DOE-STD-1020-94

Chapter 2
Earthquake Design and Evaluation Criteria

2.1 Introduction

This chapter describes requirements for the design or evaluation of all classes of
structures, systems, and components (SSCs) comprising DOE facilities for earthquake ground
shaking. These classes of SSCs include safety class and safety significant SSCs per DOE-
STD-3009-94 (ref. 1-6) and life-safety SSCs per Uniformed Building Codes. This material deals
with how to establish Design/Evaluation Basis Earthquake (DBE) loads on various classes of
SSCs; how to evaluate the response of SSCs to these loads; and how to determine whether
that response is acceptable. This chapter also covers the importance of design details and
quality assurance to earthquake safety. These earthquake design and evaluation provisions
are equally applicable to buildings and to items contained within the building, such as
equipment and distribution systems. These provisions are intended to cover all classes of
SSCs for both new construction and existing facilities. These design and evaluation criteria
have been developed such that the target performance goals of the NPH Implementation Guide
are achieved. For more explanation see the Commentary (Appendix C) herein and the Basis
Document (Ref. 2-1).

2.2 General Approach for Seismic Design and Evaluation

This section presents the approach upon which the specific seismic force and story drift
provisions for seismic design and evaluation of structures, systems, and components in each
Performance Category (as described in Section 2.3) is based. These provisions include the
following steps:

Selection of earthquake loading

Evaluation of earthquake response

Specification of seismic capacity and drift limits, (acceptance critena)
Ductile detailing requirements

> O N

It is important 10 note that the above four elements taken together compnse seismic
design and evaluation criteria. Acceptable performance (i.e.. achieving performance goals) can
only be reached by consistent specification of all design critena elements as shown in
Figure 2-1. In order to achieve the target performance goals, these seisrmic design and
evaluabon critena specify seismic loading in probabilistic terms. The remaning elements of the
criteria (see Fig. 2-1) are deterrmerustic design rules whuch are familiar 10 design engineers and
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which have a controlied level of conservatism. This level of conservatism combined with the
specification of seismic loading, leads to performance goal achievement.

Deterministic Procedure
Based on Industry Codes
and Standards

Meet Performance
Goal (consistent
/” with DOE Safety
Policy)

Detailing
Requirements

Probabilistic
Basis Permissible

{with historic check) Response
Level!

4
Load

Reasconable Level Concervatism Added
of Hazard

Response
Evaluation

Figure 2-1. DOE-STD-1020 Combines Various Steps to Achieve Performance Goals

Criteria are provided for each of the four Performance Categories 1 to 4 as defined in
the NPH Implementation Guide of DOE Order 420.1 and DOE-STD-1021 (Ref. 1-6). The
criteria for Performance Categories 1 and 2 are similar to those from mode! building codes, with
the exception that DOE requirements specity a 1000 year return period in the case of PC-2.
Critena for PC-3 are similar to those for Department of Defense Essental Facilities (Ref. C-5)
Tn-Services Manual. Criteria for PC-4 approach the provisions for commercial nuciear power
plants.

Seismic loading is defined in terms of a site-specified design response spectrum (the
Design/Evaluation Basis Earthquake, [DBE]). Either a site-specthc design response spectrum
specifically developed for the site, or a generc design response spectrum that 1s appropnate of
conservative for the site may be used. Seismic hazard estimates are used 1o establish the DBE
per DOE-STD-1023 (REF. 2-22).
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For each Performance Category, a mean annual exceedance probability for the DBE, PH
is specified from which the maximum ground acceleration (and/or velocity) may be determined
from probabilistic seismic hazard curves, see Table 2-1. Evaluating maximum ground
acceleration from a specified mean annual probability of exceedance is illustrated in Figure 2-
2a. Earthquake input excitation to be used for design and evaluation by these provisions is
defined by a median amplification smoothed and broadened design/evaluation response
spectrum shape such as that shown in Figure 2-2b (from Ref. 2-2) anchored to the maximum
ground acceleration and/or velocity. Such spectra are determined in accordance with DOE-
STD-1023 (Ref. 2-22).

It should be understood that the spectra shown in Figure 2-2 or in-structure spectra
developed from them represent inertial effects. They do not include differential support motions,
typically called seismic anchor motion (SAM), of structures, equipment or distribution systems
supported at two or more points. While SAM is not usually applicable to building design, it might
have a significant effect on seismic adequacy of equipment or distribution systems.
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Table 2-1 Seismic Performance Categories and Seismic Hazard Exceedance Levels

Performance Mean Seismic Hazard Return Period
Category Exceedance Levels, Py

0 No Requirements

1 2x10-3 500yr

2 1x103 1000yr

3 5x10°4 2000yr
(1x10-3) (1000y7)’

4 1x104 10,000yr
(2x104)' (5000yr)'

' For sites such as LLNL, SNL-Livermore, SLAC, LBL, and ETEC, wiuch are near tectoruc plate boundanes.

Performance Category 2 and lower SSCs may be seismicalty designed or evaluated
using the approaches specified in building code seismic provisions. However, for Performance
Category 3 or higher, the seismic evaluation must be performed by a dynamic analysis
approach. A dynamic analysis approach requires that:

1. The input to the SSC model be defined by either a design response
spectrum, or a compatible time history input moton.

2. The important natural frequencies of the SSC be estimated, or the peak
of the design response spectrum be used as nput. Mult-mode efiects
must be considered.

3. The resutting seismic induced inertial forces be appropnatety dstnbuted
and a load path evaluation {see Secton C 4.2) for structural adequacy be
performed.

The words “dynamic analysis approach® are not meant 10 imply that compiex dynamc
models mus! be used in the evaluation. Often equivalent static analysis modetls are sufhtient i
the above ksted three factors are incorporated. However, use of such simplihed models for
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structures in Performance Category 3 or higher must be justified and approved by DOE. This
dynamic analysis approach should comply with the seismic response analysis provisions of
ASCE 4 (Ref. 2-3) except where specific exceptions are noted.

The maximum ground acceleration and ground response spectra determined in the
manner illustrated in Figure 2-2 are used in the appropriate terms of the UBC equation for base
shear. The maximum ground acceleration is also used in the UBC equation for seismic force on
equipment and non-structural components. Use of modem site-specific earthquake ground .
motion data is considered to be preferable to the general seismic zonation maps from the UBC
and should be applied according to the guidance provided in DOE-STD-1023 (Ref. 2-22). For
structures, UBC provisions require a static or dynamic analysis approach in which loadings are

scaled to the base shear equation value. In the base shear equation, inelastic energy
absorption capacity of structures is accounted for by the parameter, Ry. Elastically computed

seismic response is reduced by Ry, values ranging from 4 to 12 as a means of accounting for

inelastic energy absorption capability in the UBC provisions and by these criteria for
Performance Category 2 and lower SSCs. This reduced seismic response is combined with
non-seismic concurrent loads and then compared to code allowable response limits (or code
ultimate limits combined with code specified load factors). The design detailing provisions from
the UBC, which provide ductility, toughness, and redundancy, are also required such that SSCs
can fully achieve potential inelastic energy absorption capability. Normally, relative seismic
anchor motion (SAM) is not considered explicitly by model building code seismic provisions.
However, SAM should be considered for SSCs in PC-2 or higher categories.

The Uniform Building Code (UBC) has been followed for Performance Categories 1 and
2 because it is believed that more engineers are familiar with this code than other model
buikling codes. The Interagency Committee on Seismic Safety in Construction (ICSSC,
Rel. 2-4) has concluded that the following seismic provisions are equivalent for a grven DBE:

1994 Uniform Building Code (Re!. 2-5)

1991 NEHRP Recommended Prowvisions (Ref. 2-6)
1983 BOCA Nationa! Building Code (Ref. 2-7)
1984 SBCCI Standard Building Code (Ref. 2-8)

b O N~

These other model building codes may be followed provided site-specific ground motion
data is incorporated into the development of earthquake loading in a manner similar o that
described in this document for the UBC.

For Performance Category 3 and 4 SSCs, these sersmuc design and evaluation cntena
specify that seismic evaluation be accompkshed by dynamc analys:is. The recommended
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approach is to perform an elastic response spectrum dynamic analysis to evaluate elastic
seismic demand on SSCs. Inelastic energy absorption capability is allowed by permitting

limited inelastic behavior. By these provisions, inelastic energy absorption capacity of
structures is accounted for by the parameter, F,. However, strength and ductile detailing for the

entire load path should be assured. Elastically computed seismic response is reduced by F
values ranging from 1 to 3 as a means of accounting for inelastic energy absorption capability.
The same F, values are specified for both Performance Categories of 3 and 4. [n order to
achieve the conservatism appropriate for the different Performance Categories, the reduced
seismic forces are multiplied by a scale factor. Scale factors are specified for Performance
Category 3 and 4. The resulting factored seismic forces are combined with non-seismic
concurrent loads and then compared to code ultimate response limits. The design detailing
provisions from the UBC, which provide ductility, toughness, and redundancy, are also required
such that SSCs can fully achieve potential inelastic energy absorption capability. Also, explicit
consideration of relative seismic anchor motion (SAM) effects is required for Performance
Category 3 and higher.

The overall DOE Seismic Design and Evaluation Procedure is shown in Figure 2-3. In
addition to the general provisions described in this chapter, the topics discussed in Appendix C
should be considered before commencing design or evaluation.

2.3 Seismic Design and Evaluation of Structures, Systems, and
Components

. Select Performance Categories of structure, system, or component based
on DOE-STD-1021 (Re!. 1-10).

. For sites with Performance Category 3 or 4 structures, systems, and
components, obtain or develop a seismic hazard curve and design response
spectra in accordance with DOE-STD-1023 (Ref 2-22) for ali performance
categones based on site charactenzation discussed m DOE-STD-1022 (Ret.
1-15). In the interim, Eastemn U.S. sites may use DOE-STD-1024. (Ref 2-23)

o Establsh design basis earthquake from Py (see Table 2-1) mean seismu
hazard curve. and median response spectra.

For sites with only PC-1 or 2 SSC, and no site-specific sesmuc hazard
curve, obtain seismic coefhicients from mode! building codes.
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Select Performance
Categories

L(DOE-STD-1021)

Establish Design Basis Earthquake

(DBE) Ground Motion for
Performance Categories

Develop Seismic
Hazard Curve and
Response Spectra
(DOE-STD-1022,
1023 and 1024)

'

1. Evaluate Non-Seismic
Demand (use Building Codes)

2. Evaluate Seismic Demand

v

3. Calculate Inelastic Seismic
Demand (from 2.)2

Y

4. Calculate Total Inelastic
Demand (1.+3.)

Y

§. Evaluate Capacity

!

6. Compare
Capacity 2 Total Inelastic
(5. Demand (4.)

'

7. Evaluate Story Drifis

[}

8. Check for Good Detailing
for Ductility?

v

9. QA and Peer Review

1 See Secuon C .4 for further discussion.

ts

checked pnor to assignment of ductility reduction factors.
3 See Section C.5 for further discussion.

Demand!

}Capadty’»

Figure 2-3. DOE Seismic Design and Evalustion Procedure
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For evaluation of existing facilities. the strength and detashing of the entire load path must be
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Minimum values of peak ground acceleration (PGA) shall be:

0.06g for Performance Category 3
0.10g for Performance Category 4

2.3.1 Performance Category 1 and 2 Structures, Systems, and
Components.

Seismic design or evaluation of Performance Category 2 and lower SSCs is based on

mode! building code seismic provisions. In these criteria, the current version of the Uniform

Building Code shall be followed. Alternatively, the other equivalent model building codes may
be used. All UBC seismic provisions shall be followed for Performance Category 2 and lower

SSCs (with modifications as described below).

In the UBC provisions, beginning with the 1988 edition, the lateral force representing the

earthquake loading on buildings is expressed in terms of the total base shear, V, given by the

following equation:

ZICW

V=
R

t 3

where:

S0~ N

(2-1)

= a seismic zone factor equivalent to peak ground acceleration,
= a factor accounting for the importance of the facility,

= a spectral amplification tactor,

= the total weight of the facility,

= a reduction factor to account for energy absomtion capability of

the facility which results in element forces which represent
inelastic seismic demand, Dg)

The steps in the procedure for PC-1 and 2 SSCs are as follows:

. Evaluate element forces for non-seismic loads, Dng. expected to be acting
concurrently with an earthquake.

. Evaluate element forces, Dg). for earthquake loads.

Static force method, where V is apphed as a load distributed over the
height of the structure for regular facilibes. or dynamuc force method for
irreguiar facilties as described in the UBC.

In either case, the total base shear is grven by Equation 2-1 where the
parameters are evaiuated as foliows:

Z is the peak ground acceieraton from site-specific seismic hazard
curves at the following exceedance probabiktes if avadabie:
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Performance Category 1 - 2x10-3
Category 2 - 1x10-3

Otherwise, Z is obtained using UBC and adjusted per the procedures
provided in DOE-STD-1023.

2. Cis the spectral amplification at the fundamental period of the facility
from the 5 percent damped median site response spectra. For
fundamental periods lower than the period at which the maximum
spectral acceleration occurs, ZC should be taken as the maximum
spectral acceleration. See Fig. 2-4 below:

1.25
For Building Response Evaluation, the

Moeximum Spectral Acceleration is Used
in the Low Period Region for ZC

0.78}

Actugl Spectrum in Low Period Region

9
(7]

Speciral Acceleration (g)

o
H

A &

o 0.5 1 .5 2 2.3 3

Period (seconds)

Figure 2-4. Exampie DesigrVEvaluation Earthquake Ground Motion Response Spectrum
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For systems and components, spectral ampilification is
accounted for by Cp, in the UBC equipment force equation as

discussed in Section 2.4.1.

3. If a recent site-specific seismic hazard assessment is not
available, it is acceptable to determine ZC from Table C-5
values and appropriate response spectra. For eastern U.S.
sites DOE -STD-1024 provides guidance. If ZC, determined
from a recent site-specific assessment is less than that given
by UBC provisions, any significant differences with UBC must
be justified. Final earthquake loads are subject to approval

by DOE.
4. imponrtance factor, |, should be taken as:
Performance Category 1,1=1.0
Performance Category 2, 1 = 1.25
5. For structures, reduction factors, Ryy, are shown in Table 2-

2. For systems and components, the reduction factor is
implicitly included in Cp.

Combine responses from various ioadings (Dns and Dg)) to evaluate
demand, D), by code specified load combination rules (e.g., load factors for

ultimate strength design or unit load factors for allowable stress design).

Evaluate capacities of SSCs, Cc, from code ulimate values when strength
design is used (e.g.. UBC Chapter 19 for reinforced concrete or LRFD for
steel) or from allowable stress levels (with one-third increase) when
aliowable stress design is used. Minimum specified or 95% non-
exceedance in-situ values for material strengths should be used for capacity
estimation.

Compare demand, D). with capacity, Cc. for all SSCs. If D s less than
or equal to C¢. the facility satishies the seismic force requirements i D1y s
greater than Cc, the facility has inadequate setsmic resistance.
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Table 2-2. Code Reduction Coefficients, Ry

Structural System Rw
(Terminology is identical to the UBC)

MOMENT RESISTING FRAME SYSTEMS - Beams
Steel Special Moment Resisting Frame (SMRF) 12
Concrete SMRF 12
Concrete intermediate Moment Frame (IMRF)

Steel Ordinary Moment Resting Frame
Concrete Ordinary Moment Resisting Frame

SHEAR WALLS
Concrete or Masonry Walls 8(6)
Plywood Walls 9(8)
Dual System, Concrete with SMRF 12

Dual System, Concrete with Concrete IMRF

Dual System, Masonry with SMRF

Dual System, Masonry with Concrete IMRF
STEEL ECCENTRIC BRACED FRAMES (EBF)

Beams and Diagonal Braces : 10
Beams and Diagonal Braces, Dua! System with Steel SMRF 12
CONCENTRIC BRACED FRAMES
Stee! Beams 8(6)
Stee! Dragonal Braces 8(6)
Concrete Beams 8(4)
Concrete Dvagona! Braces 8(4)
Wood Trusses 8(4)
Beams and Diagona! Braces, Dual Systems
Stesl with Steel SMRF 10
Concrete with Concrete SMRF ®
Concrete with Concrete IMRF ]

”
Note:  Values heren assume good sesmc dstaing practice pef the UBC siong with reasonably undorm nelastc
behavior. Otherwise lower values should be used.
Values mn parentheses apply 10 beanng wall Sysiems Of Systems N wiuCh Dracng Cames gravity loade

. Evaluate story drifts (i.e.. the displacement of one level of the structure
relative to the level above or below due 10 the design seismuc forces),
including both translation and torsion. Calculated story dnfts should not
exceed 0.04/Ryy bmes the story hetght nor 0.005 times the story hesght for
buildings with a tundamenta! period less than 0.7 seconds. For more
flexible buildings, the caiculated story drift should not exceed 0.03/Ryy nor

0.004 imes the story height. Note that these story drifts are caiculated from
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seismic loads reduced by Ryy in accordance with Equation 2-1; actual drift
can be estimated by multiplying calculated drifts by 3 (Rw/8). These drifts

limits may be exceeded when it is demonstrated that greater drift can be
tolerated by both structural systems and non-structural elements.

. Elements of the facility shall be checked to assure that all detailing
requirements of the UBC provisions are met. The basic UBC seismic
detailing provisions must be met if Z is 0.11g or less. UBC Seismic Zone
No. 2 provisions shall be met when Z is between 0.12 and 0.24g. UBC
Seismic Zone Nos. 3 & 4 provisions shall be followed when Z is 0.25g or
more.

. A quality assurance program consistent with model building code
requirements shall be implemented for SSCs in Performance Categories 1
and 2. In addition, peer review shall be conducted for Performance
Category 2 SSCs.

2.3.2 Performance Category 3 and 4 Structures, Systems, and
Components

The steps in the procedure for PC-3 and 4 SSCs are as follows:

. Evaluate element forces, Dys,. for the non-seismic loads expected to be

acting concurrently with an earthquake.

. Calculate the elastic seismic response to the DBE, Dg, using a dynamic
analysis approach and appropriate damping values from Table 2-3.
Response Level 3 is to be used only for justifying the adequacy of existing
SSCs with adequate ductile detailing. Note that for evaluation of systems
and components supported by the structure. in-structure response spectra
are used. For PC-3 and PC-4 SSCs, the dynamuc anatysts must consider 3
orthogonal components of earthquake ground motion (two horizontal and
one vertical). Responses from the vanous direchon components shall be
combined in accordance with ASCE 4. Include, as appropnate, the
contribution from seismic anchor motion. To determine response of SSCs
which use Fu > 1, note that for fundamental penods lower than the penod at
which the maximum spectral amplification occurs, the maximum spectral
acceleration should be used. For hugher modes. the actual spectral
accelerations should be used. '
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Calculate the inelastic seismic demand element forces, Dg), as

sF2s (2-2)

D
Sl F

where: F, = Inelastic energy absorption factor from Table 2-4 for the

appropriate structural system and elements having
adequate ductile detailing

SF = Scale factor related to Performance Category
= 1.25for PC-4
= 1.0 for PC-3

Variable scale factors, based on the slope of site-specific hazard curves,
may be used as discussed in Appendix C to result in improved achievement
of performance goals. SF is applied for evaluation of structures, systems,
and components. At this time, Fu values are not provided for systems and
components. 1t is recognized that many systems and components exhibit
ductile behavior for which Fy values greater than unity would be appropriate
(see Section C.4.4.2). Low Fu values in Table 2-4 are intentionally specified
to avoid brittle failure modes.

