many possible dis
placed shapes. A single-degree-of-



CH -M 

W ^ f c ^ S ^ 
Motion 

Fig. 7. Single-degree-of-freedom 
system. Mass concentrated 
at single point M. Damping 
and stiffness characteristics 
concentrated in single 
elements C1 and S t respec
tively. 

Damping Factors 

The response of a Structure, 
system, or component usually has 
energy dissipation associated with it. 
These energy losses may be caused by 
internal energy dissipation within 
the material or support or joint 
slippage, and they are normally 
accounted for by means of a damping 
value. 

Design damping values typically 
range from 0.5 to 10% Cf critical 
damping. Damping can ftave a signifi
cant effect on the dynamic response 
of the structure. Table 5 shows 
damping values used in the design of 

12 power-plant structures* The lower 
value is for use with operating-basis 
earthquake motions, th^ larger with 
safe-shutdown earthquake motions. 

Table 3. damping values (percent of 
critical), ffom Regulatory 
Guide 1.61. 

freedom representation will only 
approximate the trtfe behavior. 

System (MDOF) 

Often, dynamic response cannot be 
described with single-degree-of-
freedom systems, T ™ e behavior can 
only be described in terms of more 
than one displacement coordinate, 
that is, a mulcipl*-degr«e-of-freedoin 
system is requir«d to capture the 
notion. 

Structure 
or component 

Damping 
value 

Small-diameter piping 
(< 12 in,) 

1-2 

diameter piping 
(> 12 in.) 

2-3 

Steel structures 
Welded 
Bolted 

2-4 
4-7 

Prestressed concrete 
structures 4-7 

reinforced concrete 
structures 4-7 
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In this study velocity-dependent 
damping was assumed, a standard 
modeling procedure in structural 
analysis. 

Response Spectrum 

A response spectrum is represented 
schematically in Fig. 8. A series of 

<<•) < » 

4 » 
» 

T ' . l 
» 
l f 2 

1 

f 3 f 4 f5 f 6 

Motion 

Frequency — Hz 

Fig. 8. Simulated cantllevered beams 
of varying response fre
quencies, (a) Pendulums of 
varying response frequency, 
(b) Plot of maximum response 
quantity for each s ingte-
degree-of-freedora system for 
particular input motion. 
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single-degree-of-freedoni systems 
(cantilever pendulums) with varying 
fundamental frequencies are fixed to 
a moveable base. As the length of 
the pendulums increases, the funda
mental frequency decreases. If the 
base is moved with a time-varying 
motion and the motion of each 
pendulum is recorded, a curve can be 
developed that plots tne maximum 
response against the frequency of 
each pendulum. This curve is called 
the response spectrum for that 
particular input motion, and is also 
snown in Fig. 8. The response 
motion can be aisplacement, velocity, 
or acceleration, because all are 
related to frequency. It is possible 
to generate spectra for both vertical 
and horizontal base motions. 

Ground-Response Spectrum 
(Free-Field) 

If the series of single-degree-
of-freedom systems (pendulums) are 
assumed supported on tne ground and 
are subjected to free-field ground 
motion resulting from an eartnquake, 
tnen the response-spectrum curve 
developed is called a ground-motion 
spectrum. Figure 9a shows an example 
of the acceleration ground-motion 
spectrum for tne 1940 El Centro 
earthquake. Figure 9b shows the 
measured Horizontal accelerogram 
record used as input to develop this 
spectrum. 



0.4 

0.2 

(b) 

< -0.2 

-0.4 

" 
— 0.32 g max 

5.0 10.0 15.0 20.0 25.0 30.0 
Time — s 

Fig. 9. 1940 El Centro earthquake. (a) Acceleration 
response spectrum, (b) Accelerogram. 

-18-



Figure 10 allows the fcree-field-
ground-nwtion spectrum currently used 
to define seismic input for nuclear 
power reactors. This smooth spec
trum is based on a statistical treat
ment of approximately 47 earthquake 
records and is plotted on tripartite 
log paper for the convenience of 
having maximum acceleration, velocity, 
and displacement values as a function 
of frequency on one plot. Both 
horizontal and vertical spectra are 
given for different values of damping. 
Both 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 
simply by scaling. 

Floor- or Amplified-Response 
Spectrum 

Floor-response spectra are similar 
to ground-response spectra except 
that the base of the series of 
cantilever beams is located at a 
particular floor level in the build
ing rather than on the ground. 
Unless the building is rigid (that is, 
has a frequency greater than 33 Hz) 
the response motion at different 
elevations in the building will be 
different than the base ground motion. 
Usually the motion is amplified, 

resulting in a floor spectrum with 
larger response values than ground-
motion-spectrum values for a given 
frequency. Several methods available 
to generate floor spectra are 
discussed in the section Generation 

of Floor Spectra. 

Rigid and Flexible System 

In general, rigid systems are 
defined as those with fundamental 
frequencies in excess of 33 Hz. This 
is consistent with Regulatory's 
position for power reactors. In 
Fig. 10, for example, there is no 
amplification over tne 1-g ground 
motion for frequencies greater than 
33 hz. Kigiu systems exhibit no 
response amplification above the 
support or bas*. motion. Tne response 
spectrum developed for a base motion 
from the 1940 El Centro earthquake 
(Fig. 9) shows the spectral accelera
tion *?qual to the peak ground 
acceleration for frequencies greater 
than 20 hz. 

Flexible systems are defined as 
those with fundamental frequencies 
less than 33 Hz. 

Stati.c Analysis 

Static analysis refers to the 
application of static horizontal or 
vertical design load to a structural 
system* Theee loads are usually 
expressed as a coefficient or 

-19-



Fig. 10. Design response spectra, scaled to 1-g horizontal ground 
acceleration (from Regulatory Guide 1.60). (a) Horizontal, 
(b) Vertical. Example: for 5% damping and £ = 0.25 cps, 
D - 73.8 in., v = 115.93 in./s, a - 0,47 g. 
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multiplier of the acceleration of 
gravity. The loads are distributed 
consistent with the mass or weight 
distribution of the system. 

Generally, the coefficient is 
based on the seismicity and soil 
characteristics at the site as well 
as the dynamic response character
istics, type, and function of the 
structural system under analysis. 
Another common way to determine the 
coefficient is to use the response 
spectrum defined for the structural 
system's base motion and an assumed 
damping value. Often the peak of the 
acceleration spectrum is chosen to 
develop an equivalent static load to 
apply at the center of gravity of the 
system. This, in effect, assumes 
tha:: the structure behaves as a 
single-degree-of-freedom system in 
resonance with the support or base 
motion. No natural-frequency cal
culation is performed on the 
structural system. 

Dynamic Analysis 

In dynamic analysis the dynamic 
properties of the system (frequencies 
and mode shapes) are used to develop 
the seismic loads for design. One of 
two methods is used: the response-
spectrum method or the time-history 
method. 

The response-spectrum method 
requires the base motion to be in the 

-U-

form of a response spectrum. Mode 
shapes and frequencies of the mathe
matical model must be calculated. 

Because of the way the modal 
quantities are combined to get the 
total response, this method yields 
only an approximation. The response 
is calculated (such as for displace
ment or loads) in each mode, and all 
the calculated responses are 
•superposed by the SRSS procedure. 
This procedure is used because the 
maximum value in each mode may not 
occur at the same time. The procedure 
is modified when closely spaced modes 
occur. Enough modes must be included 
in the analysi J capture the 
complete structural response. 