Evaluate the total inelastic-factored demand Dty as the sum of Dg and Dns
(the best-estimate of all non-seismic demands expected to occur
concurrently with the DBE).

D, = D + Dg (2-3)

Evaluate capacities of elements, C¢, from code ulimate or yieki values
Reinforced Concrete
Use UBC Chapter 19

Steel
Use UBC Chapter 22 Standards
— LRFD provisions, or
— Plastic Design provisions, of
—  Allowable Stress Design provision scaled by 1 4 for shear in
members and boits and 1.7 for all other stresses.

Reter to References 2-9 and 2-10 for related ndustry standards. Note that
strength reducton tactors. ¢, are retamed. Mirwmum specihed or 85%
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nonexceedence in-situ values for material strengths should be used to
estimate capacities.

The seismic capacity is adequate when C¢ exceeds Dry, i.e.:
CczDTi (2-4)

Evaluate story drifts due to lateral forces, including both translation and
torsion. It may be assumed that inelastic drifts are adequately approximated
by elastic analyses (note that lateral seismic forces are not reduced by Fu
when computing story drifts). Calculated story drifts should not exceed
0.010 times the story height for structures with contribution to distortion from
both shear and flexture. For structures in which shear distortion is the
primary contributer to drift, such as those with low rise shear walls or
concentric braced-frames, the calculated story drift should not exceed 0.004
times the story height. These drift limits may be exceeded when acceptable
performance of both the structure and nonstructural elements can be
demonstrated at greater drift.

Check elements to assure that good detailing practice has been followed
(e.g.. see sect. C.4.4.2). Values of Fy, given in Table 2-4 are upper limit
values assuming good design detailing practice and consistency with recent
UBC provisions. Existing facilities may not be consistent with recent
provisions, and, if not, must be assigned reduced Fu. Basic UBC seismic
detailing provisions shall be followed if the PGA at Py is 0.11g or less. UBC
Seismic Zone No. 2 provisions should be met when the PGA at Py is

between 0.12 and 0.24g. UBC Seismic Zone Nos. 3 & 4 provisions should
be followed when the PGA at Py is 0.25¢ or more.

Implement peer review of engineering drawings and caliculatons (including
proper applicaton of Fu values), increased inspection and testing of new

construction or existing tacikbes.
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2.3.3 Damping Values for Performance Category 3 and 4 Structures,
Systems, and Components

Damping values to be used in linear elastic anaiyses are presented in Table 2-3 at three
different response levels as a function of D1/Cc.

Dt is the elastically computed total demand,

Dr=Dns + Ds : (2-5)

and C¢ is the code speéiﬁed capacity.

When determining the input to subcomponents mounted on a supporting structure, the
damping value to be used in elastic response analyses of the supporting structure shall be
based on the response level reached in the majority of the seismic load resisting elements of
the supporting structure. This may require a second analysis.

In lieu of a second analysis to determine the actual response of the structure, Response
Level 1 damping values may be used for generation of in-structure spectra. Response Level 1
damping values must be used if stability considerations control the design.

When evaluating the structural adequacy of an existing SSC, Response Level 3
damping may be used in elastic response analyses independent of the state of response
actually reached, because such damping is expected to be reached prior to structural failure.

When evaluating a new SSC, damping is limited to Response Level 2. For evaluating
the structural adequacy of a new SSC, Response Level 2 damping may be used in elastic
response analyses independent of the state of response actually reached.

The appropriate response level can be estimated from the following:

Response Level D+/Cc
3 21.0
2° =05t 1.0
1° <05

*  Consuderabon ot these dampng levels 8 reQuired only i the peneration of toor or ampkhed response
SpeCira 10 be used as NPUt 10 SUDCOMPOoNeNts MOUNted ON the SUPPOrtNg structure  For anatyss of
structures INCluGNg 80s-structure INteraction eftects (sec C.4.3). D+/Cc ratios for the best astmate case
shall be used 10 determane respones level

= Only 10 be used tor ustitying the adequacy of exstng SSCs with adequate duchis Oetaing
However, tunctionalty of SSCs i PC-J and PC-4 must be grven cue consderation
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Table 2-3 Specified Damping Values

Damping (% of critical)

Response Response Response

Type of Component Level 1 Level 2 Level 3
Welded and friction bolted metal structures 2 4 7
Bearing-bolted metal structures 4 7 10
Prestressed concrete structures 2 5 7

(without complete loss of prestress)
Reinforced concrete structures 4 7 10
Masonry shear walls 4 7 12
Wood structures with nailed joints 5 10 15
Distribution systems™** 3 S 5
Massive, low-stressed components 2 3 -*

(pumps, motors, etc.)
Light welded instrument racks 2 3 -*
Electrical cabinets and other equipment 3 4 5
Liquid containeng metal tanks

impuisive mode 2 3 4

Slostung mode 05 05 0.5

*  Should not be stressed 10 Response Level 3. Use damping tor Response Leve! 2.

*  May be used for anchorage and structura! tasiure modes wiuch are sccomparnsed Dy at leas! some
nelastc response. Response Level 1 camping values should be used 1or tunchona! tasure modes
such as relay chatier or relatrve cisplacement 153U8S which May OCCUr 8! & ow Cabmnet stress level

***  Cabis trays more than one hatt full of loose Cables may use 10% of crtical dampEng
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MOMENT RESISTING FRAME SYSTEMS - Beams
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Table 2-4 Inelastic Energy Absorption Factors, Fp

—_
—

Structural System Fp

Steel Special Moment Resisting Frame (SMRF) 3.0
Concrete SMRF 2.75
Concrete Intermediate Moment Frame (IMRF) 1.5
Steel Ordinary Moment Resting Frame 1.5
Concrete Ordinary Moment Resisting Frame 1.25
SHEAR WALLS
Concrete or Masonry Walls
In-plane Flexure 1.75
In-plane Shear 1.5
Out-of-plane Flexure 1.75
Out-of plane Shear 1.0
Plywood Walls 1.75
Dual System, Concrete with SMRF 25
Dual System, Concrete with Concrete IMRF 2.0
Dual System, Masonry with SMRF 1.5
Dual System, Masonry with Concrete IMRF 1.4
STEEL ECCENTRIC BRACED FRAMES (EBF) _
Beams and Diagona! Braces 2.75
Beams and Diagonal Braces, Dual System with Steel SMRF 3.0
CONCENTRIC BRACED FRAMES
Steel Beams 2.0
Steel Diagonal Braces : 1.75
Concrete Beams 1.75
Concrete Diagonal Braces 1.5
Wood Trusses 1.75
Beams and Diagona! Braces, Dual Systems
Steel with Stee! SMRF 2.75
Concrete with Concrete SMRF 2.0
Concrete with Concrete IMRF 1.4
METAL LIQUID STORAGE TANKS
Moment and Shear Capacity 125
. m Caag?x 1.5
Note: 1. Values herein assume good seismc detailing practice per Reterence 2-5. along with reasonably uriomm
melastic behavior. Otherwse, iower values should be used.

2. Fytor columns for all structural systems 13 1.5 for fexure and 1.0 for axia) compress:on and shear. For
columns subyected to combined 2xial COMPression and bendng. Nterachon formuias sha!ll be used

3. Connechons tor stee! concentnc braced trames should be designed for at isas! the lesser of

The tensie strength of the bracing.
The force in the brace corresponding 10 Fu of unity
The maximum force that can be transterred 10 the brace by the structural system.

4. Connechons tor steel moment trames and eccentnc braced frames and conNechions {or CONCrete.
masonry, and wood structural systems should foliow Reterence 2-5 provimons utizing the prescnbed
setsmac Joads from these cntena and the strength of the connecthng members  In genera:. coNNechons
should develop the strength of the connNectng Members Of be Getgned for Member JOrces COMeSPONnng
to Fy of unity, whachever 8 less.

5. Futorchevron, V, and Kbracing 15 1.5 K bracing requires Special CONSiderahon 10r any buldng £ Z

0.25¢ or more.
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2.4 Additional Requirements

2.4.1 Equipment and Distribution Systems

For Performance Category 2 and lower systems and components, the design or
evaluation of equipment or non-structural elements supported within a structure may be based
on the total lateral seismic force, Fp, as given by the UBC provisions (Ref. 2-5). For
Performance Category 3 and higher systems and components, seismic design or evaluation
shall be based on dynamic analysis, testing, or past earthquake and testing experience data. In
any case, equipment items and non-structural elements must be adequately anchored to their
supports unless it can be shown by dynamic analysis or by other conservative analysis and/or
test that the equipment will be able to perform all of its safety functions without interfering with
the safety functions of adjacent equipment. Anchorage must be verified for adequate strength
and sufficient stiffness.

Evaluation by Analysis

By the UBC provisions for PC-1 and 2, parts of the structures, permanent non-structural
components, and equipment supported by a structure and their anchorages and required

bracing must be designed to resist seismic forces. Such elements should be designed to resist
a total lateral seismic force, Fp, ot:

Fo = leCpr (2-8)

where: Wp = the weight of element or component
Cp = a horizontal force factor as given by Table 16-O of the UBC for rigid
elements, or determined from the dynamic properties of the element
and supporting structure for nonrigid elements (in the absence of
detailed analysis, the value of Cp for a nonngid element should be
taken as twice the value listed in Table 16-O, but need not exceed 2 0)

The lateral force determined using Equation 2-8 shall be distributed in proportion to the
mass distribution of the element or component. Forces determined from Equaton 2-8 shall be
usodfmmedesignmmluabmoldomnmmmpmnuammmand
anchorage to the structure, and for members and connections that transfer the forces 10 the
seismic-resistng systems. Forces shall be apphed n the honzomal direchon that results in the
most critical loadings for design/evatuaton.
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Note that DOE-STD-1020 takes one exception to the UBC provisions. By the UBC for
equipment located above grade, the value Cp for non-rigid or flexibly supported items is twice

the value for rigid and rigidly supported equipment. However, by the UBC for equipment
located at or below grade, the value Cp for non-rigid or flexibly supported items is the same as

the value for rigid and rigidly supported equipment. By DOE-STD-1020 for equipment iocated
at or below grade, the value Cp for non-rigid or flexibly supported items (except for piping,
ducting or conduit systems made of ductile materials and connections) is specified to be twice
the value for rigid and rigidly supported equipment. An altemnative methodology is contained in
the 1994 NEHRP Provisions (Ref. 2-24) which accounts for the dynamic properties of the
equipment, the location of the equipment within the primary structure, and the response of the
primary supporting structure.

For PC-3 and PC-4 subsystems and components, support excitation shall be
represented by means of floor response spectra (also commonly called in-structure response
spectra). Floor response spectra should be developed accounting for the expected response
level of the supporting structure even though inelastic behavior is permitted in the design of the
structure (see Section 2.3.3). 1t is important to account for uncertainty in the properties of the
equipment, supporting structure, and supporting media when using in-structure spectra which
typically have narrow peaks. For this purpose, the peak broadening or peak shifting techniques
outlined in ASCE 4 shall be employed.

Equipment or distribution systems that are supported at multiple locations throughout a
structure could have different floor spectra for each support point. In such a case, itis
acceptable to use a single envelope spectrum of all locations as the input to all supports to
obtain the inertial loads. Altematively, there are analytical techniques available for using
different spectra at each support location or for using different input ime histories at each
different support.

Seismic Anchor Motion

The seismic anchor motion (SAM) component for sessrmic response is usually obtained
by conventional static analysis procedures. The resultant component of stress can be very
significant if the relative motions of the support pomnts are quite difterent. It all supports of a
structural system supported at two or more ponts have identical excitaton, then thus component
of seismic response does not exist. For multiply-supported components with different seismic
inputs, suppon displacements can be obtained either from the structural response caiculations
of the supporting structure or from spectral displacement determined trom the floor response
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spectra. The effect of relative seismic anchor displacements shall be obtained by using the
worst combination of peak displacements or by proper representation of the relative phasing
characteristics associated with different support inputs. In performing an analysis of systems
with multiple supports, the response from the inertial loads shall be combined with the
responses obtained from the seismic anchor displacement analysis of the system by the SRSS

rulelﬂ =J(Rinema)2 +(R5AM)2 } , where R = response parameter of interest.

Evaluation by Testing

Guidance for conducting testing is contained in IEEE 344 (Ref. 2-11). Input or demand
excitation for the tested equipment shall be based on the seismic hazard curves at the specified
annual probability for the Performance Category of the equipment (OBE provisions of Ref. 2-11
do not apply). When equipment is qualified by shake table testing, the DBE input to the
equipment is defined by an elastic computed required-response-spectrum (RRS) obtained by
enveloping and smoothing (filling in valleys) the in-structure spectra computed at the support of
the equipment by linear elastic analyses. In order to meet the target performance goals
established for the equipment, the Required Response Spectrum (RRS) must exceed the In-
Structure Spectra by:

RRS 2 (1.1)(In-Structure Spectra) for PC-2 and lower
RRS 2 (1.4SF)(In-structure Spectra) for PC-3 and higher (2-6)

where SF is the seismic scale factor from Equation 2-2.

The Test Response Spectrum (TRS) of test table motions must envelop the RRS. 1t
equipment has been tested and shown to meet NRC requirements, then it need not be
subjected to further testing.

Evaluation by Seismic Experience Data

For new design of systems and components, seismuc qualification will generalty be
performed by analysis or testing as discussed in the previous sectons. However, for existing
systems and components, it is anticipated that many items will be judged adequate for seismic
loadings on the basis of seismic experience data without analys:s or lesting  Sexsmic expenence
data has been developed in a usable format by ongoing research programs sponsored by the
nuciear power industry. The references for this work are the Semwor Seismic Review and
Advisory Panel (SSRAP) report (Ref. 2-12) and the Genenc impiementation Procedure (GIP) for
Seismic Verification of Nuciear Plant Equipment (Ref. 2-13). Note that there are numerous
restnchons ("caveats®) on the use of this data as described in the SSRAP report and the GIP. 1t
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is necessary to conduct either seismic analyses or shake table testing to demonstrate sufficient
seismic capacity for those items that cannot be verified by seismic experience data or for items
that are not obviously inherently rugged for seismic effects. There is an ongoing DOE program
on the application of experience data for the evaluation of existing systems and components at
DOE facilities. Currently, use of experience data is permitted for existing facilities and for the
items specified in the two references, (Ref. 2-12) and (Ref. 2-13).

Anchorage and Supports

Adequate strength of equipment anchorage requires consideration of tension, shear,
and shear-tension interaction load conditions. The strength of cast-in-place anchor bolts and
undercut type expansion anchors shall be based on UBC Chapter 19 provisions (Ref. 2-5) for
Performance Category 2 and lower SSCs and on ACI 349 provisions (Ref. 2-14) for
Performance Category 3 and higher SSCs. For new design by AC1 349 provisions, it is
required that the concrete pullout failure capacity be greater than the steel cast-in-place bolt
tensile strength to assure ductile behavior. For evaluation of existing cast-in-place anchor bolt
size and embedment depth, it is sufficient to demonstrate that the concrete pullout failure
capacity is greater than 1.5 times the seismic induced tensile load. For existing facility
evaluation, it may be possible to use relaxed tensile-shear interaction relations provided
detailed inspection and evaluation of the anchor bolt in accordance with Reference 2-15 is
performed.

The strength of expansion anchor bolts should generally be based on design allowable
strength values available from standard manutacturers’ recommendations or sources such as
site-specific tests or Reference 2-15. Design-allowable strength values typically include a factor
of satety of about 4 on the mean ultimate capacity of the anchorage. It is permissible to utilize
strength values based on a lower factor of safety for evaluation of anchorage in existing
facilities, provided the detailed inspection and evaluation of anchors is performed in accordance
with Reference 2-15. A factor of safety of 3 is appropnate for this situaton. When anchorage s
modified or new anchorage is designed, design-aliowable strength values including the factor of
safety of 4 shall be used. For strength considerations of weided anchorage, AISC allowable
values (Ref. 2-10) multiphed by 1.7 shall be used. Where shear in the member governs the
connection strength, capacity shall be determined by multiplying the AISC allowable shear
stress by 1.4.

Stiftness of equipment anchorage shall also be considered. Flexibility of base
anchorage can be caused by the bending of anchorage components or equipment sheet metal
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Excessive eccentricities in the load path between the equipment item and the anchor is a major
cause of base anchorage flexibility. Equipment base fiexibility can allow excessive equipment
movement and reduce its natural frequency, possibly increasing dynamic response. In addition,
flexibility can lead to high stresses in anchorage components and failure of the anchorage or
equipment sheet metal.

2.4.2 Evaluation of Existing Facilities

It is anticipated that these criteria would also be applied to evaluations of existing
facilities. General guidelines for the seismic evaluation of existing facilities are presented in
National Institute of Standards and Technology documents (Refs. 2-16 and 2-17), a DOD
manual (Ref. 2-18), and in ATC-14, "Evaluating the Seismic Resistance of Existing Buildings®
(Ref. 2-19) and ATC-22, "A Handbook for Seismic Evaluation of Existing Buildings" (Ref. 2-22).
In addition, guidelines for upgrading and strengthening equipment are presented in Reference
2-23. Also, guidance for evaluation of existing equipment by experience data is provided in
Reference 2-13. These documents should be referred to for the overall procedure of evaluating
seismic adequacy of existing facilities, as well as for specific guidelines on upgrading and
retrofitting.

Once the as-is condition of a facility has been verified and deficiencies or weak links
have been identified, detailed seismic evaluation and/or upgrading of the tacility as necessary
can be undertaken. Obvious deficiencies that can be readily improved should be remedied as
soon as possible. Seismic evaluation for existing facilities would be similar to evaluations
performed for new designs except that a single as-is configuration is evaluated instead of
several configurations in an iterative manner (as is often required in the design process).
Evaluations should be conducted in order of priority. Highest priority should be given to those
areas identified as weak links by the preliminary investigation and to areas that are most
important to personnel safety and operations with hazardous matenals. input from safety
personnel and/or accident analyses should be used as an aid in determining satety prioriies.

The evaluation of existing facilities for natural phenomena hazards can result in a
number of options based on the evaluation results. If the existng facility can be shown 1o meet
the design and evaluation critena presented in Sectons 2.3.1 or 2.3.2 and good seismic design
practice had been employed, then the facility would be judged to be adequate for potential
seismic hazards to which it might be subjected. If the tacility does not meet the seismic
evaluation criteria of this chapter, a back-fit analysis shouid be conducted. Several alternatives
can be considered:
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1. It an existing SSC is close to meeting the criteria, a slight increase in the annual
risk to natural phenomena hazards can be allowed within the tolerance of
meeting the target performance goals (See Section 1.3). Note that reduced
criteria for seismic evaluation of existing SSCs is supported in Reference 2-16.
As a result, some relief in the criteria can be allowed by performing the
evaluation using hazard exceedance probability of twice the value recommended
in Table 2-1 for the Performance Category of the SSC being considered.

2. The SSC may be strengthened such that its seismic resistance capacity is
sufficiently increased to meet these seismic criteria. When upgrading is required
it should be designed for the original Performance Goal.

3.  The usage of the facility may be changed such that it falls within a less
hazardous Performance Category and consequently less stringent seismic
requirements.

4. It may be possible to conduct the aspects of the seismic evaluation in a more
rigorous manner that removes conservatism such that the SSC may be shown to
be adequate. Alternatively, a probabilistic assessment might be undertaken in
order to demonstrate that the performance goals can be met.

Requirements of Executive order 12941 (Ref. 1-6), as discussed in the Implementation
Guide are to be implemented.

2.4.3 Basic Intention of Dynamic Analysis Based Deterministic
Seismic Evaluation and Acceptance Criteria

The basic intention of the deterministic seismic evaluation and acceptance criteria
defined in Section 2.3 is to achieve less than a 10% probability of unacceptable performance for
a structure, system, or component (SSC) subjected to a Scaled Design/Evaluation Basis
Earthquake (SDBE) defined by:

SDBE=(15SFXDBE) (2-7)
where SF is the appropriate sesmic scale factor trom Equabon 2-2.

The seismic evaluation and acceptance cntena presented in this section has intenbonal
and controlied conservatism such that the target performance goals are achweved. The amount
of intentional conservatism has been evaluated in Reference 2-1 such that there should be less
than 10% probability of unacceptable performance at input ground motion defined by a scale
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factor of 1.5SF times the DBE. Equation 2-7 is useful for developing alternative evaluation and
acceptance criteria which are also based on the target performance goals such as inelastic
seismic response analyses. To evaluate items for which specific acceptance criteria are not yet
developed, such as overturning or sliding of foundations, or some systems and components;
this basic intention must be met. If a nonlinear inelastic response analysis which explicitly
incorporates the hysteretic energy dissipation is performed, damping values that are no higher
than Response Level 2 should be used to avoid the double counting of this hysteretic energy
dissipation which would result from the use of Response Level 3 damping values.

2.5 Summary of Seismic Provisions

Table 2-5 summarizes recommended earthquake design and evaluation provisions for
Performance Categories 1 through 4. Specific provisions are described in detail in Section 2.3.
The basis for these provisions is described in Reference 2-1.

Table 2-5 Summary of Earthquake Evaluation Provisions

Performance Category (PC)
1 2 3 4
Hazard Exceedance 2x10-3 1x103 5x104 1x10™4
Probability. Py (1x103)’ (@2x104)’
Response Spectra Median amplification
(no conservative bias)
Damping for 5% Tabile 2-3
Structural Evaluation
Acceptable Analysis Static or dynamic force method Dynamic analysis
Approaches for Structures normalized to code leve! base shear
Analysis approaches for UBC Force equation for equipment and Dynamuc analysis using in-structure
systems and components non-structurat giements (or more response spectra (Damping trom Table
nQOrous approach) 2-3)
importance Factor i=1.0 | i=1.25 Not used
Load Factors Code spected load factors appropnate Load tactors ot unty
for structural matenal
Scale Factors Not Used SF= 1.0 | SF « 1.25
inelastic Energy Absorpton Accounted tor by R, trom Tabie 2-2 Fu trom Table 2-4 by whuch elastc
Ratos response 18 NeAUCed 10 ACCOUNt for
permessibie nelastic behawvior
Matenal Strength Mirmum specrtied or 95% NoN-exceedance N-situ values
Structura! Capactty Code uttmate strength or allowabie Coos ultrnate strength or
behawor level herat-state lovel
Quaity Assurance Program Required withn a graded approach (: @ . with ncreasing nQor rangeng trom UBC
requirements trom PC-1 10 nuciear power plant requirements for PC-4)
Poer Review Not Requered Requirec withen 8 raced aporoach (1.6.. with INCreasNg NQos
rangeng trom UBC requerements trom PC-2 10 nuCiear power
plart requsrements for PC-4)

TEor stes such as LLNL. SNL-Livermore, SLAC. LBL. & ETEC whch are nea tecionc plate boundanes
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Chapter 3
Wind Design and Evaluation Criteria

3.1 Introduction

This chapter presents a uniform approach to wind load determination that is appiicable
to the design of new and evaluation of existing structures, systems and components (SSCs).
As discussed in Appendix D.1, a uniform treatment of wind loads is recommended to
accommodate straight, hurricane, and tornado winds. SSCs are first assigned to appropriate
Performance Categories by application of DOE-STD-1021. Criteria are recommended such that
the target performance goal for each category can be achieved. Procedures according to the
wind load provisions of ASCE 7 (Ref. 3-1) are recommended for determining wind loads
produced by straight, hurricane and tomado winds. The straight wind/tornado hazard models
for DOE sites published in Reference 3-2 are used to establish site-specific criteria for 25 DOE
sites. For other sites, the wind/tornado hazard data shall be determined in accordance with
DOE-STD-1023.

The performance goals established for Performance Categories 1 and 2 are met by
model codes or national standards (see discussion in Appendix B). These criteria do not
account for the possibility of tornado winds because wind speeds associated with straight winds
typically are greater than tomado winds at annual exceedance probabilities greater than
approximately 1x104. Since model codes specify winds at probabilities greater than or equal to
1x10-2, tomado design criteria are specified only for SSCs in Performance Categories 3 and
higher, where hazard exceedance probabilities are less than 1x10-2.

In determining wind design criteria for Performance Categones 3 and higher, the first
step is to determine if tornadoes should be included in the critena The decision logically can be
made on the basis of geographical location, using tustoncal tornado occurrence records.
However, since site specific hazard assessments are available for the DOE sites. a more
quantitative approach can be taken. Details of the approach are presented in Appendix D The
annual exceedance probability at the intersection of the straight wind and torado hazard
curves is used to determine if tornadoes should be a pan of the design cntena H the -
exceedance probability at the intersection of the curves is greater than or equa! 10 2x10°5 then
tomado design cnteria are specified. By these critena, lornado wind speeds are determined at
2x10°5 for PC-3 and 2x10°8 for PC-4. 1f the exceedance probability 13 less than 2x105 only the
effects of straight winds or humcanes need be considered. For straight winds and hurmncanes.
wind speeds are delermuned at 1x10°3 for PC-3 and 1x10™ tor PC4.
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3.2 Wind Design Criteria

The criteria presented herein meets or exceeds the target performance goals described
in DOE 5480.28 for each Performance Category. SSCs in each category have a different role
and represent different levels of hazard to people and the environment. In addition, the degree
of wind hazard varies geographically. Facilities in the same Performance Category, but at
different geographical locations, will have different wind speeds specified to achieve the same
performance goal.

The minimum wind design criteria for each Performance Category are summarized in
Table 3-1. The recommended basic wind speeds for straight wind, hurricanes and tornadoes
are contained in Table 3-2 for laboratories, reservations, and production facilities. All wind '
speeds are fastest-mile, which is consistent with the ASCE 7 approach. Importance factors as
given in ASCE 7 should be used were applicable. Importance factors are used to obtain wind
speeds equivalent to 1x10°2 annual exceedance probability for Performance Category 2 and to
account for hurricanes within 100 miles of the coastline in all Performance Categories.

Degrees of conservatism are introduced in the design process by means of load
combinations. The combinations are given in the appropriate material-specific national
concensus design standard, e.g. AISC Steel Construction Manual. Designers will need to
exercise judgment in choosing the most appropriate combinations in some situations. Designs
or evaluations shall be based on the load combination causing the most unfavorable effect. For
PC-3 and 4 the load combination to be used should invoke either wind or tormado depending on
which speed is specified in Table 3-2.

Most loads, other than dead loads, vary significantly with tme. When these variable
loads are combined with dead loads, their combined effect could be sutficient to reduce the nsk
of unsatistactory performance to an acceptably low level. When more than one vanable load s
considered, it is unlikety that they will all attain their maxumum value at the same time.
Accordingty, some reduction in the total of the combined load effects 18 appropnate. This
reduction is accomplished through load combination muttiplication factors as gven in the
appropriate matenal-specific national concensus design standard.
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Table 3-1 Summary Of Minimum Wind Design Criteria

height 75 #1, 35 mph (vert.)

Performance Category 1 2 3 4
Hazard
Annual Probability 2x10-2 2x10°2 11073 1x104
of Exceedance
w
i Importance 1.0 1.07 1.0 1.0
n Factor*
d
Missile Criteria NA NA 2x4 timber plank 151b 2x4 timber plank 15 Ib
@50 mph (horiz.); max. @50 mph (horiz.); max.
height 30 ft. height 50 ft.
— e — ——————— —
Hazard Annual
Probability of NA NA 2x105 2x106
Exceedance
Importance Factor* NA NA I=1.0 I=1.0
APC NA "NA 40 pst @ 20 pst/sec 125 pst @ 50 pst/sec
T
o] 2x4 timber plank 15 Ib @100 | 2x4 timber plank 15 Ib @150
r Missile Criteria NA NA mph (horiz.); max. height mph (horiz.), max. height
n 150 ft.; 70 mph (vert.) 200 ft.; 100 mph (vert.)
a
g 3in. dia. std. stesl pipe, 75 Ib | 3 in. dia. std. steel pipe, 75 b
(<] © 50 mph (horiz.); max. € 75 mph (horiz.); max.

height 100 #, 50 mph (vert.)

3,000 b automobile ©
25 mph, rolis and tumbiles

*See ASCE 7. Table 5 (Rel. 3-1) for imponance tactors to be used tor all categones il the faciity 1s prone to
hurncanes or withun 100 rmiles of Gult of Mexico or Atlantic coastiines.
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Table 3-2 Recommended Basic Wind Speeds for DOE Sites, in miles per hour

Fastest-Mile Wind Speeds at 10m Helght |
Performance Category 1 2 3 4
Wind Wind | Wind | Tomado?]| Wind | Tomado* |
DOE PROJECT SITES 2x10-2 2x10-2 1x10-3 2x10-8 1x104 2x10-%€

| Kansas City Plant, MO 72 72 - 144 - 198
1 Los Alamos National Laboratory, NM 77 77 93 - 107 -
Mound L aboratory, OH 73 73 - 136 - 188
Pantex Plant, TX 78 78 - 132 - 182
| Bocky Flats Plant, CO 109 109 138 (3) 161 (3)
Sandia National Laboratories, NM 78 78 83 - 107 -
Sandia National Laboratories, CA 72 72 96 - 113 -
Pinelias Plant, FL 93 93 130 - 150 -
Argonne National Laboratory-—-East, IL 7000 700 - 142 - 196
Argonne National Laboratory-West, D 700 700 83 - 95 -
Brookhaven National Laboratory, NY 700 70" - 95@) - 145
Princeton Plasma Physics Laboratory, NJ 7000 700 = 103 - 150
Igaho National Engineering Laboratory 70(1) 700 84 - 85 -
| Feed Materials Production Center, OH 700 70(M - 139 - 192
Qak Rigge X-10, K-25 and Y-12 TN 700 700 - 113 - 173
| Paducah Gaseous Ditfusion Plant, KY 701 700 - 144 - 198
| Portsmouth Gaseoys Ditfusion Plant, OH 7Y 7001 - 110 - 166
| Novaga Tost Ste NV 7 72 g7 = 100 =
| Hanford Protect Srte, WA (o AN o AL - R = oot =
| Lawrence Berkeley Laborgtory, CA 2 I2 95 - 111 -
| Lgwrence Livermore Navonal Lab  CA 72 72 = 113 =
LUNL, Sne 300 CA 80 80 104 - 125 =
1 f ToY 4t Al - 2o Sl - ARA
| Stantor Limear Accelerptor Center, CA rrd 72 25 = 112 =

| Savannah Rver Sde, SC 78 78 = 137 = e J

NOTES:

(1) Mwwmnum straght wind speed.
(2) Mersmum tomado speed.

ARlhough straxgit wands a1 Rocky Flats because the potential for 8 L1OMAaAo sinke .y
@ MWW&«M% APCMMDOMW

{4) Tomacdo speed ncludes rotatonal and transiatonal eftects
(5) Humcane efiects adustments as per Tabie 3-1.
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3.2.1 Performance Category 1

The performance goals for Performance Category 1 SSCs are consistent with objectives
of ASCE 7 Building Class I, Ordinary Structures. Similar criteria in model building codes such
as the current Uniform Building Code (Ref. 3-3) are also consistent with the performance goal
and may be used as an alternative criteria. The wind-force resisting system of structures should
not collapse under design load. Survival without collapse implies that occupants should be able
to find an area of relative safety inside the structure during an extreme wind event. Breach of
structure envelope is acceptable, since confinement is not essential. Flow of wind through the
structure and water damage are acceptable. Severe ioss, including total loss, is acceptable, so
long as the structure does not collapse and occupants can find safe areas within the building.

In ASCE 7 wind design criteria is based on an exceedance probability of 2x10-2 per
year. The importance factor is 1.0, except if the site is within 100 miles of the Gulf of Mexico or
Atlantic coastline, a slightly higher importance factor is recommended to account for the
additional threat of hurricanes.

Distinctions are made in ASCE 7 between buildings and other structures and between
main wind-force resisting systems and components and cladding. In the case of components
and cladding, a further distinction is made between buildings less than or equal to 60 ft and
those greater than 60 ft in height.

Terrain surrounding SSCs should be classified as Exposure B, C, or D as defined in
ASCE 7. Gust response factors (G) and velocity pressure exposure coefficients (K) should be
used according to the rules of the ASCE 7 procedures.

Wind pressures are calculated on walls and roofs of enclosed structures by using
appropriate pressure coefficients specified in ASCE 7. Intemal pressures on components and
cladding develop as a result of unprotected openings, or openings created by wind forces or
missiles. The worst cases of combined intemal and extemnal pressures should be considered in
wind design as required by ASCE 7.

SSCs in Performance Category 1 may be designed by either aliowabile stress design
(ASD) or strength design (SD). Load combinations shall be considered 10 determine the most
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unfavorabie effect on the SSC being considered. When using ASD methods, customary
allowable stresses appropriate for the material shall be used as given in the applicable material
design standard (e.g. see Reference 3-4 for steel).

The SD method requires that the nominal strength provided be greater than or equal to
the strength required to carry the factored loads. Appropriate material strength reduction factors
should be applied to the nominal strength of the material being used. See Reference 3-5 for
concrete or Reference 3-6 for steel for appropriate load combinations and strength reduction
factors.

3.2.2 Performance Category 2

Performance Category 2 SSCs are equivalent to essential facilities (Class Il), as defined
in ASCE 7 or model building codes. The structure shall not collapse at design wind speeds.
Complete integrity of the structure envelope is not required because no significant quantities of
toxic or radioactive materials are present. However, breach of the SSC containment is not
acceptable if the presence of wind or water interferes with the SSCs function.

An annual wind speed exceedance probability of 2x10-2 is specified for this Performance
Category, but an importance factor of 1.07 in effect lowers the annual exceedance probability to
1x10-2. For those sites located within 100 miles of the Gulf of Mexico or Atlantic coastlines,
ASCE 7 prescribes a slightly higher importance factor to account for the additional threat of
hurricane winds.

Once the design wind speeds are established and the importance factors applied, the
determination of wind loads on Performance Category 2 SSCs is identical to that described tor
Performance Category 1 SSCs. ASD or SD methods may be used as appropriate for the
material being used. The load combinations described for Performance Category 1 are the
same for Performance Category 2.

3.2.3 Performance Category 3

The performance goal for Performance Category 3 SSCs requires more ngorous critena
than is provided by natonal standards or mode! building codes. In some geographic regons,
tomadoes must be considered.
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Straight Winds and Hurricanes

For those sites where tornadoes are not a viable threat, the recommended basic wind
speed is based on an annual exceedance probability of 1x10-3. The importance factor is 1.0.
For those sites located within 100 miles of the Gulf of Mexico or Atlantic coastlines, a slightly
higher importance factor is specified in ASCE 7 to account for additional threat of hurricane
winds.

Once the design wind speeds are established and the importance factors applied,
determination of Performance Category 3 wind loads is identical to Performance Category 1,
except as noted below. SSCs in Performance Category 3 may be designed or evaiuated by
ASD or SD methods, as appropriate for the material used in construction. Because the hazard
exceedance probability in Performance Category 3 contributes a larger percentage to the total
probabilistic performance goal than in Performance Categories 1 or 2, less conservatism is
needed in the Performance Category 3 design and evaluation criteria. This trend is different for
seismic design as discussed in Chapter 2 and Appendix C. (See Appendix D for further
explanation.) Thus, the load combinations given in the applicable material-specific national
concensus design standard may be reduced by 10 percent. In combinations where gravity load
reduces wind uplift, the reduction in conservatism is achieved by modifying only the gravity load
factor.

When using ASD, allowable stresses shall be determined in accordance with applicable
codes and standards (e.g. see Reference 3-4 for steel). Load combinations shall be evaluated
to determine the most unfavorable effect of wind on the SSCs being considered. The SD load
combinations shall be used along with nominal strength and strength reduction factors.

A minimum missile criteria is specified to account for obyects or debns that could be
picked up by straight winds, hurricanes or weak tornadoes. A 2x4 timber plank weighing 15 Ibs
is the specified missile. This missile represents a class of mussiles transported by straight
winds, hurricanes and weak tornadoes. Recommended impact speed s 50 mph at a maximum
height of 30 it above ground. The mussile will break annealed glass. it will pertorate sheet metal
siding, wood siding up 1o 3/4-in. thuck, or form board. The missile could pass through a window
or weak extenor wall and cause personal injury or damage 1o intenor contents of a building
The specified missile will not perforate unremniorced concrete masonry or bnck veneer walls or
other more substantial wall construchon. See Table 3-3 for recommended wall bamers (Ref. 3-
7).
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Table 3-3 Recommended Straight Wind Missile Barriers
for Performance Categories 3 and 4

Missite Criteria Recommended Missile Barrier

2x4 timber plank 151b @ 50 8-in. CMU wall with trussed horiz joint reinf

mph (horiz.) @ 16in. on center

max. height 30 ft. Single wythe brick veneer with stud wall

above ground

Performance Category 3

max. height 50 ft. 4-in. concrete slab with #3 rebar @ 6 in. on center each way in middie of
above ground slab

Performance Category 4

Tornadoes

For those sites requiring design for tomadoes, the criteria are based on site-specific
studies, as presented in Reference 3-2. An annual exceedance probability of 1x10-3, which is
the same for straight wind, could be justified. As explained in Appendix D, a lower value is
preferred because (1) the straight wind hazard curve gives wind speeds larger than the tornado
hazard curve and (2) a lower hazard probability can be specified without placing undue hardship
on the design. The basic tomado wind speed associated with an annual exceedance probability
of 2x10°S is recommended for Performance Category 3. The wind speed obtained from the
tomado hazard curve is converted from peak gust to fastest-mile; use importance factor of 1.0
tor Pertormance Category 3.

With the wind speed converted to fastest-mile wind and an importance factor of 1.0, the
equations in ASCE 7 Table 4 should be used to obtain design wind pressures on SSCs.
Exposure Category C should always be used with tornado winds regardiess of the actual terrain
roughness. Unconservative results will be obtained with exposure B. Tomadoes traveling over
large bodies of water are waterspouts, which are less intense than land-based tornadoes.

Thus, use of exposure category D also is not necessary. The velocity pressure exposure
coefficient and gust response factor are obtained from ASCE 7. External pressure coefficients
are used 1o obtan tomado wind pressures on vanous surfaces of structures. Net pressure
coefficients are applicable to systems and components. On structures, a distinchon 18 made
between matn wind-force resisting systems and components and cladding.

It a structure is not intentionally sealed to maintain an internal negative pressure for
confinement of hazardous matenals, or, it operungs greater than one square foot per 1000 cubc
feet of volume are present, or, if operungs of this size can be caused by mussile perforaton, then
the effects of internal pressure shouid be considered according to the rules of ASCE 7 a
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structure is sealed, then atmospheric pressure change (APC) associated with the tornado
vortex should be considered instead of internal pressures (see Table 3-1 for APC values).