The time-history method determines 
the structural response to an 
arbitrary force-time history or 
acceleration-time history. The 
method solves the equations of motion 
developed for the system at each 
t .me step using one of two approaches: 
mode superposition or direct 
integration. 

Using mode superposition Che 
eigenvalue problem associated with 
the model is solved to determine the 
mode shapes and frequencies of 
vibration. The response of each mode 
is then determined and all modes are 
combined to get the total response. 
This approach is limited to the 
linear response of structures. 



The direct integration approach 
is used to obtain a solution by step-
by-step integration of the equations 
of motion. Solution of the eigenvalue 
problem is net required, and non
linear effects may be included if 
required. 

Either approach gives an "exact" 
time-history of response. A direct 
integration analysis is equivalent to 
an analysis by the mode-superposition 
approach in which all mode shapes ^nd 
frequencies are included and the 
same time step, At, is used. Both 
approaches involve larger amounts of 

computer time than the response-
spectrum method to solve for the 
dynamic response of a structure 
because small time steps are required 
to achieve meaningful results. 

For more detailed discussion of 
the static and dynamic methods, 
particularly the advantages and dis
advantages of each, see Ref. 4. 

of the equipment will dictate the 
suitable method of analysis. 

Figure 11 illustrates the 
standard approach used to develop 
seismic loading to equipment located 
at different levels in the building. 
The input seismic loading to the 
building is usually expressed in the 
form of an accelerogram considered 
representative of the free-field 
ground motion at the site (A_). The 
free-field accelerogram is usually 
(1) based on a single recorded earth
quake accelerogram considered 
representative of the site or (2) 
developed from a free-field response 
spectrum (S„) based on a statistical 
treatment of many past earthquake 
records. 

When an acceleration time-
history is required, a synthesized 
accelerogram (A_) is derived from the 
free-field response spectrum. An 
example of this approach is Regulatory 
Guide 1.60, which defines the seismic 
input for nuclear power reactors. 

The free-field ground motion (S 
or A_) is used as the exciting motion 
to a lumped-mass or finite-element 
model of the building. This model 
usually includes soil springs, which 
permit soil-structure interaction 
effects to be considered. 

* 
Approximate approaches are discussed 
in the section GenerctfyLon of Floor 
Spectra. 

Available Methods 

We have categorized the different 
seismic analysis methods for 
equipment according to the dynamic 
response characteristics of both the 
building (or support structure) and 
the equipment. The response 
characteristics of the building will 
influence the choice of seismic 
loading suitable for equipment anal
ysis. The response characteristics 
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The dynamic response of the model 
is calculated using a computer pro
gram. Response quantities include 
member forces, displacements, 
velocities, and accelerations through
out the building. Figure 11 
illustrates calculated acceleration 
time-histories at different floor 
levels (A-j). Depending on the 
location of the equipment, the 
accelerograms can be used directly as 
input to an equipment dynamic analysis. 
An alternative technique is to develop 
acceleration-response spectra 
corresponding to these floor accelero
grams, designated as S_, in Fig. 11. 
These floor spectra are then used as 
input to the dynamic analysis of 
equipment. 

An equivalent-static analysis of 
equipment uses a single value from 
either the acceleration time-history 
or acceleration-response spectrum to 
represent the seismic force. These 
include, for example, maximum ground 

ci -i *.J / * m a x .flax, 
or floor acceleration (A G or Ap ) 
and ground- or floor-spectra values 
that correspond to the frequency of 

^e ^B the building or equipment (S„ , S_ , 
S p ). Appropriate damping values 
must be used. 

Figure 12 identifies 11 methods 
for evaluating the seismic integrity 
of equipment. To find the appropriate 
method we first determine the stiff
ness of the building that houses the 

equipment. We then determine the 
stiffness of the equipment. Finally, 
after these two stiffnesses are 
known, the precision in the seismic 
input load indicates the appropriate 
analysis method. 

The two classes of stiffness, in 
either buildings or equipment, are 
rigid and flexible. Rigid systems 
are those that exhibit no response 
amplification when subjected to 
input motion. Flexible systems 
exhibit response amplification. For 
example, for the design of power 
plants Regulatory Guide 1.60 suggests 
33 Hz as the frequency cutoff for 
rigid structures. Those structures 
with fundamental frequencies greater 
than 33 Hz need not be designed for 
amplified acceleration levels. 
Flexible structures include those with 
frequencies less than 33 Hz. For our 
purposes the 33-Hz value appears 
reasonable as the dividing line 
between rigid and flexible buildings 
and equipment. 

As shown in Fig. 12, methods 1 
through 4 pertain to the rigid-
building situation and i-^thods 3 
through 11 the flexible-building 
situation. Because no dynamic re
sponse characteristics or calculations 
are required for rigid buildings, 
methods 1 through 4 can determine 
seismic equipment leading directly 
from the free-field ground motion. 
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Input" motion 

Free-f ield seismic 
ground motions 
{ver t ica l or h o r i 
zontal) usually 
defined as a c c e l 
eration spectrum. 

Earthquake motion 

Free-f ield acceleration 
time-history is developed 
from f ree- f ie ld ground 
motion spectrum ( i . e . 
synthetic accelerogram). 

Model 
Model ( L M o r F E ) o f 
bui lding structure that 
includes foundation 
effects (v ia soil springs). 

Response 

Acceleration t ime-history 
response of the model is 
calculated at different 
bui lding levels by using 
dynamic analysis 
techniques. 

Floor spectra 

Floor or ampl i f ied 
acceleration response 
spectra are generated 
from calculated 
acceleration t ime-
history results at 
each leve l . 

Fig. 11. Standard approach used to develop seismic loading to equipment a t d i f ferent l eve l s in building. 

Definit ion of symbols: A_, A„ = accelera t ion t ime-history for ground, floor; AQ , Ap = maxi 

accelera t ion for ground, f loor ; S„, S p = accelera t ion response spectrum for f ree- f ie ld ground, 

f loor ; S!, , S_, = peak value from accelera t ion response spectrum for ground, f loor . 



Form of 
seismic 
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Required 
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bu i l d ing 
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. [ , Dynamic analysis_ 
of equipment 

Dynamic analysis 
of bu i ld ing H 

Fig. 12. 

If d i f ferent ia l support motion need be considered for equipment then a dynamic analysis, e i ther coupled ( b u i l d i n g -
equipment) OP separate, using appropriate support motions must be per formed. 

If mass and/or stiffness of equipment influences overa l l bui ld ing response then a coupled ( b u i l d i n g - e q , j j p m e n t ) dynamic 
analysis must be performed. 

Must demonstrate that r ig id bu i ld ing or r ig id equipment response characteristics w i l l not ampl i fy input ground or floor 
motions. Genera l l y this implies that both have fundamental frequencies greater than 33 H z . 

Must demonstrate that f lex ib le bu i ld ing responds as single degree-of- f reedom system. 

Use a damping value consistent w i th equipment. 

Use a damping value consistent w i th s t ructure. 

Decision tree showing analysis method to evaluate seismic In tegr i ty of equipment. Double under
scores indicate recommended methods. Definition of symbols: A„, A_ = accelerat ion t ime-history for 
ground, f loor; A™a , Ap B X a maximum accelera t ion for ground, floor; Sg, S„ = accelera t ion response 
spectrum for f ree- f ie ld ground, f loor ; S^ , S*J * value from accelera t ion response spectrum for 
ground, f loor; S p , S , S„ = accelera t ion response spectrum value corresponding to frequency of 
bui lding, equipment for ground, f loor . 