The maximum APC pressure occurs at the center of the tornado vortex where the wind
speed is theoretically zero. A more severe loading condition occurs at the radius of maximum
tornado wind speed, which is some distance from the vortex center. At the radius of maximum
wind speed, the APC may be one-half its maximum value. Thus, a critical tornado load
combination on a sealed building is one-half maximum APC pressure combined with maximum
tornado wind pressure. A loading condition of APC alone can occur on the roof of a buried tank
or sand filter, if the roof is exposed at the ground surface. APC pressure always acts outward.
A rapid rate of pressure change, which can accompany a rapidly translating tomado, should be
analyzed to assure that it does not damage safety-related ventilation systems. Procedures and
computer codes are available for such analyses (Ref. 3-8).

When using ASD methods, allowable stresses appropriate for the materials shall be
used. Since in this case, the hazard probability satisfies the performance goal, littie or no
additional conservatism is needed in the design. Thus, for ASD the tornado wind load
combinations are modified to negate the effect of safety factors. For example, the combinations
from ASCE 7 become:

(a) 0.63 (D +Wy)
(b) 0.62(D+L+L;+W)
(c) 0.62(D+L+L+Wy+T) (3-1)

Along with nominal material strength and strength reduction tactors, the following SD
load combinations for Performance Category 3 shall be considered:
(a) D+ Wt
(b) D+L+Lp+W,
€©) Del+ly+WiT (3-2)
where:
W, = tornado loading, including APC, as appropnate.

The notation and rationale for these ioad combinatons are explamed in Appendix D.

Careful attenton shouid be paid o the details of construchon. Continuous load paths
shall be maintained, redundancy shall be built into load-carmying structura! systems. ductility
shall be provided in elements and connections 10 prevent sudden and catastrophic failures.
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Two tornado missiles are specified as minimum criteria for this Performance Category.
The 2x4-in. timber plank weighing 15 Ibs is assumed to travel in a horizontal direction at speeds
up to 100 mph. The horizontal speed is effective up to a height of 150 ft above ground level. If
carried to great heights by the tornado winds, the timber plank can achieve a terminal vertical
speed of 70 mph in falling to the ground. The horizontal and vertical speeds are assumed to be
uncoupled and should not be combined. Table 3-4 describes wall and roof structures that will
resist the postulated timber missile. A second missile to be considered is a 3-in. diameter
standard steel pipe, which weighs 75 Ibs. Design horizontal impact speed is 50 mph; terminal
vertical speed is 35 mph. The horizontal speed of the steel pipe is effective up to a height of 75
ft above ground level. Table 3-4 summarizes certain barrier configurations that have been
successfully tested to resist the pipe missile. Although wind pressure, APC and missile impact
loads can occur simultaneously, the missile impact loads can be treated independently for
design and evaluation purposes.

Table 3-4 Recommended Tornado Missile Barriers
for Performance Category 3

Missile Criteria Recommended Missile Barrier

Horizontal Component:

2x4 timber plank B-in. CMU wall with one #4 rebar grouted in each vertical cell and trussed

15 b @ 100 mph honz joint reinf @ 16 in. on center

max. height 150 ft. Single wythe bnck veneer attached to stud wall with metal ues

above ground
4 1n. concrete slab with #3 rebar @ 6 in. on center each way m middie of
slab

Vertucal Component:

2x4 bhmber plank 4.1n. concrete siab with #3 rebar @ 6 n. on center each way i meddie of

15 @ 70 mph siad

Honzontal Component:

3n. dameter 12-4n. CMU wall with 84 rebar in each vertical cell and grouted. 84 rebar

stoel ppe 75 B honzontal @ 8 in. on conter

© 50 mph

max. hesght 75 ft. Normunal 12-n wait congisting of 8-n. CMU with 84 rebar in sach vertical

above ground cell and grouted. 84 rebar honzontal @ 8 in on center. single wythe bnck
masonvy on outs:de tace. honzortal bes @ 16 in. on center
9.&nnﬂmmmmmumoan on center each
way n the cavity, cavity with 2500 pa: concrete, honzortal hes ©
16 in. on center
84n_concrete siab with 84 rebar @ 8 n. On ceMer sach way placed 1.5
n. trom each tace

Verucal Component:

3. chameler steel ppe 75 B 6-in concrete siab with 84 rebar @ 12 m on center each way 1.5 n trom

[ @ 25 mph n0e tace
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3.2.4 Performance Category 4

The performance goal for Performance Category 4 requires more conservative criteria
than Performance Category 3. In some geographic regions, tornadoes must be considered.

Straight Winds and Hurricanes

For those sites where tornadoes are not a viable threat, the recommended basic wind
speed is based on an annual exceedance probability of 1x10-4. The importance factor is 1.0.
For those sites located within 100 miles of the Gulf of Mexico or Atlantic coastlines, a slightly
higher importance factor is specified in ASCE 7 to account for the additional threat of
hurricanes.

Once the design wind speeds are established and the importance factors applied,
determination of Performance Category 4 wind loads is identical to Performance Category 3,
except as noted below. SSCs in category Performance Category 4 may be designed or
evaluated by ASD or SD methods, as appropriate for the material being used in construction.
As with Performance Category 3, the wind hazard exceedance probability contributes a larger
percentage of the total probabilistic performance goal than Performance Categories 1 or 2.
Less conservatism is needed in the design and evaluation procedure. The degree of
conservatism for Performance Category 4 is the same as Performance Category 3. Thus, the
load combinations for both the ASD and SD are the same for Performance Categories 3 and 4.

Although the design wind speeds in Performance Category 4 are larger than
Performance Category 3, the same missiles are specified (Table 3-3), except the maximum
height above ground is 50 ft instead of 30 ft for Performance Category 4.

Tomadoes

For those sites requiring design for tomadoes, the critena are based on site-specific
studies as presented in Reference 3-2. Again, as with Performance Category 3, an annua!
exceedance probability of 1x10~4 could be justified. However, for the same reasons given for
Performance Category 3, a lower value is recommended. The basic tornado wind speed
associated with an annual exceedance probability of 2x10-6 and an importance tactor of 1.0 s
recommended. [Note: In UCRL-15910, the design wind speed was determined by seiecting a
wind speed associated with an exceedance probabilty of 2x10°5 and muttiplying by an
importance factor of 1.35). The latier approach grves a more consistent exceedance probability
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for all sites, although the design wind speeds are essentially the same. Once the basic tornado
wind speed is determined for the specified annual exceedance probability and converted to
fastest-mile, the procedure is as described for Performance Category 3, except as noted below.

Three tornado missiles are specified for Performance Category 4: a timber plank, a steel
pipe and an automobile. The 2x4 timber plank weighs 15 Ibs and is assumed to travel in a
horizontal direction at speeds up 1o 150 mph. The horizontal component of the timber missile is
effective to a maximum height of 200 ft above ground level. If carried to a great height by the
tornado winds, it could achieve a terminal vertical speed of 100 mph as it falls to the ground.
The second missile is a 3-in. diameter standard steel pipe, which weighs 75 Ibs. It can achieve
a horizontal impact speed of 75 mph and a vertical speed of 50 mph. The horizontal speed
could be effective up to a height of 100 ft above ground level. The horizontal and vertical
speeds of the plank and pipe are uncoupled and should not be combined. The third missile is a
3000-Ib automobile that is assumed to roll and tumble along the ground at speeds up to 25
mph. Table 3-5 lists wall barrier configurations that have been tested and successfully resisted
the timber and pipe missile. Impact of the automobile can cause excessive structural response
to SSCs. Impact analyses should be performed to determine specific effects. In structures,
collapse of columns, walls or frames may lead to further progressive collapse. Procedures for
structural response calculations for automobile impacts is given in References 3-9, 3-10 and
3-11. Although wind pressure, APC, and missile impact loads can occur simultaneously, the
missile impact loads can be treated independently for design and evaluation purposes.

Table 3-5 Recommended Tornado Missiie Barriers

for Performance Category 4
Missile Cmena Hecommended Missile Bamer
Honzontal Component:
2x4 timber plank 6 1n. concrete siab with 84 rebar @ 6 in. on center each way n Muddie of
15 @ 150 mph siab
max. hesght 200 ft. [ B-n. CMU wall with one #4 reba’ grouted i ach veriical cell and horz
above ground trussed jordt rennt @ 16 n. on ¢
eruical Component.
2x4 hmber plank 4 n. concrete slad with #3 rebar @ 6 n on center each way n mdde ot
151 @ 100 mph siab
‘Honzontal Component.
3-n. dameter 10-n concrete siab with 84 rebar O 12 in. on center sach way placed 1.5
go;ls%nb n. trom each tace
max. hesght 100 ft
above ground
Vertical Component.
3-n chameter steel ppe 75 b 8-n. concrete slad with 84 rebar © 8 In 0N conter sach way placed 1.5
mph n_trom nsde 13ce
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3.2.5 Design Guidelines

Reference 3-12 provides guidelines and details for achieving acceptable wind resistance
of SSCs. Seven principles should be followed in developing a design that meets the
performance goals:

(a) Provide a continuous and traceable load path from surface to foundation

(b)  Account for all viable loads and load combinations

(c) Provide a redundant structure that can redistribute loads when one
structural element is overloaded

(d) Provide ductile elements and connections that can undergo deformations
without sudden and catastrophic collapse

(e) Provide missile resistant wall and roof elements

()  Anchor mechanical equipment on roofs to resist specified wind and
missile loads

(g) Minimize or eliminate the potential for windborme missiles

3.3 Evaluation of Existing SSCs

The objective of the evaluation process is to determine if an existing SSC meets the
performance goals of a particular Performance Category.

The key to the evaluation of existing SSCs is to identify potential failure modes and to
caiculate the wind speed to cause the postulated failure. A critical failure mechanism could be
the failure of the main wind-force resisting system of a structure or a breach of the structure
envelope that aliows release of toxic materials to the environment or results in wind and water
damage to the building contents. The structural system of many old facilities (25 to 40 years
old) have considerable reserve strength because of conservatism used in the design, which
may have included a design to resist abnormal effects. However. the facility could stfl fail to
meet performance goals if breach of the building envelope is not acceptabie.

The weakest link in the load path of an SSC generally deterrmunes the adequacy or
inadequacy of the performance of the SSC under wind load. Thus, evaluation of existing SSCs
normally should focus on the strengths of connections and anchorages and the abiiity of the
wind loads to find a continuous path to the foundation or support system.
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Experience from windstorm damage investigations provide the best guidelines for
anticipating the potential performance of existing SSCs under wind loads. Reference 3-13
provides a methodology for estimating the performance of existing SSCs. The approach is
directed primarily to structures, but can be adapted to systems and components as well. The
methodology described in Reference 3-13 involves two levels of evaluation. Level | is
essentially a screening process and should normally be performed before proceeding to Level
I, which is a detailed evaluation. The Level Il process is described below. The steps include:

(a) Data collection

(b) Analysis of element failures

(¢) Postulation of failure sequence

(d) Comparison of postulated performance with performance goals

3.3.1 Data Collection

Construction or fabrication drawings and specifications are needed to make an
evaluation of potential performance in high winds. A site visit and walkdown is usually required
to verify that the SSCs are built according to plans and specifications. Modifications not shown
on the drawings or deteriorations should be noted.

Material properties are required for the analyses. Accurate determination of material
properties may be the most challenging part of the evaluation process. Median values of
material properties should be obtained. This will aliow an estimate of the degree of
conservatism in the design, if other than median values were used in the original design.

3.3.2 Analysis of Element Failures

After determining the as-is condition and the matenal properties, vanous element
failures of the SSCs are postulated. Nominal strength to just resist the assumed element failure
is caiculated. Since the nominal strength is at least equal to the controling load combination,
the wind load to cause the postulated failure can be calculated. Knowing the wind load, the
wind speed to produce the wind load is determined using the procedures of ASCE 7 and
working backwards. Wind speeds 1o cause all plausible tailure modes are caiculated and
tabulated. The weakest link is determined from the tabulabion of element failures. These are
then used in the next step to determune the failure sequence.
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3.3.3 Postulation of Failure Sequence

Failure caused by wind is a progressive process, initiating with an element failure.
Examples are failure of a roof to wall connection, inward or outward collapse of an overhead
door, window glass broken by flying roof gravel. Once the initial element failure occurs at the
lowest calculated wind speed, the next event in the failure sequence can be anticipated. For
example, if a door fails, internal pressure inside the building will increase causing larger outward
acting pressure acting on the roof. The higher pressures could then lead to roof uplift creating a
hole in the roof itself. With the door opening and roof hole, wind couid rapidly circulate through
the structure causing collapse of partition walls, damage to ceilings or ventilation systems or
transportation of small objects or debris in the form of windborne missiles. Each event in the
sequence can be associated with a wind speed. All obvious damage sequences should be
examined for progressive failure.

3.3.4 Comparison of Postulated Failures with Performani:e Goals

Once the postulated failure sequences are identified, the SSC performance is compared
with the stated performance goals for the specified Performance Category. The general SSC
evaluation procedures described in Apendix B(Figure B-2) are followed. If an SSC is able to
survive wind speeds associated with the performance goal, the SSC meets the goal. If the
performance criteria are not met, then the assumptions and methods of analyses can be
modified to eliminate conservatism introduced in the evaluation methods. The acceptable
hazard probability levels can be raised slightly, if the SSC comes close to meeting the
performance goals. Otherwise, various means of retrofit should be examined. Several options
are listed betow, but the list is not exhaustive:

(a) Add x-bracing or shear walls to obtain additional lateral load resisting
capacity '

(b) Modity connections in steel. tmber or prestressed concrete constructhon
to permit them to transfer moment, thus increasing lateral load resistance
in structural trames

(c) Brace a relativety weak structure against a more substantial one

(d) install tension bes that run from roof 1o foundation to improve root
anchorage
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Provide x-bracing in the plane of a roof to improve diaphragm stiffness
and thus achieve a better distribution of lateral load to rigid frames,
braced frames or shear walls.

To prevent breach of structure envelope or to reduce the consequences of missile

perforation, the following general suggestions are presented:

(a)
(b)

(c)
(d)
(e)

Install additional fasteners to improve cladding anchorage

Provide interior barriers around sensitive equipment or rooms containing
hazardous materials

Eliminate windows or cover them with missile-resistant grills

Erect missile resistant barriers in front of doors and windows

Replace ordinary overhead doors with heavy-duty ones that will resist the
design wind loads and missile impacts. The door tracks must also be
able to resist the wind loads.

Each class of SSC will likely have special situations that need attention. Personne! who

are selected to evaluate existing facilities should be knowledgable of the behavior of various
SSC ciasses subjected to extreme winds.
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Chapter 4
Flood Design and Evaluation Criteria

4.1 Flood Design Overview

The flood design and evaluation criteria seek to ensure that safety structures, systems
and components (SSCs) at DOE sites satisfy the performance goals described in the NPH
Implementation Guide for DOE Order 420.1. These criteria consider the design of SSCs for
regional flood hazards (i.e., river flooding) and local precipitation that effects roof design and
site drainage. This chapter describes the flood criteria, presents the design basis flood (DBFL)
that must be considered in flood design, presents the criteria for the design of civil engineering
systems (e.g., structures, site drainage, roof systems and roof drainage, etc.) and presents
alternative design strategies for flood hazards. Guidance is also provided to evaluate existing
SSCs that may not be located above the DBFL, to assess whether the performance goals are
satisfied. Determination of the DBFL shall be accomplished in accordance with DOE-STD-1023
(Ref. 4-1).

Table 4-1 provides the flood criteria for Performance Categories 1 through 4. The
criteria are specified in terms of the flood hazard input, hazard-annual probability, design
requirements, and emergency operation plan requirements. The hazard annual probability
levels in Table 4-1 correspond to the mean hazard.

Evaluation of the fiood design basis for SSCs consists of:

1.  determination of the DBFL for each flood hazard as defined by the hazard
annual probability of exceedance and applicable combinations of flood
hazards,

2. evaluation of the site stormwater management system (e.g.. site runoff
and drainage, roof drainage),

3. deveiopment of a flood design strategy for the DBFL that sausfies the
criteria performance goals (e.g., build above the DBFL. harden the
facility), and

4.  design of civil engineenng systems (e.g.. buldings. buned structures, site
drainage, retaining walls, dike siopes, etc.) to the apphcabie DBFL and
design requirements.

Each of these areas is bnefly descnbed in the following subsectons
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Table 4-1 Flood Criteria Summary

Performance Category

Requirements

Item 1 2 3 4
Flood Flood insurance stu- Site probabilistic haz- | Site probabilistic haz- | Site probabilistic haz-
Hazard dies or equivalent ard analysis, including | ard analysis, including | ard analysis, including
input input, including the the combinations in the combinations in the combinations in
combinations in Table | Table 4-2 Table 4-2 Table 4-2
4-2
Mean Hazard
Annual 2x10™3 5x10-4 1x104 1x10°0
Probability
Design Applicable criteria (e.g., governing local regulations, UBC) shall be used for building design for

flood loads (i.e., load factors, design allowables), roof design and site drainage. The design of
flood mitigation systems (i.e., levees, dams, eic.) shall comply with applicable standards as
referred to in these criteria.

the DBFL

areas if site is

Emergency | Required to evacuate | Required to evacuate | Required to evacuate on-site personnel not
Operation on-site personnel if on-site personnel and | involved in essential operations. Provide for an
Plans facility is impacted by | to secure vulnerable extended stay for personnel who remain.

Procedures must be established to secure the

impacted by the DBFL | facility during the flood such that operations may

continue following the event.

4.1.1 Design Basis Flood (DBFL)

As part of the flood hazard assessment! that is performed for a site, the sources of
flooding (e.g., rivers, lakes, local precipitation) and the individua! flood hazards (e.g., hydrostatic
forces, ice pressure, hydrodynamic loads) are identified. A site or individual SSC may be
impacted by muttiple sources of flooding and flood hazards. For example, many DOE sites
must consider the hazards associated with river flooding. In addition, all sites must design a
stormwater management system to handle the runoff due to local (on-site or near site)
precipitation. Events that contribute to potential river flooding such as spring snowmelt,
upstream-dam failure, etc. must be considered as part of a probabilistic flood hazard analysis.
Theretore, at a site there may be multiple DBFLs that are considered. For sites with potential
for river flooding a DBFL is determined for river flooding and for local precipitaton which
determines the design of the site stormwater management systems. (Note, for sites located on
nvers of streams, the meteoroiogic and hydrologic events that produce intense local
precipitation are often distinct from those which produce high nver flows). In thes instance,
vanous aspects of the design for a SSC may be determined by different flood hazards. As a
result, the term DBFL is used in a general sense that applhes to the multiple flood hazards that
may be included in the design basis.

1 Guidebnes for conduchng a probabriistic ood hazard assessment are contaned in (DOE-STD-1023) The
analysis nciudes an evaluabon of the Nyorologec and hydrauac charactenstics Of 8 s1te and s4e regeon  As pan of
the probabistic a5SessmMent. an evaluabon of uncertanty i aiso pertormed
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Table 4-2 Design Basis Flood Events

Primary Hazard

Case No.

Event Combinations®

River Flooding

Peak flood elevation. Note: The hazard analysis for river flooding
should include all contributors to flooding, including releases from
upstream dams, ice jams, etc. Flooding associated with upstream-dam
failure is included in the dam failure category.

Wind-waves corresponding, as a minimum to the 2-year wind acting in
the most favorable direction (Ref. 4-2), coincident with the peak fiood or
as determined in a probabilistic analysis that considers the joint
occurrence of river flooding and wind generated waves.

Ice forces (Refs. 4-2 and 4-3) and Case 1.

Evaluate the potential for erosion, debris, etc. due to the primary
hazard.

Dam Failure

All modes of dam failure must be considered (i.e., overtopping,
seismically induced failure, random structural failures, upstream dam
failure, etc.)