Mechod 1 (rigid building, rigid 
equipment) recognizes chat no load 
amplification over the free—field 
values is possible and therefore uses 
the maximum ground acceleration 
(A?!aX) as the static coefficient or 
multiplier for an equivalent-static 
equipment analysis. 

Method 2 (rigid building, flexible 
equipment) accounts for the situation 
where the maximum seismic equipment 
loading must include amplification of 
the maximum ground-motion accelera
tion. It conservatively selects the 
peak-ground-moticn-spectrum value 
(S*, ) using a damping value con
sistent with the equipment. The 
equipment must respond as a single-
degree-of-freedom system. 

Method 3 (rigid building, flexible 
equipment) accounts for the same 
situation as method 2, but with the 
conservatism removed. Method 3 
selects a ground-motion-spectrum 
value consistent with both the 
fundamental frequency and damping of 
the equipment. It also requires the 
additional effort of calculating Che 
fundamental frequency. The equipment 
here, too, must respond as a single-
degree-of-freedom system. 

Method 4 (rigid building, flexible 
equipment) is used when the equipment 
does not respond as a single-degree-
of-freedom system. Here, either the 
free-field ground accelerogram {&,,) 

or response spectrum (S ) are used as 
input to a dynamic equipment analysis. 
Either response-spectrum or time-
history methods of analysis are 
appropriate. 

Hat hot.' 5 (flexible building, 
rigid equipment) is a special case. 
Although It falls Into the flexible-
building class, because the equipment 
is considered rigid the seismic 
forces can* as in methods 1 through 
4, be related directly to the free-
field ground motion. As long as the 
building responds primarily as a 
single-degree-of-freedom system the 
maximum possible seismic loading to 
the equipment can be expressed a$ a 
function of the peak-ground-response-
spectrum value. 

Methods 6 through 11 are in the 
flexible-building class and therefore 
require dynamic characteristics and/ 
or response calculations of the build
ing to determine the input seismic 
loading to the equipment. 

Method 6 (flexible building, 
rigid equipment) uses the free-field 
ground motion directly. Here, as in 
method 3, the building must respond 
s a single-degree-of-freedom system, 
because the equipment is considered 
rigid, no dynamic response calcula
tions are required, however, the 
fundamental frequency and damping of 
the building must be determined so 
that a spectral acceleration value 



corresponding to trie building 
frequency (S„ ) can bb obtained. This 
corresponding acceleration value 
oiiun results in a substantial load 
reduction over ituthod i. 

Method 7 (liuxiblu building* 
rigid equipment) in fur rigid-
uquiptscnt cases where the building 
dues nut respond a* a *Ingle-degree-
ol-freedom system. It uses the 
maximum floor acceleration (A_ ) as 
the static coefficient. To get this 
r^axiwun floor acceleration a dynamic 
response analysis is required of the 
building using a multiple-degree-of-
freedom model. Either a nodal 
analysis or the direct method of 
solution can be used* 

Method B (flexible building* 
flexible equipment) uses either the 
floor response spectrum (S„) or floor 
acceleration (A p) for the seismic 
motion. Here, the equipment must 
respond as a single-degree-of-freedom 
system, and the peak spectral value 
(sf. ) is conservatively selected as 
the static coefficient. 

Method 9 (flexible building, 
flexible equipment) is the same as 
method 8 except that the spectral 

f e value selected (S_ ) is less con* 
servative and consistent with the 
calculated fundamental equipment 
frequency. 

Method 10 (flexible building, 
flexible equipment) also uses either 
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the floor-response spectrum <S ) or 
floor acceleration (A ) for the 
seismic motion. Hut here the equip
ment can be a multiple-degree-of-
frcedur system. Either response-
spec cruta or time-history methods of 
solution can be used. 

: let nod 11 (flexible building, 
heavy equipment) is the special case 
unere the equipment Is of sufficient 
mass and/or stiffness to affect the 
overall dynamic response of Che 
building, here, dynamic response 
calculations must be cade on a 
coupled building-equipment model. 
Free-field ground motion (5„ or A.) 
can be used for analysis. ticher 
response*-spectrum or time-history 
methods of solution are appropriate. 

Several general comments can be 
made regarding the selection process 
described in Fig. 12. 

1. If a frequency value of 
approximately 33 ha is used 
to delineate between rigid and 
flexible systems, very few 
building structures used at 
nuclear facilities (particu
larly if soil-structure 
interaction effects arc 
important) will fall into the 
rigid class. As stated 
earlier, the 33-hz value is 
consistent with Ke&ula.cory 
Guide 1.60 for power plant 
buildings. 



When enoosing between methods 
2 and 3, methods 5 and t>, and 
methods o and 9 for most 
buildings and equipment combi
nations, uie latter method in 
each pair will be the most 
practical because of the 
undesirable conservatism 
associated with using the 
peak-response-spectrum value. 
Tne additional effort required 
to determine the fundamental 
frequency will be justified. 
When choosing between methods 
2, 3, and 4; methods 5» 6, 
and 7; and methods 9 and 10 
because of tne single-degree-
of-freedom requirement, it 
will generally be more 
practical to use methods 4, 
7, and 10. Most of the equip
ment and buildings are 
sufficiently complex that 
they cannot be modeled as a 
sinfle-degree-of-freedom 
system. Further, once the 
response characteristics 
nc'ossary to determine whether 
or not the system responds as 
a single-degree-of-freedom 
system are calculated, very 
little additional effort is 
required for the dynamic 
response solution. 
Given only a single piece of 
equipment to evaluate in a 

building, the methods most 
frequently applied will be 
methods 1, 4, 7, or 10. The 
usual situation is to calcu
late the response of many 
pieces of equipment located 
in one building. Method 10 
is probably the best compro
mise since floor spectra only 
need to be computed once. 

5* If differential support 
motion need be considered for 
the equipment (e.g., a pipe 
that extends over several 
floor levels), then a dynamic 
analysis is required. The 
single analysis using a 
coupled building-equipment 
model may be performed, or 
two separate analyses using 
appropriate support motion 
may be conducted. 

Comparison of Methods 

The dynamic response characteris
tics of the manufacturing building we 
consider representative of future 
fuel fabrication buildings is dis
cussed in detail in the section 
Generation 03' Floor* Spectra. The 
basis for the building design is 
discussed in the section Critical 

Structures ayid Equipment. 

The fundamental frequencies of 
the building were calculated for two 
site conditions for both horizontal 
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and vertical ground motions. The 
first site reflects an average site 
shear velocity of 3500 ft/s, and the 
second, a softer site, reflects a 
shear velocity of 1500 ft/s. The 
calculational model included soil 
springs to account for soil-structure 
interaction effects. The calculated 
fundamental frequencies for horizontal 
motion were 7,7 and 9.7 Hz for the 
soft and hard sites, respectively. 
The calculated frequency for vertical 
motion is 7.7 bz for both site 
charac ter izat ions. 

Using the 33-Hz frequency value 
for the division betveen rigid and 
flexible structure classes, the 
manufacturing building must be 
considered a flexible structural 
system. The fundamental frequency of 
building horizontal motion is domi
nated by the end shear walls; for 
vertical motion the floor and roof 
slabs dominate the response character
istics. Even with substantial 
variations in wall and slab design 
(e.g., decrease or increase of thick
ness by as much as 50%) the building 
would still fall within the flexible 
rather than rigid class. 