Wind-waves corresponding, as a minimum to the 2-year wind acting in
the most favorable direction (Ref. 4-2), coincident with the peak flood or
as determined in a probabilistic analysis that considers the joint
occurrence of river flooding and wind generated waves.

Evah:gte the potential for erosion, debris, eic. due to the primary

Local Precipitation

Flooding based on the site runoft analysis shall be used 1o evaiuate the
site drainage system and fiood loads on individual tacilities.

Ponding on roof to a maximum depth corresponding 1o the level of the
secondary drainage system.

Rain and snow, as specihiad in applcabie regulations.

Storm Surge, Seiche
(due to hurncane,
seche, squall knes, etc.)

Ti0e effects corresponding 10 the Mean high Lide above the MLW-* level
(if not nciuded m the hazard analys:s).

Wave action and Case 1. Wave action should include static and
aynamuc eftects and potential for srosion (Ret. 4-2)

Lovee or Dwe Failure

Shouid be evaluated as pan of the hazard analys:s f Ovenopping and/or
tatlure occurs.

Snow

p—

Snow and ontt root 10ads &8 SPECcHied N APOLCADE rBgUIaLONS

Tsunam

Ti0e eflects COMesponang 10 the Mean fegh LOs SDOVE the MLW-* leve:
(t NOt INCIuded in the hazard analyss).

*  Everts are aaded to the #00d leve! produced by the pnmary hazard
* MLW-Mean Low Water.

The DBFL for a SSC for a flood hazard (e.g., nver fiooding. local preciptation) 18 defined

in terms of:

1. Peak-hazard level (e.g., flow rate, depth of water) corresponding to the mean, hazard

annual exceedance probability (see Table 4-1), inciucing the combnation of ficod hazards (e g .

nver flooding and wind-wave action) given in Table 4-2, and
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2. Corresponding loads associated with the DBFL peak-hazard level and
applicable load combinations (e.g., hydrostatic and/or hydrodynamic
forces, debris loads).

The first item is determined as part of the probabilistic flood hazard assessment. Limited
flood hazard assessments for some DOE sites have been conducted (see Refs. 4-4, 4-5, and 4-
6). Flood loads are assessed for the DBFL on a SSC-by-SSC basis.

Table 4-2 defines the flood design basis events that must be considered. The events
listed in Table 4-2 should be considered as part of the site flood hazard assessment. For
example, if a river is a source of flooding, wind waves must be considered. The DBFL is
determined by entering the flood hazard curve which includes the combination of events in
Table 4-2. For example, at a site located on an ocean shore, the flood hazard curve should
include the effects of storm surge, tides and wind-waves.

If the hazard annual probability for a primary flood hazard is less than the design basis
hazard annual probability for a given Performance Category (see Table 4-1), it need not be
considered as a design basis event. For instance, if the hazard annual probability for
Performance Category 1 is 2x10-3 per year, failure of an upstream dam need not be considered
if it is demonstrated that the mean probability of flooding due to dam failure is less than 2x1 0-3.

4.1.2 Flood Evaluation Process

The foliowing describes the steps involved in the evaluation of SSCs. The procedure is
general and applies to new and existing construction. It is onented toward the evaluation of
individual SSCs. However, due to the nature of flood events (i.e., river fiooding may inundate a
large part of a site and thus many SSCs simuttaneously), it may be possible to perform an
evaluation for the entire site or a group of SSCs.

The flood evaluation process s illustrated in Figure 4-1. It 1s divided into the
consideration of regiona! flood hazards and local precipitaton. For new construction, design
practice (see Section 4.1.3) is to construct the SSC above the DBFL, thus avouding the flood
hazard and eliminating the consideration of ficod loads as part of the design. The design of the
site stormwater management system and structural systems (1.e., roots) for local precipftation
must be adequate to prevent flooding that may damage a SSC or interrupt operations to the
extent that the performance goals are not satsfied.



DOE-STD-1020-94

Determine the
Regional SSC(E; eirpfg‘r’rrr\x,ance Local
Flood Hazard <Y Precipitation
Hazard Annual Develop Initial
Probability Roof and Site
{Ta,b%A-ﬂ i i
Determine Design
Basis Flood For Hazard Analysis Evaluate the Site/
All Hazards ~ hazard curve > SSC Design
— combined events ar the DR
ables 4-1 & 4-2

Is
Site SSC
Located Above

To perform the fiood evaluation for a SSC., the results of a flood screening analysis (as a
minimum) or a probabilistic fliood hazard analysis should be available (Refs 4-4 to 4-6). The

B |

~—gt  Select Allernative

‘Harden
SSQ

Develop Emergency
Operation Plans

Figure 4-1 Flood Evaluation Process

Damage Exceed
Design Criteria and

Revise Design
(i.e., increase
drainage capacity,
roof strength)

steps in the flood evaluation process include:

1. Determine the SSC Performance Category (see Chapter 2 and
DOE-STD-1021).

Evaluation tor Regional Flood Hazards

2. Determine the DBFL for each type or source of fiooding (see Tables 4-1
and 4-2). The assessment of fiood loads (e §., hydrostatic and
hydrodynamuc loads) or other effects (e g.. sCour. erosion) is made on an
SSC-by-SSC basis.
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For new construction locate the SSC above the DBFL, if possible. If this
cannot be done, proceed to Step 4.

Develop a design strategy to mitigate flood hazards that impact the SSC.
Options include hardening the SSC, modifying the flood path, and
developing emergency operation plans to provide for occupant safety and
to secure vulnerable areas. The flood hazard must be mitigated such that
the performance goals are met.

If the SSC is located below the DBFL level (even if the SSC has been
hardened), emergency procedures must be provided to evacuate
personnel and to secure the SSC prior to the arrival of the flood (see Step
10).

Evaluation for Local Precipitation

Develop an initial site-drainage system and roof-system drainage plan
and structural design per applicable regulations. Typical stormwater
management systems are designed for not less than the 25-year, 6-hour
storm. The minimum storm sewer size is typically 12 inches and the
minimum culvert size 15 inches. For roof drain systems, the minimum
pipe size for laterals and collectors are typically 4 inches. Stormwater
management systems usually have sufficient capacity to ensure that
runoff from the 100 year, 6-hour design storm will not exceed a depth of
0.87 feet at any point within the street right-of-way or extend more than
0.2 feet above the top of the curb in urban streets.

Perform a hydrological analysis for the site to evaluate the performance of
the site stormwater management system (considenng roof drainage and
man-made and natural watercourses) for the DBFL local precipitation for
each SSC. The site analysis mus! determune the level of flooding (if any)
at each SSC. Guidelines for performing a hydrological analysis are
contained in DOE-STD-1023 and DOE-STD-1022.

For SSCs where flooding occurs, the engineer must assess whether the
performance goals are satsfied. If the SSC periormance ts

unsatistactory, a modification of the site stormwater management system -
is required (see Step 8). Due to the different Performance Category
DBFLs, this step may be pertormed for 8 number of flood events.
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8. Evaluate the drainage and structural design of roof systems for the DBFL
local precipitation. The structural design of the roof system will satisfy
design criteria for loads due to ponding that result from clogged/blocked
drains and snow and ice loads. These were either developed during the
design of existing facilities or will be those from applicable regulations. If
the design criteria for the roof is exceeded (i.e., deflection, stress
allowables), the design must be revised (see Step 9).

9. If the DBFL for a SSC due to local precipitation produces levels of
flooding such that the performance goals (i.e., damage level due to
inundation or exceedance of design criteria allowables), are not satisfied,
design modifications must be developed. The design modifications must
provide additional capacity (i.e., runoff capacity, additiona! strength) to
satisfy the performance goals. Alternative design strategies are '
discussed in Section 4.1.3.

10.  For SSCs that are impacted by the DBFL, emergency operation plans
must be developed to provide for the safety of personnel and to secure
critical areas to satisfy performance goals.

In principle, each SSC is designed in accordance with the requirements for the
applicable Performance Category. However, because floods have a common-cause impact on
SSCs that are in proximity to one another, the design basis for the most critical SSC may
govern the design for other SSCs or for the entire site. Stated differently, it may be more
realistic economically and functionally to develop a design strategy that satisfies the
performance goals of the most critical SSC and simultaneously that of other SSCs. For
example, it may be feasible 1o harden a site (e.g., construct a levee system), thus protecting all
SSCs. Conversely, it may be impractical to develop a design strategy that protects the entire
site when SSC locations vary substantally (i.e., they are at significantly different elevations or
there are large spatial separations).

The possible structural or functional interaction between SSCs should be considered as
par of the evaluation process. For example, if an SSC in Performance Category 4 requires
emaergency electric power in order to satisfy the performance goals, structures that house
emergency generators and fuel should be designed to the DBFL tor the Performance
Category 4 SSC. In general, a systematc review of a site for possibie structura! or functonal

&7
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dependencies is required. As an aid to the review, the analyst can develop a logic model that
displays the functional/structural dependencies between SSCs.

4.1.3 Flood Design Strategies

The basic design strategy for SSCs in Performance Categories 2 to 4 (excluding local
precipitation), is to construct the SSC above the DBFL. When this can be done, flood hazards
are not considered in the design basis except that possible raised ground water level must be
considered. The flood criteria have been established with this basic strategy in mind. Note that
local precipitation is an exception since all sites must consider this hazard in the design of the
site stormwater management system, roof systems, etc.

Since it may not always be possible to construct a new SSC above the DBFL level,
alternate design strategies must be considered. The foliowing lists the hierarchy of fiood design
strategies:

1.  Situate the SSC above the DBFL level,

2.  Modify the flood, or

3. Harden the site or SSC to mitigate the effects of the DBFL such that the
performance goals are satisfied, and

4.  Establish emergency operation plans to safely evacuate employees and
secure areas with hazardous, mission-dependent, or valuable materials.

If an SSC is situated above the DBFL, the performance goals are readily satisfied. If an
SSC is located below the DBFL, altematives can be considered to modify the magnitude of the
fiood or mitigate its effects such that the likelihood of damage and interruption of operations 18
acceptably low (i.e., performance goals are satisfied). In additon, emergency operation plans
must be developed that establish the procedures to be followed to recognize/identity the flood
hazard in a timely manner and provide for occupant salety and secure areas that may be
vuinerabie to the eftects of fiooding. The implementation of emergency operation plans s not,
in general, an allernative to sausty the performance goats While they are necessary 10 provide
for occupant satety, generally they do not adequately kmit the level of damage and interruption
to facility operations.

Under certain circumstances the flood can be modified to imit the magnitude of the
hazard. Allematives include the construction of detention ponds that provide for the collecthon
and controlled release of runoff on-site, modificabon of stream channels, etc.
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The strategy of hardening a SSC or site and providing emergency operation plans is
secondary to siting facilities above the DBFL level because some probability of damage does
exist and SSC operations may be interrupted. If it is determined that a SSC may be impacted
by the DBFL and thus must be hardened, the designer must determine the fiood loads
associated with the DBFL. The design of flood mitigation systems (i.e., exterior walls, flood-
proof doors, etc.) must be conducted in accordance with the requirements specified in
applicable regulations.

The evaluation of the site stormwater management system and roof design (i.e.,
drainage and structural capacity) differs somewhat from that for other flood hazards. First, all
sites must be designed for the effects of local precipitation. Secondly, from the perspective of
the performance goals, the adequacy of the site stormwater management system is measured
in terms of the impact of local flooding on SSCs at the site. For example, the initial design of
the site stormwater management system may correspond to the 25-year rainfall 6-hour storm. [f
the DBFL for a SSC corresponds to a 5x10~4 rainfall, the site stormwater management system
design clearly does not meet this criterion. However, at this point the only conclusion that can
be reached is that the system (i.e., storm sewers, etc.) will be filled to capacity. The actual
impact of the DBFL precipitation on the SSC is assessed by conducting a hydrologic evaluation
for the site that accounts for natural and man-made watercourses on site, roof drainage, etc.
The analysis may conclude that flooding is limited to streets and parking lots. If temporary
flooding in these areas does not significantly affect the operation and safety of the SSC, then it
may be concluded that the design of the site-drainage system (i.e., for the 25-year rainfall) is
adequate. Conversely, if flooding does result in significant damage which impairs the operation
or safety of SSCs, appropriate measures must be taken to satisfy the performance goals. This
may include increasing the capacity of the drainage system, constructing detention ponds on
site, or hardening an SSC against the effects of flooding caused by local precipitation.

4.2 Flood Design Criteria

Unlike design strategies for seismic and wind hazards, it 15 not always possible to
provide margin in the flood design of a SSC. For exampie, the simple fact that a site is
inundated (even if structural damage does not occur), will cause significant disruption (e.g.,
down time dunng the flood, clean-up). This is often unacceptabie in terms of the economic
impact and disruption of the mission-gependent function of the site. Under these
circumstances, there is no margin, as used in the structural sense that can be provided when a
site or SSC is inundated. Therefore, the SSC must be kep! dry and operations must not be
interrupted in order to satsfy the performance goals. Since 8 nsk reduction cannot, in general,
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be specified, the hazard annual probability is set to the performance goal probability of damage
with the exception of Performance Category 1. For Performance Category 1, a risk reduction
corresponding to a factor of 2 is defined. This risk reduction is based on the limited warning
time that is required to evacuate personnel from an area that may be flooded (Ref. 4-7).

The DBFL for Performance Category 1 can generally be estimated from available flood
hazard assessment studies. These include: the results of flood-screening studies, flood-
insurance analyses, or other comparable evaiuations. For this Performance Category it is not
necessary that a detailed site-probabilistic hazard evaluation be performed, if the results of
other recent studies are available and, if uncertainty in the hazard estimate is accounted for.

For Performance Categories 2 through 4, a comprehensive site-specific flood hazard
assessment should be performed, unless the results of a screening analysis (see References 4-
4 and 4-5) demonstrates that the performance goals are satisfied.

4.2.1 Performance Category 1

The performance goal for Performance Category 1 specifies that occupant safety be
maintained and that the probability of severe structural damage be less than or about 10-3 per
year. The mean hazard annual probability of exceedance is 2x1 0-3. In addition, event
combinations that must be considered are listed in Table 4-2.

To meet the performance goal for this category, two requirements must be met: (1) the
building structural system must be capable of withstanding the forces associated with the DBFL,
and (2) adequate time for waming must be available to ensure that building occupants can be
evacuated (i.e., 1 t0 2 hours, Ref. 4-7). If the building is located above the DBFL, then
structural and occupant safety requirements are met

Where a structure cannot be constructed above the DBFL level, an acceptable design
can be achieved by:

1.  Modifying the flood or providing flood protection for the site or for the
specific structure, such that severe structural damage does not occur,
and ‘

2. Developing emergency procedures in order to provide adequate warming
and evacuation capability t0 provide for the safety of buikiing occupants.

For structural ioads apphed to roots, extenor walls, etc., the apphcabile regulatons should be
used.

4-10
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4.2.2 Performance Category 2

The performance goal for Performance Category 2 is to limit damage and interruption of
operations while also maintaining occupant safety. The DBFL is equal to the flood whose
annual probability of exceedance is 5x104 per year including the event combinations listed in
Table 4-2. For purposes of establishing the DBFL for Performance Category 2, a site-specific
hazard assessment should be performed. This analysis must include the uncertainty in the
hazard assessment in order to obtain an accurate estimate of the mean-annual probability level.

SSCs in this category should be located above the DBFL. For SSCs that cannot be
located above the DBFL, an acceptable design can be achieved by the same measures
described for Performance Category 1. Emergency operation plans must be developed to
provide for occupant safety and to mitigate the damage to mission-dependent SSCs. These
procedures may include installation of temporary flood barriers, removal of equipment to
protected areas, anchoring vuinerable items, or installing sumps or emergency pumps. As in
the case of SSCs in Performance Category 1, applicable regulations should be used to
incorporate flood loads in the building design.

4.2.3 Performance Category 3

The pertormance goal for Performance Category 3 is continued function of the facility,
including confinement of hazardous materials and occupant safety. SSCs in this category
should be located above fiood levels whose mean-annual probability of exceedance is 104,
inciuding the event combinations shown in Table 4-2.

if SSCs in this category cannot be constructed above the DBFL level, a design must be
developed that provides continued facility operation. The stralegy must mitigate the flood (i.e.,
modifying the flood, hardening the facility, building a levee to prevent fliood encroachment) to an
extent that tacility operations can continue. A higher level of protection is required for SSCs mn
Performance Category 3 as compared to Categones 1 and 2. Limned damage and interruption
of operations may be acceptable for Performance Categones 1 and 2. however, for
Performance Category 3 the DBFL must be mitigated such that the flood does not impact
operations.

The design of Performance Category 3 SSCs that may be impacted by the DBFL should
be based on the loads (i.e., hydrostatic forces) and other hazards (i.e., ice forces, debns) that
occur. If mitigation systems such as waterght doors. sealants. etc. are used. manutactures
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specifications should be applied. Section 4.3 describes design requirements for flood-mitigation
systems such as levees, dikes, etc.

For SSCs that may be impacted by the DBFL, emergency operation plans must be
developed to evacuate personnel not involved in the emergency operation of the facility, secure
hazardous materials, prepare the facility for possible extreme flooding and loss of power, and
provide supplies for personnel who may have an extended stay on-site. Emergency procedures
should be coordinated with the results of the flood hazard analysis, which provides input on the
time variation of flooding, type of hazards to be expected and their duration. The use of
emergency operation plans is not an alternative to hardening a facility to provide adequate
confinement unless all hazardous materials can be completely removed from the site.

4.2.4 Performance Category 4

The performance goals for Performance Category 4 are basically the same as for
Performance Category 3. However, a higher confidence is required that the performance goals
are met. SSCs in this category should be located above flood levels whose mean-annual
probability of exceedance is 10°5, including the combinations of events listed in Table 4-2.

4.3 Flood Design Practice for SSCs Below the DBFL Elevation

For SSCs located below the DBFL level, mitigation measures can be designed that
provide an acceptable margin of satety. In practice, a combination of structural and non-
structural measures (i.e., flood warming and emergency operation plans) are used. The design
criteria for facilities that must consider flood loads are described in this section.

4.3.1 Flood Loads

To evaluate the effects of fiood hazards, corresponding forces on structures must be
evaluated. Force evaluations must consider hydrostatic and hydrodynamic effects, including
the impact associated with wave action. In agditon, the potential for eros:on and scour and
debris loads must be considered. The flood hazards that must be considered are determmned n
the flood hazard analysis. Good engineering practce should be used o evaluate flood loads
(Refs. 4-8 10 4-12), including the forces due to 1ce formation on bodies of water.
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4.3.2 Design Requirements

Design criteria (i.e., for allowable stress or strength design, load factors, and load
combinations) for loads on exterior walls or roofs due to rain, snow, and ice accumulation
should follow applicable regulations. The design criteria are to be used in conjunction with flood
loads and effects derived from the SSCs DBFL (see Tables 4-1 and 4-2).

4.3.2.1 Performance Categories 1 and 2

Facilities that are subject to fiood loads should be designed according to provisions in
applicable regulations. Design loads and load combinations are determined from the DBFL.
Load factors specified in or other applicable regulations shall be used.

4.3.2.2 Performance Categories 3 and 4

The exterior wall of buildings and related structures that are directly impacted by flood
hazards should be constructed of reinforced concrete and designed according to ACI 349-85
(Ref. 4-13). Design loads and load combinations are determined from the DBFL. Load factors
specified in applicable regulations shall be used.

4.3.3 Site Drainage and Roof Design

For new construction, the stormwater-management system (i.e., street drainage, storm
sewers, open channels, roof drainage) can be designed according to applicable procedures and
design criteria specified in other applicable regulations. Applicable local regulations must be
considered in the design of the site stormwater management system. A typical minimum design
level for the stormwater management system is the 25-year, 6-hour storm.

Once the site and facility drainage design has been deveioped., it should be evaluated
tor the DBFL precipitation for each SSC. The evaluation should consider the site-drainage
area, natural and man-made watercourses, roof drainage, etc. The analys:s shall determine the
level of flooding that could occur at each SSC. The analyst may choose 10 evaluate the site
stormwater management system for the highest category DBFL (as a himiting cass). Hf the
results of this analysis demonstrate that flooding does not compromise the site SSCs, then it
may be conciuded that the site stormwater management system 13 adequate. Note that local
flooding in streets, parking lots, etc. may occur due to the DBFL precpitation. This is
acceptabile if the effect of local flooding does not exceed the requirements of the performance
goals. Hf however, flooding does have an unacceptable impact. increased dranage capacity
and/or flood protection will be required.
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Building roof design should provide adequate drainage in accordance with applicable
regulations. Secondary drainage (overflow) should be provided at a higher level and have a
capacity at least that of the primary drain. Limitations of water depth on a roof are specified by
reference 4-15 or other applicable local regulations. The roof should be designed to consider
the maximum depth of water that could accumulate if the primary-drainage system is blocked
(Refs. 4-14, and 4-15).

Roof-drainage systems should be designed according to applicable reguiations. The
drainage system should be verified as part of the site analysis for the DBFL (discussed above).
In the case of rainfall, a limiting check of the roof system structural design should be made.
Ponding on the roof is assumed to occur to a maximum depth corresponding to the level of the
secondary drainage outlet system (i.e., assuming the primary system has clogged). As part of
this evaluation, the deflection of the roof due to ponding must be considered. The design of the
roof should be adequate to meet the applicable codes. Design criteria for snow and rain-on-
snow loads are defined in the model building codes and standards.

DOE criteria specify the importance factors that should be used to scale snow loads in
the design. In the design of roof systems for snow loads, the importance factor for Performance
Categories 1 and 2 is 1.0. For Performance Categories 3 and 4 an importance factor of 1.2
should be used.

4.3.4 Flood Protection and Emergency Operations Plans

For SSCs that may be exposed to flood hazards (i.e., are located below the DBFL), a
number of design alternatives are available. Depending on the flood hazards that an SSC must
withstand, various hardening systems may be considered. These include,

1. structural barmers (e.g., extenor building walls, floodwalls, watertight
doors),

2. wetor dry flood proofing (e.g., waterproofing exterior walls, watertight
doors),

3.  levoes, dikes, seawalls, revetments, and

4. diversion dams and retenton basins.

The design of structural systems (i.e., extenor builkding walis) shall be deveioped in
accordance with applicable regulations. Waterproofing requirements are also grven in

4-14
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applicable design standards. Guidelines for the design of earth structures such as levees,
seawalls, etc. are provided in References 4-8, 4-16, and 4-17. Guidance for the design of
diversion dams and retention basins can be found in U.S. Army Corps of Engineers, U.S.
Bureau of Reclamation, Soil Conservation Service reference documents (Refs. 4-12 and 4-16).

Emergency operation plans are required in cases where the health and safety of on-site
personnel must be provided for and where the facility must be secured to prevent damage or
interruption of operations. The elements of an emergency operation plan are:

¢ flood recogr{ition system - capability to identify impending floods and
predicting their timing and magnitude.

e warning system - procedures and means to provide warning to those in
the affected areas.

s preparedness plan - establish the procedures, responsibility and
capability (i.e., materials, transportation, etc.) to evacuate on-site
personnel, secure vuinerable areas, etc.

¢  maintenance plan - program to insure that the emergency operation plan
is up-to-date and operational.

Guidance for the development of the emergency operation plans can be found in
emaergency procedures developed for nuclear power plants, dams and local fiood waming
systems. The development of the emergency operation plan should be coordinated with the
results of the flood hazard assessment and local agencies responsible for flood forecasting.
The availability of waming time will vary depending on the type of flood hazard and local
forecasting capabilities. Specific information on fliood emergency procedures can be found in
Reference 4-18.

4.4 Considerations for Existing Construction

Existing SSCs may not be situated above the DBFL as defined by these cntena. n thus
case, an SSC should be reviewed to deterrmune the levet of flooding. it any, that can be
sustained, without exceeding the performance goal requirements Tlhus is referred to as the
Critical Flood Elevation (CFE). If the CFE is hugher than the DBFL, then the performance goals
are satsfied. This situation may not be unique for existing constructon. For new construction,
it may not be possible to situate all facikbes above the DBFL. in wiuch case other design

418



DOE-STD-1020-94

strategies must be considered. For example, it may be possible to wet proof an SSC, thus
allowing some level of flooding to occur.

For each SSC, there is a critical elevation, which if exceeded, causes damage or
disruption such that the performance goal is not satisfied. The CFE may be located:

* below grade due to the structural vulnerability of exterior walls or
instability due to uplift pressures,

¢ atthe elevation of utilities that support SSCs, or
* at the actual base elevation of an SSC.

Typically, the first floor-elevation or a below-grade elevation (i.e., foundation level) is
assumed to be the critical elevation. However, based on a review of an SSC, it may be
determined that greater flood depths must occur to cause damage (e.qg., critical equipment or
materials may be located above the first floor). !f the CFE for an SSC exceeds the DBFL, then
the performance goal is satisfied. If the CFE does not exceed the DBFL, options must be
considered to harden the SSC, change the Performance Category, etc.

For Performance Categories 3 and 4, the performance goals require that littie or no
interruption of the facility operations should occur. This is an important consideration, since the
assessment of the CFE must consider the impact of the flood on operations (i.e, uninterrupted
access) as well as the damage to the physical systems.

4.5 Probabilistic Flood Risk Assessment

In some cases the need may arise for DOE or the site manager to perform a quantitative
probabilistic flood risk assessment for a site. There may be a vanety of reasons to require a risk
assessment. These include:

1.  Demonstration that the performance goals are satishied.
2. Evaluation of altemative design strategies to meet the performance goals.

3. Detailed consideration of conditions at a site that may be complex, such
as varying hydraulic loads (8.9.. scour, high velocity flows), system
interactions, secondary failures, or a potential for extraordinary health
consequences.
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4. A building is not reasonably incorporated in one of the four Performance
Categories.

The objective of a risk assessment is to evaluate the risk of damage to SSCs important
for maintaining safety and site operations. Risk calculations can be performed to evaluate the
likelihood of damage to on-site facilities and public-health consequence. Procedures to perform
probabilistic flood risk assessments are discussed in References 4-19 to 4-22.
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Appendix A
Terminology and Definitions

Note: - Definitions common to DOE Order 420.1, the accompanying Implementation Guide,
this Standard, and other NPH Standards are contained in the NPH Implementation Guide.

Annual Probability of Exceedance - The likelihood of natural phenomena hazards must be
evaluated on a probabilistic basis for this performance goal based NPH criteria. The fre-
quency of occurrence of parameters describing the external hazard severity (such as earth-
quake ground acceleration, wind speed, or depth of inundation) is estimated by
probabilistic methods. Common frequency statistics employed for rare events such as
natural phenomena hazards include return period and annual probability of exceedance.
Retum period is the average time between consecutive events of the same or greater
severity (for example, earthquakes with maximum ground acceleration of 0.2g or greater).
It must be emphasized that the return period is only an average duration between events
and should not be construed as the actual time between occurrences, which would be
highly variable. A given event of return period, T, is equally likely to occur any year, thus
the probability of that event being exceeded in any one year is 1/T. The annual probability
of exceedance, p, of an event is the reciprocal of the retumn period of that event (ie., p =
1/T). As an example, consider a site at which the retum period for an earthquake of 0.2g
or greater is 1000 years. In this case, the annual probability of exceedance of 0.2g is 10°
or 0.1 percent.

It is of interest in the design of facilities to define the probability that an event will be
exceeded during the design life of the facilities. For an event with retum period, T, and
annual probability of exceedance, p, the exceedance probability, EP, over design lfe, n,

given by:

EP = 1-(1-p)* = 1-(1-1/T)* =~ {.enT (A1)

where EP. and p vary from 0 to 1, and n and T are expressed n years As an exampie, the
exceedance probabilities over a design life of 50 years of a given event with vanous annual
probabilities of exceedance are as follows:
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p EP over 50 years
103 0.05
10+ 0.005
10¢ 0.0005

Hence, an event with a 10°annual probability of exceedance (1000 year retumn period) has
a 5 percent chance of being exceeded in a 50-year period, while an event with a 10*
annual probability of exceedance has only a 0.5 percent chance of being exceeded during a
50-year period.

Performance Goal is the annual probability of exceedance of acceptable behavior limits
used as a target to develop NPH design and evaluation criteria. Goals for structure, sys- '
tem, component (SSC) performance during natural phenomena hazards have been selected
and expressed in terms of annual probability of exceedance. Numerical values of annual
probabilities of exceedance for performance goals depend on SSC characteristics. For
example, probability values specified for normal use SSCs are consistent with performance
obtained through the use for mode! building code provisions for natural phenomena haz-
ards. Probability values specified for hazardous use SSCs approach performance obtained
through the use of nuclear power plant NPH criteria. Acceptable behavior limits considered
in the performance goal also depend on the SSC characteristics. For example, the accept-
able behavior limits for normal use SSCs is major damage but limited in extent to below
that at which occupants are endangered. However, the acceptable behavior limits for
hazardous use SSCs is lesser damage such that the facility can perform its function.

Performance goal probability values apply to each natural phenomena hazard (NPH)
individually. Hence, the annual probability of exceedance of acceptable behavior kmits for
all NPH would be somewhat larger than the performance goal value if structures, systems.
and components are designed exactly to the criteria in this document for all NPH.

Natural Phenomena Hazard Curves - The kkelihood of earthquake, wind, and flood hazards
at DOE sites can be defined by graphical relationships between ground acceleraton, wind
speed, or water elevation and annual probabilty of exceedance. These relatonships are
termed seismic, wind or flood hazard curves. The earthquake or wind loads of the flood
levels used for the design or evaluaton of DOE facilibes are based on hazard parameters
from these curves at selected annual probabilibes of exceedance as iliustrated n Figure
A-1. There is considerable uncertainty n natural phenomena hazard curves which 3 not
indicated by the single curve shown in Figure A-1. The means of accounting for ths
uncertainty is discussed in the different chapters on indwdual natural phenomena hazards
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Appendix B
Commentary on General NPH Design and Evaluation Criteria

B.1 NPH Design and Evaluation Philosophy

The natural phenomena hazard (NPH) design and evaluation criteria presented in this
document (DOE-STD-1020) implement the requirements of DOE Order 420.1, “Facility
Safety” (Ref. B-1) and the associated Implementation Guides: “"Implementation Guide for
the Mitigation of Natural Phenomena Hazards for DOE Nuclear Facilities and Non-nuclear
Facilities” (Ref. B-2), “Implementation Guide for Nonreactor Nuclear Safety Design Criteria
and Explosives Safety Criteria” (Ref. B-3), and “Implementation Guide for Use with DOE
Orders 420.1 and 440.1 Fire Safety Program” (Ref. B-4) which are intended to assure
acceptable performance of DOE facilities in the event of earthquake, windtormado, and
flood hazards. As discussed in Chapter 1, performance is measured by target performance
goals expressed as an annual probability of exceedance of acceptable behavior limits (i.e.,
behavior limits beyond which damage/failure is unacceptable). DOE Order 420.1 and the
associated implementation Guides establish a graded approach for NPH requirements by
defining performance categories (numbered 0 through 4) each with a qualitative perform-
ance goal for behavior (i.e., maintain structural integrity, maintain ability to function, main-
tain confinement of hazardous materials) and a qualitative target probabilistic performance
goal. DOE-STD-1020 provides four sets of NPH design and evaluation criteria (explicit
criteria are not needed for Performance Category 0). These criteria range from those pro-
vided by _model buiiding _codes for Performance Category 1 to those approaching nuclear
power plant criteria for Performance Category 4.

DOE-STD-1020 employs the graded approach by following the philosophy of proba-
biistic performance goal-based design and evaluaton criteria for natural phenomena haz-
ards. Target performance goals range from low probabilty of NPH-induced damage/tailure
to very high confidence of extremely low probability of NPH-induced damagefailure. In
this manner, structures, systems, and components (SSCs) are govermed by NPH critena
which are appropnate for the potential impact on safety, mussion, and cost of those SSCs
For example, a much higher likelihood of damage wouild be acceptable for an unoccupsed
storage building of low value than for a high-occupancy tacity or a faciity containung haz-
ardous matenals. SSCs containing hazardous matenals whech, in the event of damage,
threaten pubic safety or the environment, and/or which have been determmned to require
special consideration, should have a very low probability of damage due 1o natural phe-
nomena hazards (i.e., much lower probability of damage than would exist from the use ol
mode! building code design and evaluation procedures) For ordinary SSCs of relatrvely low
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cost, there is typically no need or requirement to add conservatism to the design beyond
that of model building codes. For these SSCs, it is also typically not cost-effective to
strengthen structures more than required by model building codes that consider extreme
loads due to natural phenomena hazards.

Performance goals correspond to probabilities of structure or equipment damage due
to natural phenomena hazards; they do not extend to consequences beyond structure or
equipment damage. The annual probability of exceedance of SSC damage as a result of
natural phenomena hazards (i.e., performance goal) is a combined function of the annual
probability of exceedance of the event, factors of safety introduced by the design/evalua-
tion procedures, and other sources of conservatism. These criteria specify hazard annual
probabilities of exceedance, response evaluation methods, and permissible behavior criteria
for each natural phenomena hazard and for each performance category such that desired
performance goals are achieved for either design or evaluation. The ratio of the hazard
annual probability of exceedance and the performance goal annual probability of excee-
dance is called the risk reduction ratio, R,in DOE-STD-1020. This ratio establishes the
level of conservatism to be employed in the design or evaluation process. For example, if
the performance goal and hazard annual probabilities are the same (R.= 1), the design or
evaluation approach should introduce no conservatism. However, if conservative design or
evaluation approaches are employed, the hazard annual probability of exceedance can be
larger (i.e., more frequent) than the performance goal annual probability (R.> 1). In the
criteria presented herein, the hazard probability and the conservatism in the design/evalua-
tion method are not the same for earthquake, wind, and flood hazards. However, the
accumulated effect of each step in the design/evaluation process is to aim at the
performance goal probability values which are applicable to each natural phenomena hazard
separately.

Design and evaluation criteria are presented in Chapters 2, 3, and 4 for earthquake,
wind, and fiood hazards, respectively. These critena are deterministic procedures that
establish SSC loadings from probabilistic natural phenomena hazard curves; specify accept-
able methods for evaluating SSC response to these loadings; provide acceptance cntena 10
judge whether computed SSC response is acceptable. and 10 provide detailing
requirements such that behavior is as expected as illustrated in Figure B-1. These cntena
are intended to apply equally for design of new faciltes and for evaluation of existing fac-
khes. in addition, the criteria are intended to cover buildings, equipment, distribution sys-
tems (piping, HVAC, electrical raceways. etc.), and other structures.
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DOE-STD-1020 primarily covers (1) methods of establishing load levels on SSCs from
natural phenomena hazards and (2) methods of evaluating the behavior of structures and
equipment to these load levels. These items are very important, and they are, typically,
emphasized in design and evaluation criteria. However, there are other aspects of facility design
that are equally important and that should be considered. These aspects include quality
assurance considerations and attention to design details. Quality assurance requires peer review
of design drawings and calculations; inspection of construction; and testing of material strengths,
weld quality, etc. The peer reviewers should be qualified personnel who were not involved in
the original design. Important design details include measures to assure ductile behavior and to
provide redundant load paths, as well as proper anchorage of equipment and nonstructural
building features. Although quality assurance and design details are not discussed in this report
to the same extent as NPH load levels and NPH response evaluation and acceptance criteria, the
importance of these parts of the design/evaluation process should not be underestimated.
Quality assurance and peer review are briefly addressed in Section 1.4, in addition to
discussions in the individual chapters on each natural phenomena hazard. Design detailing for
earthquake and wind hazards is covered by separate manuals. Reference B-5 describes
earthquake design considerations including detailing for ductility. Reference B-6 gives structural
details for wind design.

Deteministic Procedure
Based on Industry Codes
and Standards

Meet Performance

oal (consistent
with DOE Safety
Policy)

Detalling
Requirements

Probabilistic g
Basis Permissible
(with historic checl Response
Level
Response
Evaluation
‘ \
Ressonable Level Conservatism Added
of Hazard

Figure B-1 DOE-STD-1020 Combines Various Methods to Achleve Performance Goals
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B.2 Graded Apprbach, Performance Goals, and
Performance Categories

As stated above, DOE Order 420.1 and the associated Implementation Guides estab-
lish a graded approach in which NPH requirements are provided for various performance
categories each with a specified performance goal. The motivation for the graded
approach is that it enables design or evaluation of DOE structures, systems, and compo-
nents to be performed in a manner consistent with their importance to safety, importance
to mission, and cost. There are only a few “reactor” facilities in the DOE complex and
many facilities with a wide variety of risk potential, mission, and cost. Also, the graded
approach enables cost-benefit studies and establishment of priorities for existing facilities.
There are few new designs planned for the DOE complex and the evaluation of existing
facilities requires cost benefit considerations and prioritizing upgrading and retrofit efforts.
Finally, the graded approach is common practice by model building codes such as the Uni-
form Building Code (Ref. B-7), Department of Defense earthquake provisions (Ref. B-8),
and even by the Nuclear Regulatory Commission which provides graded criteria from power
plants to other licensed nuclear facilities.

The motivation for the use of probabilistic performance goals by the NPH implemena-
tion Guide for DOE Order 420.1 and DOE-STD-1020 is that accomplish the graded
approach using a quantified approach consistent with the variety of DOE facilities as well
as meeting the risk-based DOE safety policy. Furthermore, the use of probabilistic per-
formance goals enables the development of consistent criteria both for all natural phenom-
ena hazards (i.e., earthquakes, winds, and floods) and for at DOE faciiities which are
located throughout the United States. The use of performance goal based criteria is
becoming common practice as: it is embedded in recent versions of the Uniform Building
Code and in the DOD seismic provisions for essential buildings; it has been used for DOE
new production reactor NPH criteria; and it has been utilized in recent Nuclear Regulatory
Commission applications such as for the advanced hght water reactor program and for revi-
sions 10 commercial reactor geological siting cntena in 10CFR100, Appendix A.

Five performance categones are specified in the implementaton Guide tor DOE Order
420.1 for design/evaluation of DOE structures, systems, and components for natural phe-
nomena hazards ranging from 0 through 4 Table B-1 presents both the qualitatve and
quantitative descnptions of the performance goals for each performance category. Both
the qualitative description of acceptable NPH performance and the quanttative probability
value for each performance category are equally sgnificant in establishung these NPH
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design and evaluation criteria within a graded approach. SSCs are to be placed in catego-
ries in accordance with DOE-STD-1021-93 (Ref. B-9) Additional guidance on performance
categorization is available in Reference B-10.