Figures 13 and 14 show the 
acceleration floor spectra calculated 
for different levels of the manufac
turing building for both horizontal 
and vertical motions. The floor 
spectra are for 0.5% damping. Also 

given are 0.5 and UX free-field-
ground-motion spectra. These spectra 
were developed from the synthesized 
free-field accelerogram that was 
used roi' the time-history response 
analysis of the building model. The 
kX spectrum is consistent with that 
used for the building response 
analysis. The 0.5% spectra are 
included to permit a comparison of 
free-field motion with calculated 
building response motion for the 
same damping. The free-field ground 
motion reflects a 1-g maximum 
ground motion for both horizontal 
and vertical directions. For other 
maximum horizontal free-field 
motion the floor- and ground-
response spectra can simply be scaled. 

These figures clearly show 
building influence on the seismic 
loads to equipment. The response 
characteristics of the building 
clearly amplify the ground motion. 
For example, Fig. 13 (horizontal 
motions, soft site) shows roof, 
second-floor, and ground-floor peak, 
spectral values of 114, 80, and 45 g, 
respectively., for 0.5% damping. The 
effect of the building fundamental 
frequency can also be observed to 
force the largest amplification near 
that frequency. The ground-motion 
spectrum shows a lesser peak 
amplification of 10 to 12 g at 0.5% 
over the 1-g maximum horizontal ground 
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Roof ( 0 . 5 % of critical damping) 

Second floor 
( 0 . 5 % of critical damping) 

Ground floor 
( 0 . 5 % of critical damping) 
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f r t -e-f ie ld ground motion 
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f ree- f ie ld ground mot ion" 
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Frequency — Hz 

Fig. 13. Free-field ground motion and calculated floor response spectra, 
horizontal motions, soft site. 
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Roof ( 0 . 5 % of critical damping) 

Second floor 
( 0 . 5 % of critical damping) 

Ground floor 
( 0 . 5 % of critical damping) 

0 . 5 % of critical damping, 
free-field ground motion 

4% of critical damping, 
free-field ground motion 
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Fig. 14. Free-field ground motion and calculated floor response spectra, 
vertical motions, soft site. 
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acceleration but over a. wider fre
quency range. Similar amplifications 
are shown In Fig. 14. 

Soil-structure interaction effects 
influence the seismic loading to the 
equipment, figure 1J shows a free-
tield-spectva amplification factor of 
approximately A (45/12) over the 
ground floor 3t a frequency near the 
building fundamental frequency. This 
amplification is directly attributed 
to the soil springs. 

Table 6 shows estimated funda
mental frequencies of each of the 
critical pieces of equipment. Varia
tions in equipment design could 
substantially modify these frequency 
estimates. For example, the location 
of support points plays a significant 
role in the response characteristics 
of the equipment. For this reason 
and also because future equipment 
designs may be substantially different 
we have decided not to use the 
estimated equipment frequencies when 
comparing seismic equipment loads. 
Instead, we will assume that the 
critical equipment could have any 
fundamental frequency less than 20 Hz. 

A comparison of seismic equipment 
loads determined using the different 
methods discussed previously is 
given In TvKle 7. The acceleration 
values she ifleet horizontal 
building motion for a soft site 
(Fig. 13). The input free-field 

ground motion is based on a 1-g 
maximum horizontal ground motion. 

Table 6. Estimated fundamental 
frequency of critical 
equipment. 

Estimated 

Critical equipment 
irequency 

(Hz) 
Unloading station 
(gloved box) 

10-20 

Bulk storage 25-50 
Mixed-oxide storage 25-50 
Transfer system 

(piping) 
5-20 

Scrap recovery system 
(gloved box) 

10-20 

Ventilation system 
(ducting) 

5-20 

Final HEPA frame 5-10 

Table 7. Comparison of seismic 
equipment3- loads determined 
using different methods, 
horizontal motion, soft 
site. 

Equipment 
Acceleration frequency Acceleration 

Method (Hz) (8) 
1 > 3: 1 
2 3-8 12 
3 0.25-33 1-12 
5 3-8 4 
6 7.7 4 
7 > 33 4 
8 7.7 80 
9 0.25-33 4-30 

Equipment assumed to be located 
on second floor of manufacturing 
building. 

bSee Fig. 13. 
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The equipment is assumed to be 
located on the second flcor of the 
manufacturing building* The build
ing is assumed to have 4% damping 
and the equipment 0.5% damping. 

As previously indicated, ire 
assume that future manufacturing 
buildings will fall within the 
flexible-building class (methods 5 
to 11). However* for comparison we 
include seismic equipment loads 
that reflect the rigid-building class 
(methods 1 to 4). Methods 4, 10, and 
11 are not included in the comparison 
because it would be necessary to 
completely define the equipment 
design. 

To facilitate comparison, we can 
briefly describe the methods listed 
in Table 7 as follows: 

Method 1 (rigid building, r 

assumes the equipment frequency 
to coincide with the dominant 
free-field frequency on the 0.52 
damping curve. 

Method 3 (rigid building, flexible 
equipment). This method assumes 
that the equipment frequency is 
determined and that the result 
is a seismic equipment loading 
that ranges from 1 to 12 g, 
depending on the actual equipment 
frequency. 

Method 5 (flexible building, rigid 

equipment). Because the free-
field ground motion is not 
amplified, the maximum seismic 
loading on the equipment is the 
maximum ground acceleration, 1 g. 

Method 2 (rigid building, flexible 
equipment). This method selects 
the peak free-field spectral 
acceleration for the seismic 
equipment loading. Kather than 
requiring a frequency calculation 
for the equipment, it conserva
tively uses the peak free-field 
spectral value of 12 g that 

it assumes that the building 
fundamental frequency matches the 
dominate frequency of the free-
field motion. It also assumes 
that the building responds as a 
single-degree-of-freedom system. 

Method 6 (flexible building, rigid 
equipment). This method uses the 
calculated frequency of the 
building (7.7 Hz), which results 
in a corresponding ground-motion 
spectrum value of 4 g. It assumes 
that the building responds as a 
single-degree-of-freedom system. 

equipment). Because the rigid 
equipment will not further amplify 
the free-field motion above that 
of the flexible building, this 
method uses the peak-ground 
motion-spectrum value of 4 g (4% 
building damping). It does not 
require a frequency calculation; 
it assumes that the building 
fundamental frequency matches the 
dominate frequency of the free-
field motion. It also assumes 
that the building responds as a 
single-degree-of-freedom system. 

Method 6 (flexible building, rigid 
equipment). This method uses the 
calculated frequency of the 
building (7.7 Hz), which results 
in a corresponding ground-motion 
spectrum value of 4 g. It assumes 
that the building responds as a 
single-degree-of-freedom system. 
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Method 7 (flexible building, rigid 
equipment). This method assumes 
the building has multiple-degree-
of-freedom characteristics and 
yields a seismic equipment load 
of 4 g,. This value is based on 
the maximum second-floor accelera
tion, which is the same as the 
second-floor spectral acceleration 
corresponding to a frequency of 
33 Hz or greater at 0.5% damping. 

Method 8 (flexible building, 
flexible equipment). This method 
requires a floor-response spectrum, 
the result of a dynamic building 
analysis appropriately accounting 
for the flexibility of the build
ing, as the input seismic motion 
to the equipment analysis. It 
selects the peak spectral floor 
acceleration of 80 g (0.5% damp
ing) to arrive at the seismic 
load for the equipment. It will 
produce extremely conservative 
loads unless the equipment 
fundamental frequency matches 
very closely that corresponding 
to the peak floor spectrum. It 
assumes that the equipment 
responds as a single-degree-of-
freadom system. 