As mentioned previously, the quantitative performance goal probability values are
applicable to each natural phenomena hazard (earthquake, wind, and flood) individually.
The earthquake and flood design and evaluation criteria presented in this document are
aimed at meeting the target performance goals given in Table B-1. The extreme wind and
tornado design and evaluation criteria presented in this document are conservative com-
pared to earthquake and flood criteria in that they are aimed at iower probability levels than
the target performance goals in Table B-1. It is estimated that for extreme winds, the
probabilities of exceeding acceptable behavior limits are less than one order of magnitude
smaller than the performance goals in Table B-1. For torado criteria, the probabilities of
exceeding acceptable behavior limits are greater than one but less than two orders of mag-
nitude smaller than the performance goals for Performance Categories 3 and 4. This addi-
tional conservatism in wind and tomado criteria for design and evaluation of DOE facilities
is consistent with common practice in government and private industry. Furthermore, this
additiona! conservatism can be accommodated in the design and evaluation of SSCs with-
out significantly increasing costs. SSCs in Performance Categories 3 and 4 should be
designed for tornadoes at certain sites around the country where tomado occurrences are
high. The tornado hazard probability must be set lower than necessary to meet the per-
formance goals in order for tomadoes rather than straight winds or hurricanes to control
the design criteria.

Table B-1 Structure, System, or Component (SSC) NPH
Performance Goals for Various Performance Categories

No Satety. Mission, or Cost Considerations

Mantan Occupamt Ssfety 2102 of the onset of SSC™ damage to the
sxtemt that OCCUDants are endangered

Occupant Sstety, Continued Operstion with | *Sx 10+ of SSC damage to the sxtant that the
Meumum interrupton COMPONeNt CAMNOT Dertorm its tuncthon

mmsum.cmow.m 210+ of SSC damage to the extent that the
Mazard Confingment COMPONSNMt CaNNOt pertom it hunchon

Occupant Satety, ConumodOpunm 10 of SSC damage t0 the extent that the
Contwence of Hazard Confinement COMPONet CanNot pertorm s funchon

{1) These performance Qoais are tor each Natural phenomens hazard earthquaks, wwnd, sng ficod).
12)  SSC reters 10 structure, GiStNbULION SYSteM, Of COMPONSNT (8auOMent),




DOE-STD-1020-94

The design and evaluation criteria for SSCs in Performance Categories 0, 1, and 2 are
similar to those given in model building codes. Performance Category 0 recognizes that for
certain lightweight equipment items, furniture, etc., and for other special circumstances
where there is little or no potential impact on safety, mission, or cost, design or evaluation
for natural phenomena hazards may not be needed. Assignment of an SSC to Performance
Category O is intended to be consistent with, and not take exception to, model building
code NPH provisions. Performance Category 1 criteria include no extra conservatism
against natural phenomena hazards beyond that in model building codes that include earth-
quake, wind, and flood considerations. Performance Category 2 criteria are intended to
maintain the capacity to function and to keep the SSC operational in the event of natural
phenomena hazards. Model building codes would treat hospitals, fire and police stations,
and other emergency-handling facilities in a similar manner to DOE-STD-1020 Performance
Category 2 NPH design and evaluation criteria.

Performance Category 3 and 4 SSCs handle significant amounts of hazardous materi-
als or have significant programmatic impact. Damage to these SSCs could potentially
endanger worker and public safety and the environment or interrupt a significant mission.
As a result, it is very important for these SSCs to continue to function in the event of
natural phenomena hazards, such that the hazardous materials may be controlled and con-
fined. For these categories, there must be a very small likelihood of damage due to natural
phenomena hazards. DOE-STD-1020 NPH criteria for Performance Category 3 and higher
SSCs are more conservative than requirements found in mode! building codes and are simi-
lar to DOD criteria for high risk buildings and NRC criteria for various applications as illus-
trated in Table B-2. Table B-2 illustrates how DOE-STD-1020 criteria for the performance
categories defined in DOE Order 420.1 and the associated impiementation Guides compare
with NPH criteria from other sources.

Table B-2 Comparison of Performance Categories from Various Sources

Source

DOE-STD-1020 - DOE Naturs!
Phenomens Hazard Critena

Urutorm Busiding
Code Facisties Faciktes

DOO Tn-Service Manual . . Fegh Musk . I

tor Sessrmc Design of
Essential Buildings

Nuciear Reguistory . Evalusuon of Evahustion
Commission NRC Fusl of Busung
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The design and evaluation criteria presented in this document for SSCs subjected to
natural phenomena hazards have been specified to meet the performance goals presented
in Table B-1. The basis for selecting these performance goals and the associated annual
probabilities of exceedance are described briefly in the remainder of this section.

For Performance Category 1 SSCs, the primary concern is preventing major structural
damage or collapse that would endanger personnel. A performance goal annual probability
of exceedance of about 10°of the onset of significant damage is appropriate for this cate-
gory. This performance is considered to be consistent with model building codes (Refs.
B-7, B-11, B-12, and B-13), at least for earthquake and wind considerations. The primary
concemn of model building codes is preventing major structural failure and maintaining life
safety under major or severe earthquakes or winds. Repair or replacement of the SSC or
the ability of the SSC to continue to function after the occurrence of the hazard is not
considered.

Performance Category 2 SSCs are of greater importance due to mission-dependent
considerations. In addition, these SSCs may pose a greater danger 1o on-site personnel
than Performance Category 1 SSCs because of operations or materials involved. The per-
formance goal is to maintain both capacity to function and occupant safety. Performance
Category 2 SSCs should allow relatively minor structural damage in the event of natural
phenomena hazards. This is damage that results in minimal interruption to operations and
that can be easily and readily repaired following the event. A reasonable performance goal
is judged to be an annual probability of exceedance of between 10*and 10“of structure
or equipment damage, with the SSC being able to function with minimal interruption. This
performance goal is slightly more severe than that corresponding to the design criteria for
essential facilities (e.g.. hospitals, fire and police stations, centers for emergency opera-
tiong) in accordance with mode! building codes (e.g., Ref. B-7).

Performance Category 3 and higher SSCs pose a potental hazard 1o public safety and
the environment because radicactve or toxic malenals are present. Design considerabons
for these categones are to imit SSC damage so that hazardous matenals can be controlied
and confined, occupants are protected. and functioning of the SSC is not interrupted. The
performance goal for Performance Category 3 and tugher SSCs 18 to kmvt damage such tha!
DOE safety policy is achieved. For these categones, damage must typically be kmuted in
confinement bamers (e.g.. buildings, glove boxes. siorage cansters. vaults). ventilaton
systems and fitenng, and monitonng and control equspment in the event of an occurrence
of severe earthquakes, winds, or floods. in addibon, SSCs can be placed in Performance
Categones 3 or 4 if improved performance is needed due 10 COS! Of MuSSION requirements.
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For Performance Category 3 SSCs, an appropriate performance goal has been set at
an annual probability of exceedance of about 10*of damage beyond which hazardous
material confinement and safety-related functions are impaired. For Performance Category
4 SSCs, a reasonable performance goal is an annual probability of exceedance of about
10°of damage beyond which hazardous material confinement and safety-related functions
are impaired. These performance goals approaches and approximates, respectively, at
least for earthquake considerations, the performance goal for seismic-induced core damage
associated with design of commercial nuclear power plants (Refs. B-14, B-15, B-16, and
B-17). Annual frequencies of seismic core damage from published probabilistic risk assess-
ments (PRA) of recent commercial nuclear plants have been summarized in Reference
B-18. This report indicates that mean seismic core damage frequencies ranged from
4x10 “/year to 1x10%/year based on consideration of 12 plants. For 10 of the 12 plants, .
the annual seismic core damage frequency was greater than 1xI0°. Hence, the Perform-
ance Category 4 performance goals given in the NPH Implementation Guide for DOE Order
420.1 are consistent with Reference B-18 information.

B.3 Evaluation of Existing Facilities

New SSCs can be designed by these criteria, but existing SSCs may not meet these
NPH provisions. For example, most facilities built a number of years ago in the eastem
United States were designed without consideration of potential earthquake hazard. It is,
therefore, likely that some older DOE facilities do not meet the earthquake criteria pres-
ented in this document.

For existing SSCs, an assessment must be made for the as-is condition. This assess-
ment includes reviewing drawings and conducting site visits to determine deviations from
the drawings and any in-service deterioration. In-place strength of the materiails can be
used when available. Corrosive action and other aging processes should be considered.
Evaluation of existing SSCs is similar to evaluatons performed of new designs except that
a single as-is configuration is evaluated instead of several configurations in an iterative
manner, as required in the design process. Evaluations should be conducted in order of
priority, with highest priority grven to those areas identified as weak inks by prelimunary
investigations and to areas that are most important to personnel safety and operahons with
hazardous materials. Priontization critena for evaluaton and upgrade of existing DOE facik-
ties are currentty being developed.

it an existing SSC does not meet the natural phenomena hazard design/evaluabon cn-
teria, several options (such as those illustrated by the flow diagram in Figure B-2) need 1o
be considered. Potential options for exising SSCs inciude:
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1. Conduct a more rigorous evaluation of SSC behavior to reduce conservatism
which may have been introduced by simple techniques used for initial SSC evaiu-
ation. Alternatively, a probabilistic assessment of the SSC might be undertaken
in order to demonstrate that the performance goals for the SSC can be met.

2. The SSC may be strengthened to provide resistance to natural phenomena haz-
ard effects that meets the NPH criteria.

3. The usage of the SSC may be changed so that it falls within a lower perform-
ance category and consequently, less stringent requirements.

If SSC evaluation uncovers deficiencies or weaknesses that can be easily remedied, these
should be upgraded without considering the other options. It is often more cost-effective
to implement simple SSC upgrades than to expend effort on further analytical studies.
Note that the actions in Table B-2 need not necessarily be accomplished in the order
shown.

Evaluations of existing SSCs must follow or, at least, be measured against the NPH
criteria provided in this document. For SSCs not meeting these criteria and which cannot
be easily remedied, budgets and schedule for required strengthening must be established
on a prioritized basis. As mentioned previously, prioritization criteria for evaluation and
upgrade of existing DOE facilities are currently being developed. Priorities should be estab-
lished on the basis of performance category, cost of strengthening, and margin between
as-is SSC capacity and the capacity required by the criteria. For SSCs which are close to
meeting criteria, #t is probably not cost effective to strengthen the SSC in order to obtain a
small reduction in risk. As a result, some relief in the criteria is allowed for evaluation of
existing SSCs. It is permissible to perform such evaluations using natural phenomena haz-
ard exceedance probability of twice the value specified for new design. For example, if the
natural phenomena hazard annua! probability of exceedance for the SSC under
consideration was 10°, it would be acceptable to reconsider the SSC at hazard annual
probability of exceedance of 2x10°. This would have the effect of slightly reducing the
seismic, wind, and fiood loads in the SSC evaiuation. This amount of relef is within the
tolerance of meeting the target performance goals and is only 8 minor adjustment of the
corresponding NPH design and evaluation critena.
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EVALUATE EXISTING SSCs USING DOE-STD-1020
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Figure B-2 Evaluation Approach for an Existing SSC
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Appendix C |
Commentary on Earthquake Design and Evaluation Criteria

C.1 Introduction

Earthquake design and evaluation criteria for DOE structures, systems, and compo-
nents are presented in Chapter 2 of this standard. Commentary on the DOE earthquake
design and evaluation provisions is given in this appendix. Specifically, the basic approach
employed is discussed in Section C.2 along with meeting of target performance goals, seis-
mic loading is addressed in Section C.3, evaluation of seismic response is discussed in
Section C.4, capacities and good seismic design practice are discussed in Section C.5,
special considerations for systems and components and for existing facilities are covered in
Sections C. 6 and C. 7, respectively, and quality assurance and peer review are addressed in
Section C.8. Alternate seismic mitigation measures are discussed in Section C.9.

These seismic criteria use the target performance goals of the NPH Implementation
Guide for DOE Order 420.1 (Ref. C-67) to assure safe and reliable performance of DOE
facilities during future potential earthquakes. Design of structures, systems, and compo-
nents to withstand earthquake ground motion without significant damage or loss of func-
tion depends on the foliowing considerations:

1. The SSC must have sufficient strength and stifiness to resist the lateral loads
induced by earthquake ground shaking. if an SSC is designed for insufficient
iateral forces or if deflections are unacceptably large, damage can result, even to
well-detailed SSCs.

2. Fallures in low ductility modes (e.g., shear behavior) or due to instability that
tend to be abrupt and potsntially catastrophic must be avoided. SSCs must be
detalied in a manner to achleve ductile behavior such that they have greater
energy absorption capacity than the energy content of sarthquakes.

3. Bullding structures and equipment which are base supported tend to be more
susceptible to earthquake damage (because of inverted pendulum behavior) than
distributed systems which are supported by hangers with ductile connections
(because of pendutum restoring forces).

4. The behavior of an SSC as It responds to esrthquake ground motion must be
fully understood by the designer such that a8 “weak link”™ that could produce an
unexpected faliure is not overiooked. Also, the designer must consider both rels-
tive displacement and inertia (scceleration) induced seismic fallure modes.

5. SSCs must be constructed in the manner specified by the designer. Materials
must be of high quality and as strong as specified by the designer. Construction
must be of high quality and must conform to the design drawings.

C-1
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By the NPH Implementation Guide for DOE Order 420.1 (Ref. C-67) and this stan-
dard, probabilistic performance goals are used as a target for formulating deterministic seis-
mic design criteria. Table C-1 defines seismic performance goals for structures, systems,
or components (SSCs) assigned to Performance Categories 1 through 4. SSCs are to be
assigned to performance categories in accordance with DOE-STD-1021-93 (Ref. C-26).
The seismic performance goals are defined in terms of a permissible annual probability of
unacceptable performance P, (i.e., a permissible failure frequency limit). Seismic induced
unacceptable performance should have an annual probability less than or approximately
equal to these goals.

Table C-1 Structure, System, or Component (SSC) Seismic
Performance Goals for Various Performance Categories

Performance Performance Goal Probability of Exceeding
Category Description Acceptable Behavior Limits, P,
1 Maintain Occupant Safety 2107 of the onset of SSC"! damage to the
extent that occupants are endangered

2 Occupant Satety, Continued Operation *6x104 of SSC damage to the extent that
with Minimum Interruption the component cannot perform its function

3 Occupant Safety, Continued Operation, 210+ of SSC damage to the extent that the
Hazard Confinement component cannot perform its tunction I

4 Occupant Safety, Continued Operation, 210 of SSC damage to the extent that the
Confidence of Hazard Confinement component cannot perform its function

(1) SSC refers to structure. distribition system. or component {equipment).

The performance goals shown in Table C-1 include both quantitative probability val-
ues and qualitative descriptions of acceptable performance. The qualitative descriptions of
expected performance following design/evaluation levels of earthquake ground motions are
expanded in Table C-2. These descriptions of acceptable performance are specffically tai-
lored to the needs in many DOE facilities.

The performance goals described above are achieved through the use of DOE seismuc
design and evaluation provisions whuch include: (1) lateral force prowisions; (2) story
drifttdamage control provisions: (3) detailing for ductity provisions; and (4) qualty assur-
ance provisions. These provisions are compnsed of the following four elements taken
together. (1) seismic loading. (2) response evaiuation methods, (3) permussible response
levels; and (4) ductile detailing requrements. Acceplable performance (1.e.. actweving per-
formance goals) can only be reached by consisient specificabon of all design crena ele-
ments as shown in Figure C-1.

c-2
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Table C-2 Qualitative Seismic Performance Goals

PC Occupancy Concrete Metal Component Visible
Safety Barrier Liner Functionality Damage

1 No structural col- Confinement not Confinement Component will Building distortion
lapse, failure of required. not required. remain anchored, |will be limited but
contents not . but no assurance |visible to the
serious enough to it will remain naked eye.
cause severe injury functional or eas-
or death, or pre- ily repairable.
vent evacuation

2 | No structural col- Concrete walls will May not Component will Building distortion
lapse, failure of remain standing but may [remain leak remain anchored |will be limited but
contents not be extensively cracked; |tight because |and majority will |visible to the
serious enough to |they may not maintain of excessive remain functional |naked eye.
cause severs injury | pressure differential with | distortion of after earthquake.
or death, or pre- normal HVAC. Cracks |structure. Any damaged
vent evacuation will stili provide a tortu- equipment will be

ous path for material easily repaired.
release. Don't expect

largest cracks greater

than 1/2 inch.

3 No structural col- Concrete walls cracked; |Metal liner will | Component Possibly visible
lapse, failure of but small enough to remain leak anchored and local damage but
contents not maintain pressure ditfer- | tight. functional. permanent distor-
serious enough to | ential with normal tion will not be
cause severe injury | HVAC. Don't expect immediately
or death, or pre- largest cracks greater apparent to the
vent evacuation than 1/8 inch. naked eye.

4 | No structural col- ]Concrete walls cracked; | Metal liner will | Component Possibly visible
lapse, tailure of but small enough to remain leak anchored and local damage but
contents not maintain pressure differ- Jtight. functional. permanent distor-
gerious enough to | ential with nomnal tion will not be
cause severe injury | HVAC. Don't expect immediately
or death, or pre- largest cracks greater apparent 1o the
vent evacuation than 1/8 inch. naked eye.

Seismic Response
Looding Evaluation
Specification Methods
Permissible Ductile
Response Detailing J
Levels Requirement

Figure C-1 Consistent Specification of All
Seismic Design/Evaluation Criteria Elements
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C.2 Basic Approach for Earthquake Design and Evaluation and
Meeting Target Performance Goals

C.2.1 Overall Approach for DOE Seismic Criteria

Structure/component performance is a function of: (1) the likelihood of hazard occur-
rence and (2) the strength of the structure or equipment item. Consequently, seismic per-
formance depends not only on the earthquake probability used to specify design seismic
loading, but also on the degree of conservatism used in the design process as illustrated in
Figure C-2. For instance, if one wishes to achieve less than about 10*annual probability
of onset of loss of function, this goal can be achieved by using conservative design or
evaluation approaches for a natural phenomena hazard that has a more frequent annual
probability of exceedance (such as 10-3), or it can be achieved by using median-centered
design or evaluation approaches (i.e., approaches that have no intentional conservative or
unconservative bias) coupled with a 10*hazard definition. At least for the earthquake haz-
ard, the former alternate has been the most traditional. Conservative design or evaluation
approaches are well-established, extensively documented, and commonly practiced.
Median design or evaluation approaches are currently controversial, not well understood,
and seldom practiced. Conservative design and evaluation approaches are utilized for both
conventional facilities (similar to DOE Performance Category 1 ) and for nuclear power
plants (similar to DOE Performance Category 4). For consistency with these other uses,
the approach in this standard specifies the use of conservative design and evaluation pro-
cedures coupled with a hazard definition consistent with these procedures.

Carthquoke Looding intentiono! Conservoltism in:
Defined ot Specified + 1) Response Eveluction
Annuol Probabdliity from 2; Permissible Response

Seismic Hozord Curve 3) Ductile Detoiting

Performonce Goot
Annuol Probobility of
Eorthquoke-induced Domoage

Figure C-2 Performance Goal Achisvemnent

The performance goasls for Performance Category 1 SSCs are consistent with gosis of
model building codes for normal facilities; the performance gosls for Performance Category
2 SSCs are slightly more conservative than the goals of model building codes for important
or essential tacilities. For seismic design and evsluation, mode! building codes utilize equrv-
slent static force methods except for very unusual or irregulsr facilities, for which 8
dynamic anslysis method is employed. The performance goals for Performance Category 3
SSC's are consistent with DOE essential tacilities and Pu handling facilities. The perform-
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ante goals for Performance Category 4 SSC’s approach those used for nuclear power
plants. For these reasons, this standard specifies seismic design and evaluation criteria for
PC-1 and PC-2 SSC’s corresponding closely to model building codes and seismic design
and evaluation criteria for both PC-3 and PC-4 SSC’s based on dynamic analysis methods
consistent with those used for similar nuclear facilities.