Method 9 (flexible building, 
flexible equipment). This method 
requires a floor-response spectrum 
as the ir.put seismic motion to the 

equipment analysis. It also 
requires the determination of the 
fundamental frequency of the 
equipment, resulting in equipment 
loads that could vary from 4 to 
80 g depending on the actual 
equipment frequency. 

Future fuel fabrication manufac
turing buildings and most critical 
equipment will fall into the flexible 
building, flexible equipment class of 
methods 8 and 9. 

Conclusions 

The conclusions that follow are 
based on the dynamic response 
characteristics of future manufactur
ing buildings and the pros and cons 
of the different methods of analysis. 

Future fuel fabrication manufac
turing buildings should be considered 
flexible structures. Therefore, 
we are concerned only with methods 5 
through 11. These choices provide 
for the possibilities of rigid, 
flexible, or heavy (rigid or flexible) 
equipment. 

For rigid equipment we recommend 
method 7 over methods 5 and 6. 
Methods 5 and 6 require that the 
manufacturing building respond as 
a single-degree-of-freedom system. 
The dynamic analysis we performed (in 
the section Generation of Floor 
Spectra) clearly demonstrates that 
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the building must be modeled as a 
multiple-degree-of-freedom system. 

For flexible equipment we 
recommend method 10 over methods 8 
and 9. In most cases method 8 will 
yield loads that are too conservative. 
Method 9 not only requires that the 
fundamental frequency be calculated, 
but also that the equipment responds 
as a single-degree-of-freedom system. 
With the exception of the simpler 
equipment configurations, most 

equipment will require a multiple-
degree-of-freedoin analysis. Further
more, the additional analysis effort 
for the frequency determination in 
method 10 is small beyond that already 
required by method 9. 

For heavy equipment, which could 
affect the overall response of the 
building, method 11 is necessary. 

These recommendations are 
summarized in Table 8. 

Recommended methods for seismic analysis of equipment 
located in flexible buildings. 

Equipment 
stiffness 

Recommended 
method Description 

Rigid Method 7 Use maximum floor acceleration and conduct 
equipment static analysis of equipment 
Flexible Method 10 Use floor-response spectra or floor-
equipment acceleration time-history and conduct 

dynamic analysis of equipment 
Exceptionally Method 11 Use ground-response spectra or ground-
heavy acceleration time-history and conduct 
equipment coupled dynamic analysis of building-

equipment system 



Generation of Floor Spectra 

Almost all seismic analyses of 
equipment involve tne use of floor-
response spectra. In most instances 
a complete set of response spectra 
are calculated for the building prior 
to equipment design. The floor 
spectra will encompass motion in 
three orthogonal directions at aJl 
possible equipment locations and 
damping. 

The time-history method is 
normally used to calculate the floor-
response spectra. This can be 
accomplished by enveloping the floor 
spectra generated from the response 
of the structure to several recorded 
earthquake ground motions. The 
approach currently favored by 
designers is Co use a synthesized 
ground motion whose spectrum envelopes 
the probable site spectrum at all 
frequencies of interest. 

Additionally, approximate methods 
have become available for generating 
floor spectra^ Although developed by 
different authors, these methods 
share certain characteristics: the 
response spectra of the ground motion 
and a modal analysis of the building 
are required as input; no tirae-history 
calculations are required; the methods 
are generally more conservative than 
tne time-history approach. 

There are tnree main reasons for 
using one of the approximate methods 
in. lieu of the time-history approach: 

1. A synthetic accelerogram 
need not be generated 

2. An approximate method is less 
complex 

3. Less analyst and computer 
time is required. 

Two approximate methods were developed 
by Kapur and Biggs. Kapur s 
method was published in 1973. Biggs' 
method was first published in 1970 
and in 1971 revised to be more 
conservative. 

We assessed the suitability of 
the Kapur and Biggs methods for use 
on MOFFP's. (We used the more recent 
method presented by Biggs in Ref. 14.) 
Both authors have demonstrated the 
conservatism that results when their 
methods are used on power reactor 
buildings. Because MOFFP buildings 
have different response character
istics (such as higher natural 
frequencies) than power reactors, we 
felt it appropriate to re-examine 
the issue. 

To accomplish this, we developed 
a free-field synthetic accelerogram 
whose response spectrum envelopes 
those of many past earthquakes. Four 
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structural models of our MOFFP 
building wera developed that encompass 
the range of dynamic characteristics 
expected in the future. The four 
consist of vertical and horizontal 
response models founded on soft and 
nard soil. Floor-response spectra 
were generated witn tne time-history, 
Kapur, and Biggs metnods for all four 
models and tne results compared. 

FLOOR-SPECTKA CALCULATIONS 

free-field ground motion and the 4% 
horizontal spectrum from Regulatory 
Guide 1.60. Xne figure illustrates 
Liiat, wnile the agreement is not 
precise, the spectral content of the 
synthetic eartnquake is adequate for 
our purposes- The response spectra 
of the artificial ground motion was 
used as input to the approximate 
methods. 

Figure 15 shows that the 
Regulatory Guide 1.60 vertical and 
norizontal spectra are very similar. 
They are identical, in fact, over the 
range of MOFFP natural frequencies. 
Therefore, we elected to use the same 
synthetic ground motion for the 
vertical and horizontal floor-spectra 
calculations. 

Building Models 

Table 9 lists the material prop
erties used in formulating the 
calculational models for both 
horizontal and vertical response. 
Four percent of critical damping is 
appropriate for the reinforced 
concrete MOFFP structure and was used 
for all calculations of building 
response. Our soft-soil material 
properties correspond Co the lower 
limit of shear-wave speed for the 
range that is normally considered 
intermediate. Our hard-soil-shear-
wave speed is at the lower limit of 
the hard range. The purpose of 

Ground Motion Used 

As noted previously, the time-
history method for calculating floor 
spectra requires a free-field-ground-
motion accelerogram. The approximate 
methods require response spectra of 
the ground motion. We generated an 
earthquake-like accelerogram whose 
response spectrum is very similar to 
that in Kegulatory Guide l.oU. This 
similarity ensures tnat our accelero
gram nas the cnaracteristics of many 
past eartnquakes and therefore pro
vides a sound basis for comparing 
resultant floor spectra. The 
accelerogram was developed with tne 

16 
code SIMEAR. It has a 30-s dura
tion, has approximately 12 s o£ 
strong motion, has a maximum ground 
acceleration of 1 g, and consists of 
5000 points spaced 0.006 s apart. 

Figure 15 shows the 4% damped 
response spectrum of our syntnetic 
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Fig. 15. Response spectrum of synthetic acceleration compared to Regulatory 
Guide 1.6Q. 

Table 9. Material properties for MOFFP analytical models. 

Material 

Weight 
dens i ty , 

Y 3 ( l b / f t J ) M
il Young's 

modulus, 
E , 

(k ips / in . ; 

Shear 
modulus, 

G 2 

(k ips / in . ) 

Poisson 's 
r a t i o , 

V 

Damping 
r a t i o 

Concrete 150 — 3000 1200 0.25 4 

Soft s o i l 125 1500 164 60.6 0.35 4 

Hard s o i l 125 3500 891 330 0.35 4 



varying the soil properties was to 
make the floor-spectra comparisons 
extend over a range of site conditions 
considered representative of future 
MOFFP plants. 

Figure 16 shows the MQFFP 
analytical model used for horizontal 
response calculations. Note that the 

only difference between the soft-
and hard-soil models is the value of 
the soil springs at the base. The 
MOFFP is symmetric in plan, and the 
floors are relatively rigid in their 
plane. Therefore, a simple beam 
model is adequate. The masses, m, 
through m-, and inertias, I- through 

Roof 

30 ft 

Second t 
floor 

20 ft 

,1 

2 A O ">, = 33.0 kip •sV in . 

I , =20.5X 1 0 6 k i p - s 2 . i n . 

m2 = 39 

V. - 25.5 X 10° 

m,= 40 
Ground T A * * A (*> w 

floor ^ ^ ^ - T N I „ * 2 2 . 2 X 1 0 ° 

* & 

Concrete beam elements 
(mass less) 

Sheararea = 9X 10 4 in . 2 

Bending inertia -
1 1 < * 

1.9X 1 0 " i n . " 

Soil springs 

(kips/in.) ( in . • kip/rad) 

Soft soil 

Hard soil 

3.97X10 5 

21.6X 105 

7.46X 10 1 1 

40.6 X 1 0 1 1 

Fig. 16. Analytical model far UOFFP horizontal response. 
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I , represent the mass and rotational 
inertia of the building roof, floors* 
and tributary wall areas. The lateral 
stiffening effect of the interior; 
columns and partitions is negligible. 
The beam-element shear area represents 
that of the sidewalls. The bending 
inertia is that of the entire per
imeter wall. The soil springs were 
calculated by the procedures recom
mended by Wnitman and Richart. 

Figure 17 suows the analytical 
model used for vertical MOFFP 
response calculations, here again, 
tne only difference between the soft-

and hard-soil models is the value of 
che soil springs. In formulating 
this model it was important to include 
the vertical bending action of the 
upper-floor and roof slabs. Our 
model allows for this effect and yet 
provides a measure of economy in 
computing and modeling time. The 
model shown in Fig. 17 represents a 
JO-ft-wide strip of the MOFFP. 

Figure 18 shows the origin of the 
strip model. Because the building 
is symmetric, it was necessary to 
model only one-naif the length of the 
strip (105 ft) with the addition of 

Typical beams 
Shear area = 6480 in 

Node or // Bending inertia - 175,000 in 
location 
number-? 

13// 14 15 16 17 18 19/201 

— 3 0 f t _ 
f yp . 

8 9 

Typical column 

Shear area - 576 i n . 

Bending 'inertia ~ 27,700 in . ' 

10 U 

^ h 2 ^ Z \ ^W Z " ^ 

U/tfi/f t fj\& 

-Plane of symmetry 

" Rigid base mat 

Fig. 17. Analytical model for MOFFP vertical response, elevation view. Soil 
springs: soft soil, k z - 1.00 * 10* kip/in.; hard soil, k 2 - 5.42 
x 10* kip/in. 
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-210 ft 

Region 
modeled 

210 ft 

D • D D 

• • a 

.Typical 30 ft 

.strip 

Fig. 18. Basis for the vertical MOFFP model, plan view. 

symmetric boundary conditions at the 
centerline as shown. The interior 
vertical elements are the 24- x 24-in. 
columns. The horizontal elements and 
exterior vertical elements (at the 
left) ate beams IS in. thick by 
30 ft wide. The base mat has been 
made artificially stiff to account 
for the supporting effect of the 
underlying soil. 

The soil springs, k , represent 
the appropriate fraction of the 

overall soil spring for the building. 
They were calculated as follows. The 
vertical soil spring for the entire 
210- x 210-ft foundation was computed 
by the method in Ref. 17. The k 
shown in Fig. 17 represents the 
fractional value of the overall 
spring for a 30- x 30-ft section of 
the slab (that is, k , , M 9 ) . ' 2 overall ' 

Time-History Method 

All the time-history analyses 
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were performed in the same manner. 
We u,,ed the 5APIV finite-element 

18 code to make the calculations on a 
CDC-7600 computer. We used the 
direct-integration scheme with the 
free-field-ground-motion accelerogram 
described above as input and 4% of 
critical viscous damping. 

Because the equations of motion 
are formulated in terms of relative 
displacements, the accelerations 
output by SAPIV are relative to 
free-field. The absolute acceleration 
time-history was obtained by a post
processing operation that added the 
ground acceleration to the structure 
acceleration at each time step. The 
final step was to calculate the 
pseudo-acceleration response spectrum 
of the motion at each degree of 
freedom of interest. This was done 
for 0.5% of critical (equipment) 
damping. 

The time-history-derived floor 
response spectra are shown in 
Figs. 19 and 20. Figure 19 shows 
the horizontal floor spectra 
associated with soft- and hard-soil 
models. For the most part, the 
horizontal spectra are dominated by 
the fundamental frequency of the 
building. The one exception is the 
ground-floor spectrum of the hard-
soil model. In this case, the.15-g 
peak occurs at 5.3 Hz and results 
from a "spike" in the response 

spectrum of the free-field ground 
motion at this frequency. Tne 5.3-hz 
peak can be seen in the other floor 
spectra, but does not dominate when 
the modal response is more evident. 
The uneven character of tne spectrum 
of the input motion also accounts for 
the split resonance peak occurring in 
the soft-soil horizontal spectra. 
Note in Fig. 19a that there appears to 
be two closely spaced resonances. In 
actuality there is a "valley" in the 
spectrum of the input motion near the 
fundamental frequency of the building. 

Figure 20 shows the vertical 
MOFFP floor spectra calculated by 
the time-history method. We 
chose nodes 2, 8, and 16 of our 
vertical model for floor-spectra 
calculations. They are representative 
of the ground floor, second floor, 
and roof, respectively. The split 
resonance phenomenon observed in the 
horizontal soft-soil spectra is also 
evident in the vertical soft-soil 
calculations. 

Approximate Methods 

The Kapur and Biggs approximate 
methods for generating floor spectra 
are well documented in Refs. 13 and 
14. However, for completeness the 
two methods are outlined in the 
appendix to this report. 

There are two essential differ
ences between the two methods. The 
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first is that Kapur's method is 
based on a hypothetical upper limit 
to the amplification of the building 
and/or ground motion; Biggs' amplifi
cation factors are based on the 
envelope of several time-history 
analyses of a two-degree-of-freedom 
system. Kapur used a time-history 
analysis to estimate amplification 
factors only at equipment-building 
resonance. 

The second difference is that 
Kapur'a method involves artificially 
broadening the resonance peaks in the 
floor spectra by ±10%; Biggs' method 
does not broaden the peaks. 

To our knowledge Biggs' method is 
published for only one set of 
structure-equipment damping values: 
4.0 and 0.5%. Kapur's method is 
published for a range of structure-
equipment damping values that does 
not include the two that Biggs reports. 
We therefore extrapolated Kapur's 
resonance amplification factor to 4.0 
and 0.5% structure-equipment damping 
to facilitate the comparison. The 
extrapolated amplification value only 
affects Kapur's floor spectra near 
building-equipment resonance. 

As noted previously, both methods 
require a modal analysis of the 
building and the response spectra of 
the free-field ground motion. The 
modal analyses required by the 
approximate methods were accomplished 
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with the SAPIV code. The analytical 
models used were identical to those 
used in the time-history calculations. 

Figure 21 shows the results of 
the modal analysis of the two 
horizontal models. In both the soft-
and hard-soil cases, the four lowest 
natural frequencies were input to the 
approximate methods. None of the 
modes were closely spaced. 

Table 10 gives the modal-analysis 
data for the two vertical response 
models. Here, the model was more 
complex, and therefore the resulting 
mode shapes were more complex. Of 
the 15 frequencies obtained for the 
soft- and hard-soil models, 10 were 
chosen for input to the approximate 
methods. The frequencies were chosen 
for maximum response, based on the 
participation factor, r, the eigen
vector, $>, and preliminary calcula
tions of approximate floor spectra. 

It is of interest to note that 
many of the modes of the vertical 

model are closely spaced under the 
19 criteria in Regulatory Guide 1.92. 

This fact affects the approximate 
floor spectra because, as we point 
out in the appendix, the criteria 
and summing procedure in the Guide 
are used in the Biggs and Kapur 
methods. 

In performing the analysis we 
discovered that in some instances the 
approximate vertical spectra could 
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Fig. 21. MOFFF horizontal response model, normal mode data input to approxi

mate floor spectra methods, lowest four normal modes. T, modal 
participation factor; <j), eigenvector. (See Appendix for additional 
definitions.) 

actually be Increased by leaving out 
one of the normal modes of the build
ing. This resulted because; (1) the 
discarded mode was of minor importance 
to the building response and (2) the 
closely spaced modes were grouped in 
a different fashion by the algorithm 
in Regulatory Guide 1.92. We note 
this anomaly here as a matter of 
general Interest. 

Figures 22 through 25 show the 
MOFFP floor spectra derived by the 

Kapur and Biggs approximate methods. 
Each figure shows the three floor 
spectra for a particular soil stiff
ness, method, and direction. 

The overall appearance of the 
Biggs spectra is much the same as 
the time-history spectra. The Kapur 
spectra, on the other hand, are 
characterized by very broad, flat 
resonance peaks. This feature 
results from the ±10% peak broadening 
that is part of the Kapur method. 
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Table 10. Normal-mode data for MOFFP v e r t i c a l response model. 

Mode 
£ l n r i „ No. £ l n r i „ 

" n " <v 
x . . b 7 . 7 0 .987 

2 a , b 7 .74 2 . 0 7 
3 a , b ! ,c 7 . 9 8 .088 
4 a , b , ,c a . 19 . 3 2 8 
5 a , b , ,c 8 .44 .484 
6 « . b , ,c 

9 . 6 3 . 2 3 4 
7 a , b 1 1 . 4 3 . 362 
8 a . b , ,c 1 2 . 6 7 .669 

9 a 1 3 . 2 3 . 2 5 6 

io b'= 1 6 . 0 4 . 0 5 9 

11= 1 8 . 4 8 . 106 
1 2 a . b , c 1 9 . 4 9 .787 

13 25 .74 .482 

14= 2 7 . 0 4 . 1 5 8 

15= 2 9 . 0 7 . 0 5 1 

Sof t - so i l modes 
D Hard-soi l modes 
c Hard-so i l modes 

soil 

S*2 8 16 (H > 

.084 . 0 8 1 1.16 7 .72 

.124 .566 . 3 3 3 8 .29 

. 102 . 4 7 1 . 744 8 . 4 2 

. 072 . 453 . 5 0 3 8 . 8 2 

. 059 . 8 0 3 . 532 9 . 1 5 

. 0 2 9 . 866 . 3 1 5 9 . 8 9 

. 080 . 8 7 3 .577 1 1 . 7 7 

.062 . 4 7 1 . 349 1 3 . 0 8 

- 0 - . 5 8 3 . 4 1 8 1 6 . 8 8 

. 1 5 1 . 0 8 3 . 1 5 0 1 9 . 6 7 

.315 .382 .509 2 1 . 3 1 

. 2 5 1 . 400 . 399 2 2 . 2 6 

. 2 2 0 . 0 1 9 . 2 5 6 3 4 . 7 9 

. 680 . 0 5 5 . 174 3 5 . 4 7 

.552 . 009 . 006 3 6 . 0 9 

, nodes 8 and 16. 
, node 2. 

Hard soil 

S=2 8 16 

. 0 3 9 .0056 . 192 .924 

. 0 3 1 .0035 . 556 .507 

. 3 0 3 . 020 .934 1.16 

L . 3 5 . 0 0 4 9 . 2 7 0 .495 

. . 1 7 .035 . 374 .235 

. 5 0 2 .018 . 9 0 8 .385 

. 2 5 3 . 022 . 8 0 5 . 440 

.509 .015 .848 .468 

. 0 8 9 . 047 . 059 . 1 0 5 

. 2 2 9 . 057 . 2 9 1 .517 

.974 . 0 5 8 .037 .026 

. 7 5 2 . 0 5 2 . 2 5 8 .447 

.047 . 1 5 6 . 0 1 8 . 011 

. 159 .248 . 1 2 3 .074 

. 709 .138 . 124 .080 
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Fig. 22. MOFFP horizontal floor spectra by Kapur's method, 1/2% equipment 
damping. (a) Soft-soil model, (b) Hard-soil model. 
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Frequency — Hz 
Fig. 23. MOFFP horizontal floor spectra by Biggs' method, 1/2% equipment 

damping, (a) Soft-soil model. (b) Hard-soil model. 
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Fig. 24. MOFFP v e r t i c a l f loor spectra by Kapur's method, 1/2X equipment 
damping, (a) Sof t - so i l model, (b) Hard-soil model. 
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Fig. 25. MOFFP vertical floor spectra by Biggs1 method, 1/2% equipment 

damping, (a) Soft-soil model, (b) Hard-soil model. 
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COMPARISON OF METHODS 

Floor Spectra 

Normally, the designer will draw 
smooth response spectra that envelope 
the calculated spectra. These 
smoothed curves are a much more 
convenient and reasonable tool for 
design purposes. Also, the primary 
resonance peaks of the floor spectra 
are artificially broadened for design 
purposes to allow for uncertainty in 
building frequencies. We felt these 
measures would blur our comparison, 
particularly so since the spectrum 
of the input motion was not smooth. 
Therefore, we did not make these 
modifications on our floor spectra. 
Kapur's method already had a ±10%-
peak-broadening feature built into 
it, but rather than tamper with the 
method, we left it in. 

All floor spectra were calculated 
at the same set of frequencies. The 
set contained 19el points between 0.10 
and 33 Hz. Numerical comparison of 
the floor spectra was somewhat 
complicated by the jagged nature of 
the input; spectrum. This problem was 
overcome by plotting the ratio of 
each approximate floor spectrum to 
the corresponding time-history-
spectrum vs. frequency. 

We feel that these ratio plots, 
shown in Figs, 26 through 29, have 
two Important limitations. First, 
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The artificial peak broadening in 
Kapur's method can cause a great 
deal of conservatism in the regions 
on either side of the building 
natural frequencies. Second, as the 
ratio curves indicate, both the 
Kapur and Biggs methods tend to 
produce very unconservative horizontal 
and vertical spectra at the ground 
floor when the soil is hard. The 
base mat moves, for tĥ . most part, as 
the soil moves. To model this 
situation correctly, many more of the 
higher building frequencies need to 
be included. We did not include all 
the building frequencies in the 
approximate-floor-spectra calculations 
and the resulting spectra at the 
ground level were too low at some 

frequencies. 

Excluding the cases above from 
consideration, the ratio plots 
indicate that the Kapur floor spectra 
range from 0.6 to 4.5 times the time-
history floor spectra; Biggs' range 
from 0.8 to 3.7. In general, the 
methods tend to estimate the spectrum 
at the fundamental building frequency 
very closely and to overestimate it 
at higher frequencies. 

As currently formulated, the 
approximate-floor-spectra methods 
of Kapur and Biggs do not provide a 
reasonably constant degree of con
servatism. Additional study and 
modification of these methods could 
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Fig. 26. Ratio of approximate to time-history floor spectra, horizontal 
motions, soft soil. 

eliminate, for the most part, the 
regions where the spectra are uncon-
servative. However, the designer 
would still be faced with a degree of 
method-introduced uncertainty and at 
the same time a potential design-
load increase of 300 to 400%. 

Intangibles 

We noted earlier that there are 
three reasons for using an approximate 
method instead of the time-history 

method: (1) no synthetic accelerogram 
is needed; (2) an approximate method 
is less complex; and (3) less analyst 
and computer time is required. How
ever, our experience indicates that 
these reasons may not be \alid. 

It is true that tlie approximate 
methods do not require generation of 
a synthetic accelerogram. However, 
computer programs that produce such 
tailored accelerograms have lately 
become more widespread 'and more 

16,20,21 satisfactory in performance. 
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Fig. 27. Ratio of approximate to time-history floor spectra, horizontal 
motions, hard soil. 

The notion that the time-history 
procedure is more complex seems 
debatable. The most demanding task 
facing the analyst is to formulate a 
reasonable analytical model, and he 
must do this with any of the methods. 
The time-history calculation, although 
requiring more time, does not greatly 
increase complexity. 

The time-history approach does 
require more analyst and computer 

time. We estimate that it costs 
twice as much to perform as either 

of the approximate methods. However, 
the total dollar cost for floor 

spectra would still be a very small 
fraction of the value of a MOFFF. 
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CONCLUSIONS 

Our study indicates that the time-
history method of generating floor 
spectra is the most suitable method 
for fuel fabrication facilities and 
other installations of similar value 
and Importance. The basis of this 
conclusion can be summarized as 
follows: 

1. The approximate methods may 
yield floor spectra that are 

3-to-4 times the time-history 
spectra at some frequencies. 
Methods for generating the 
synthetic ground motion 
required by the time-history 
method are becoming widely 
available. 
The time-history method 
results in a minor increase 
in complexity and a cost 
increase tnat is minute 
compared to the project cost. 
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Appendix 
Description of the Kapur and Biggs Approximate Methods 

Before describing each method, a 
definition of terms is necessary. It 
should be noted that for clarity and 
uniformity we have changed some of 
the terminology used by the two 
authors. However, the mathematical 
intent is preserved exactly. 
Quantities required as input to the 
two methods are: 

: nth natural frequency (Hz) 
of the building. (All 
first subscripts "1" and 
"2" refer to the building 
and equipment, 
respectively). 

' equipment frequency. 
' modal participation factor 
for mode n. 

• mode-shape value for mode 
n at modal point where 
equipment is supported, 

1 acceleration value from 
response spectrum of free-
field ground motion at 
building frequency,, f. , 
and damping* £,• 
acceleration value from 
response spectrum of free-
field ground motion at 
equipment frequency, f~, 
and damping, ^ ' 

S 

Dlgn 

°2g 

maximum ground accelera
tion of the free-field 
ground motion. 

Output quantities defined (that is, 
floor spectra for equipment analysis) 
are: 

2n = contribution of the nth 
building frequency to the 
equipment response spectrum 
at equipment frequency, f_. 

= acceleration value of the 
approximate floor spectrum 
obtained by summing the 

in an appropriate 2n 
manner. 

KAPUR1S APPROXIMATE METHOD 

For each equipment frequency of 
interest, f 2, perform the following: 

1. For each significant building 
frequency, n: 

f 
a. If - ^ < 0.9, then S„ 

r * — ^n 
• d) T- A, S, , where vsn In 1 lgn' 

4-H 
If 0.9 < < 1.10, use che 
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in Ref. 3. The value of A 
depends on the structure and 
equipment damping and is not 
listed in Ref. 3 for ^ - 0.04 

are provided so that it may 
easily be extrapolated. We 
determined A. to be 23.0 for 
4 and 0.5% structure and 
equipment damping. 

f 
li" -r^5- > 1,10, then S„ 

f j -~ ^n 

sn In ,Ogn 

+ S 2 I , where A^ 

a/2 

If -r== < l a , Chen 
t2 

.12 [? 0 
Kapur recommends that for closely 

spaced building modes, "the absolute 
sum of the closely spaced modes 
should be obtained before taking the 
square root of the sum of the squares 
with the other modal responses." In 
our study, we found closely spaced 
modes in the vertical floor-spectra 
calculations. We therefore took 
Kapur's recommendation and followed 
the guidelines set forth in Regulatory 

19 Guide 1.92 for combination of modes. 

BIGGS* APPROXIMATE METHOD 

If, however, the lowest building For each equipment frequency of 

- — > 1.1, then S_ is calculated in 
I« ~" "1 
a different manner: 

2n *sn Fln A 2 lgn .2Y 1/2 

1. For <*ach significant building 
frequency, n: 

f. 
If In < 0.90, compute 

S' = <t T s, A., where 2n sn In lgn 3 

all the significant building 
frequencies, the contributions 
are summed as follows: 

£11 If, in step lc above T — > 1.1, 
r 2 

[5 if a2g-

For the reader who decides to refer 
to Biggs' paper (Ref. 14) it is 
worthwhile to point out a typographica] 
error in that document. In our copy 
of this paper, on page 333, the 
author's references to his Figs. 2 
and 3 have been reversed [that is, 
step 2(A) should refer to Fig, 3 
and step 2(B) should refer to 
Fig. 2], 
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In 
Fig. 3 and our Fig. A-l. One 
enters the plot with the ' fr- 1 - 2 5 ) 
determines the corresponding " [(¥ (^ amplification factor. " [(¥ (^ 

f 
If -riS- > 0.50, compute 

S2n = " c l n A2 V W h" e 

If -ri2- > 2.25 
t2 

f 
If -riS- > 0.50, compute 

S2n = " c l n A2 V W h" e 
c " f E <rm 

2 . 2 ) , C - 1.0 

., 1/2 

l l / 2 

the au thor ' s Fig. 2 and our 

Fig. A-l . The value of C i s 

determined as follows: 

f. 
If - ~ ± 1.25, C - 1.0. 

If - r ^ < 0.50, S - S,' . f2 — 2n la 

If _ i S > 0 .90, S„ - S i ' . 
f2 — 2n 2n 

If 0.50 < -=m < 0.90, 
£ 2 

S 2n " S L + ( S 2 n * S2n> 

0.50 

"0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 
building frequency /» I'M 

lr/ r2\equi cy/ pment frequen 

Fig. A-l. Biggs' amplification 
factors. 

0.40 

2. When S.. has been calculated for 2n 
all building frequencies of 
interest, Biggs recommends an 

SKSS sum to get the total 
spectral value, S_: 

(? SU 
However, we followed the recom
mendation in Regulatory Guide 1,92 

for closely spaced modes, just as 
we did in using Kapur's method. 

KC/gw 
-62-