By this standard, the DBE is defined at specified hazard probability P, and the SSC is
designed or evaluated for this DBE using an adequately conservative deterministic accep-
tance criteria. To be adequately conservative, the acceptance criteria must introduce an
additional reduction in the risk of unacceptable performance below the annual risk of
exceeding the DBE. The ratio of the seismic hazard exceedance probability, P, to the per-
formance goal probability P.is defined herein as the risk reduction ratio R,, given by:

P, (1)

The required degree of conservatism in the deterministic acceptance criteria is a function
of the specified risk reduction ratio. Table C-3 provides a set of seismic hazard
excesdance probabilities, P, and risk reduction ratios, R,for Performance Categories 1
through 4 required to achieve the seismic performance goals specified in Table C-1. Note
that Table C-3 follows the philosophy of:

1) gradual reduction in hazard annua! exceedance probability

2) gradual increase in conservatism of evaluation procedure as one goes from Per-
formance Category 1 to Performance Category 4 (PC 1 to PC 4).

Table C-3 Seismic Performance Goasls & Specified Seismic Hazard Probabiiities

1 For sites such ss LLNL, SNL-Livermore, SIAC, LBL, and ETEC which are nesr tectonic piste boundanes.

Different structures, systems, or components may have different specified perform-
ance gosl probabiiities, P,. 1§t is required that for esch structure, system, or component,
olther: (1) the performance goal category; or (2) the hazard probability (P,) or the DBE
together with the appropriste R, factor will be specified in a design specification or imple-
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mentation document that invokes these criteria. As shown in Table 2-3, the recommended
hazard exceedance probabilities and performance goal exceedance probabilities are
different. These differences indicate that conservatism must be introduced in the seismic
behavior evaluation approach to achieve the required risk reduction ratio, R.. In earthquake
evaluation, there are many places where conservatism can be introduced, including:

Maximum design/evaluation ground acceleration and velocity.
Response spectra amplification.

Damping.

Analysis methods.

Specification of material strengths.

Estimation of structural capacity.

Load or scale factors.

Importance factors.

Limits on inelastic behavior.

Soil-structure interaction (except for frequency shifting due to SSl).
11. Effective peak ground motion.

12. Effects of a large foundation or foundation embedment.

© @O NN PN
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For the earthquake evaluation criteria in this standard, conservatism is intentionally
introduced and controlied by specifying (1) hazard exceedance probabilities, (2) load or
scale factors, (3) importance factors, (4) limits on inelastic behavior, and (5) conservatively
specified material strengths and structural capacities. Load and importance factors have
been retained for the evaluation of Performance Category 2 and lower SSCs because the
UBC approach (which includes these factors) is followed for these categories. importance
factors are not used for Performance Category 3 and higher SSCs. However, a seismic
scale factor SF is used to provide the difference in risk reduction ratio R, between Perform-
ance Categories 3 and 4. Material strengths and structural capacities specified for Per-
formance Category 3 and higher SSCs correspond to ultimate strength code-type
provisions (i.e., ACI 318-89 for reinforced concrete, LRFD, or AISC Chapter N for steel).
Material strengths and structural capacities specified for Performance Category 2 and
lower SSCs correspond to either ultimate strength or aliowable stress code-type provisions.
it is recognized that such provisions introduce conservatism. In addition, significant addi-
tional conservatism can be introduced if considerstions of effective peak ground motion,
soll-structure interaction, and sffects of large foundation or foundsation embedment are

ignored.
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The differences in seismic evaluation criteria among categories in terms of load and
importance factors, limits on inelastic behavior, and other factors by this standard are sum-
marized below:

1. PC 1 and PC 2 From PC 1 to PC 2, seismic hazard exceedance probability is lowered and impor-
tance factor is increased. All other factors are held the same.

2. PC2andPC3 From PC 2 to PC 3, ioad and importance factors are eliminated, damping is
generally increased, and limits on inelastic behavior are significantly reduced. All
other factors are essentially the same, although static force evaluation methods
are allowed for PC 2 SSCs and dynamic analysis is required for PC 3 SSCs.

3. PC3andPC4 From PC 3 to PC 4, seismic hazard exceedance probability is lowered and a
seismic scale factor is used. All other factors are held the same.

The basic intention of the deterministic seismic evaluation and acceptance criteria
presented in Chapter 2 Is to achieve less than a 10% probability of unacceptable perform-
ance for a structure, system, or component (SSC) subjected to a Scaled Design/Evaluation
Basis Earthquake (SDBE) defined by:

SDBE=(1.5SF)(DBE) (C-2)

where SF is the appropriate seismic scale factor (SF is 1.0 for PC 3 and 1.25 for PC 4).
The seismic evaluation and acceptance criteria presented in this standard has intentional
and controlled conservatism such that the required risk reduction ratios, R,, and target
performance goals are achieved. The amount of intentional conservatism has been
evaluated in Reference C-20 as that there should be less than 10% probability of
unacceptable performance at input ground motion defined by a scale factor of 1.5SF times
the DBE. Equation C-2 is useful for developing alternative evaluation and acceptance
criteria which are also based on the target performance goals.

it is permissibie to substitute alternate acceptance criteria for those criteria defined in
Chapter 2 s0 long as these aiternate criteria will also ressonably achieve less than about a
10% probability of unacceptable performance for the combination of the SDBE defined by
Equation C-2 with the best-estimate of the concurrent non-seismic loads. This relief is per-
mitted to enable one to define more sophisticated alternate acceptance criteria than those
presented in Chapter 2 when one has & sufficient basis to deveiop and defend this
alternate criteria.

C.2.2 Influence of Seismic Scale Factor

The target performance goals of the implementation Guide for DOE Order 420.1 are
the basis of the seismic design and evaluation criteria presented in this standerd. Rt is
known thst for PC 1 and PC 2, target performance goels, P, of 1 x 10°and § x10°, respec-
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tively, are met relatively closely. However, for PC 3 and PC 4, target performance goals,
P., of 1 x10“and 1 x 10°, respectively, are met in a more approximate manner as illustrated
in this section. The variability in performance goal achievement can be most significantly
attributed to the uncertainty in the slopes of seismic hazard curves from which DBE ground
motion is determined. Seismic hazard curve slope does not have a significant effect on
performance for PC 1 and PC 2 because P, and P, do not differ greatly (i.e. R,= P,/P.=
2).

Over any ten-fold difference in exceedance probabilities, seismic hazard curves may
be approximated by:

H(a) = Ka*, (©3)

where H(a) is the annual probability of exceedance of ground motion level “a,” K is a
constant, and k, is a slope parameter. Slope coefficient, A,is the ratio of the increase in
ground motion corresponding to a ten-fold reduction in exceedance probability. AR is
related to k, by:

X 1 (C4)
¥ log(Ay)

The Basis for Seismic Provisions of DOE-STD-1020 (Ref. C-20) presents estimates of
seismic hazard curve slope ratios A, for typical U.S. sites over the annual probabllity range
of 10°to 10°. For eastern U.S. sites, A, typically falls within the range of 2 to 4 although
A, values as large as 6 have been estimated. For California and other high seismic sites
near tectonic plate boundaries with seismicity dominated by close active faults with high
recurrence rates, A, typically ranges from 1.5 to 2.25. For other western sites with
selsmicity not dominated by close active faults with high recurrence rates such as INEL,
LANL, and Hanford, A, typically ranges from 1.75 to 3.0. Thersfore, seismic design/eve-
luation criteria should be applicable over the range of A, from 1.5 to 6 with emphasis on
the range from 2 to 4.

DOE seismic design and evaluation criteria presented in Chapter 2 Is independent of
A, and, thus, does not reflect its effect on meeting target goals. The performance of
structures, systems, and components in terms of annual probabllity of exceeding accept-
able behavior limits can be evaluated by convolution of seismic hazard and seismic fragility
curves. Seismic fragliity curves describe the probabdillity of unacceptable performance
versus ground motion level. The fragility curve is defined as being lognormally distributed

c-8
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and is expressed in terms of two parameters: a median capacity level, C4,, and a loga-
rithmic standard deviation, 3. P expresses the uncertainty in the capacity level and gener-
ally lies within the range of 0.3 to 0.6. For DBE ground motion specified at annual
probability, P, it is shown in Ref. C-20 that the risk reduction ratio, R,, between the
annual probability of exceeding the DBE and the annual probability of unacceptable per-
formance is given by:

-Lekymr? (©-5)

Rg=(Cs/DBE) "e

where C,, and B define the seismic fragility curve and DBE and k,, define the seismic
hazard curve.

Using the basic criterion of DOE-STD-1020 that target performance goals are
achieved when the minimum required 10% probability of failure capacity, C,is equal to
1.5 times the seismic scale factor, SF, times the DBE ground motion, Equation {C-5) may
be rewritten as:

R, = (1.5SFy"* el 225n8-30ku»)’] ()

Equation (C-6) demonstrates the risk reduction ratio achieved by DOE seismic criteria
as 8 function of hazard curve siope, uncertainty, 8, and seismic scale factor, SF. Note
from Table C-3 that for Performance Category 4 (not near tectonic plate boundaries), the
hazard probability is 1 x 10”and the performance goal is 1 x 10°such that the target risk
reduction ratio, R,is 10 and for Performance Category 3, the hazard probability is 5 x 10*
and the performance goal is 1 x 10°such that the target risk reduction ratio, R,is 5. The
actual risk reduction ratios from Equation (C-8) versus siope coefficient A, are plotted in
Figures C-3 and C-4 for Performance categories 3 and 4, respectively. In these figures, SF
of 1.0 is used for PC 3 and SF of 1.25 is used for PC 4 and the range of B trom 0.3 t0 0.6
has been considered. For the hazard curves considered by DOE-STD-1024-82 (Ref. C-13),
A, values average about 3.2 in the probability range associated with PC 3 and about 2.4 in
the probability range sssociated with PC 4. More recent ssismic hazard studies (Ref. C-8)
gives A, values which average about 3.8 in the probability range associated with PC 3 and
about 3.0 in the probability range associated with PC 4. As s result, Figure C-3 includes s
blown-up view for the 2.5 to 4 AR range and Figure C-4 includes a blown-up view for the 2
to 3 A range.



(4] 30

(€ Od) 0°L = 43 20} "y 84 %y jo enpp -3 emby

v 03 gz woy'y(q

S0e e o SOcoma g POSONA . (OeSea

¥y ‘yuardyyeo0) adols

» sL'S st sT'¢ £ % 4 sz

AS T Ag T ‘ z E
o UM RS VOSSOSO USSR S B 73
—_ x
e o e e e e e U —— - ?
4 a

| §°FY g
K o

s >
‘ p o]
s 9

Ys9 O
L e

2

Y4
903 G| woy 'y (e
9°0 = Bj8q o S0 = 018G ?0 = DI0Q e £0= oi0q
4y ‘yuaidyye0) adojs
9 $'S s sy 4 S'€ iy sz z st

T 1 T t r 1 1 1 0 =

(7]

x~

D5z

o

\ :

(o}

> s o

o }

p.o)

1| Q

S°L §'

0L = 4S )
o ©

¥6-0¢01-d1s-304




-0

(9 Od) ST°L = 48 10) ¥ 8A %y j0 snEA 9D enbyy
tazwoyy(q
90 = d0Q o SO0 s ®te o (A RN CWme e g

¥y ‘juardy;a0) adolg
13 $L°2 $z "t 4

[

1 1 ¥

"
~

(=4
-

s°Tt

n
Py

Ll

¥y ‘oyoy uoydnpey Asiy

o
~N

9 0} G°L wosy vy (e

9°0 = bjeg —_- S0 = O»q -8 0 = O48qQ 3¢ £°0 = Opq

¥y ‘jyuaidyye0) adolg

9 §'s S S’y ’ s's £ )/ z st
1 T T T T T T T o ?
. w
KA L
S P o]
®
Q.
§¢L ¢©
D O
0]} 6
3
gzt -
O
— G -
Szl = 4S 8
0
oz ©

+6-0201-Q1S-300




DOE-STD-1020-94

Figure C-3 demonstrates that for SF = 1.0, risk reduction ratios between about 3
and 10 are achieved over the A range from 2 to 6. These risk reduction ratios support
achieving performance goals between about 2x10*to 5x10°. In the primary region of
interest of A between 2.5 and 4, risk reduction ratios from 4 to 6 are achieved as com-
pared to the target level of 5 for PC 3 and sites not near tectonic plate boundaries. Figure
C-4 demonstrates that for SF = 1.25, risk reduction ratios between about 3 and 20 are
achieved over the A, range from 2 to 6. These risk reduction ratios support achieving per-
formance goals between about 3x10°to 5x10°. In the primary region of interest of A,
between 2 and 3, risk reduction ratios from about 8 to 17 are achieved as compared to the
target level of 10 for PC 4 and sites not near tectonic plate boundaries.

The risk reduction ratio achieved may be improved by using a variable formulation of
SF which is a function of A,. Iin order to justify use of the variable scale factor approach,
the site specific hazard curve must have a rigorous pedigree. Reference C-20 demon-
strates that the SF factors shown in Figure C-5 give the best fit of R,over the A, range of
primary interest from about 2 to about 6. The use of the scale factors given in Figure C-5
combined with Equation C-6 improves the R, values compared to target values as shown in
Figures C-6 and C-7 for PC 3 (R,= 5) and PC 4 (R,= 10), respectively. Figures C-6 and
C-7 demonstrate that when the variable scale factors from Figure C-5 are used, risk reduc-
tion factors achieved are within about 10% of the target values of 5 and 10, respectively.
As a result, target performance goals would be met within about the same 10%.

22 I N
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15 175 2 225 28 275 3 325 38 a7ms
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Figure C-5 Variable N Seismic Scale Factor for PC 3 and PC 4
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For sites near tectonic plate boundaries for which A_is in the range of about 1.5 to

2.25, such as LLNL, SNL-Livermore, SLAC, LBL, and ETEC. Figures C-3a and C-4a demon-
strate that larger risk reduction ratios are achieved than the target levels of 5 for PC 3 and
10 for PC 4, respectively. Therefore, it is acceptable to use twice the hazard probabilities
for these sites combined with the appropriate constant scale factors. Hence, for sites near
tectonic plate boundaries, target performance goals may be adequately achieved with haz-
ard probabilities and seismic scale factors of 1x10°and 1.0 for PC 3 and 2x10*and 1.25
for PC 4.

C.3 Seismic Design/Evaluation Input

The seismic performance goals presented in Tables C-1 and C-2 are achieved by
defining the seismic hazard in terms of a site-specified design response spectrum (called
herein, the Design/Evaluation Basis Earthquake, [DBE])). Either a site-specific design
response spectrum specifically developed for the site, or a generic design response spec-
trum that is appropriate or conservative for the site may be used as the site-specified
design response spectrum. Probabilistic seismic hazard estimates are used to establish the
DBE. These hazard curves define the amplitude of the ground motion as a function of the
annual probability of exceedance P, of the specified seismic hazard.

For each performance category, an annual exceedance probability for the DBE, P, is
specified from which the maximum ground acceleration (or velocity) may be determined
from probabilistic seismic hazard curves. Evaluating maximum ground acceleration from a
specified annual probabllity of exceedance is lllustrated in Figure C-8. Earthquake input
excitation to be used for design and evaluation by these provisions is defined by a median
amplification smoothed and broadened design/evalustion response spectrum shape such as
that shown in Figure C-8 anchored to this maximum ground acceleration. Note that the
three spectra presented in Figure C-8 are identical; the top spectrum has spectral accelera-
tion plotted against natural frequency on a iog scale, the middile spectrum is on what is
termed s tripartite plot where spectral velocities and displacements as well as accelerations
are shown, and the bottom spectrum has spectral acceleration piotted against natural
period on a linear scale.

It shouid be understood that the spectra shown in Figure C-8 represent inertial
effects. They do not include relative or differential support motions of structures, equip-
ment, or distribution systems supported at two or more points typically referred to as seis-
mic anchor motion (SAM). While SAM is not usually applicable to buliding design, it might
have 8 significant sffect on seismic adequacy of equipment or distribution systems.
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Seismic design/evaluation criteria based on target probabilistic performance goals
requires that Design/Evaluation Basis Earthquake (DBE) motions be based on probabilistic
seismic hazard assessments. in accordance with DOE Order 420.1 and the associated
NPH Implementation Guide (Refs. C-27 and C-67), it is not required that a site-specific pro-
babilistic seismic hazard assessment be conducted if the site includes only Performance
Category 2 and lower SSCs. If such an assessment has not been performed, it is
acceptable to determine seismic loads (as summarized in Section C.3. 2. 2) from the larger
of those determined in accordance with the UBC (Ref. C-2) and with UCRL-53582, Rev. 1
(Ref. C-14). Design/evaluation earthquake ground motion determined from a recent site-
specific probabilistic seismic hazard assessment is considered to be preferable to the UBC
for determining ZC. Therefore, the DBE response spectrum for Performance Category 2
and lower may be developed from a new probabilistic seismic hazard assessment following
the guidance given herein for Performance Category 3 and higher. However, when
desigr/evaluation earthquake ground motion is based on recent site-specific geotechnical
studies and the resulting seismic loads are less than that determined by the UBC, the dif-
ferences must be justified and approval of seismic loads must be obtained from DOE.

For design or evaluation of SSCs in Performance Category 3 and higher, it is strongly
recommended that a modern site-specific seismic hazard assessment be performed to pro-
vide the basis for DBE ground motion levels and response spectra. DOE Order 420.1 and
the associated NPH implementation Guide (Refs. C-27 and C-67), require that the need for
updating the site seismic hazard assessment be reviewed at least every 10 years. The
DOE seismic working group interim standard, DOE-STD-1024-82 (Ref. C-13), indicates that
the approach used for the seismic hazard assessments summarized in UCRL-53582 (Ref.
C-14), which are more than 10 years old, are out of date relative to the current state of
the art. However, in accordance with DOE-STD-1024-92, Rt is permissible to establish DBE
ground motion levels and response spectra for Performance Categories 3 and 4 based on
UCRL-53582 in the interim until a modem site-specific seismic hazard assessment
becomes available. DBE ground motion leveis for Performance Categories 3 and 4 based
on UCRL-53582 are aiso provided in Section C.3.2.2.

Minimum values of the DBE are provided in Section 2.3 to assure a minimum level of
selsmic design at all DOE sites. Such 8 minimum leve! of seismic design is believed to be
necessary due to the considerable uncertainty about future sarthquake potential in the
lower seismicity regions of the United States where most DOE sites are located.
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Figure C-8 Earthquake Input Excitation Is Defined by Maximum Ground
Acceleration Anchoring Site-Specific Response Spectra

C.3.1 Earthquake Hazard Annual Exceedance Probabilities

Historically, non-Federal Government General Use and Essential or Low Hazard tacili-
ties located in Calitornia, Nevada, and Washington have been designed for the seismic haz-
ard defined in the Uniform Bullding Code. Other regions of the U.S. have used the UBC
seismic hazard definition, other buliding code requirements, or have ignored seismic design.
Past UBC seismic provisions (1985 and sarlier) are based upon the largest earthquake
intensity that has occurred in a given regilon during about the past 200 years. These provi-
sions do not consider the probabllity of occurrence of such an sarthquake and thus do not
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make any explicit use of a probabilistic seismic hazard analysis. However, within the last
15 years there have been developments in building codes in which the seismic hazard pro-
visions are based upon a consistent annual probability of exceedance for all regions of the
U.S. In 1978, ATC-3 provided probabilistic-based seismic hazard provisions (Ref. C-1).
From the ATC-3 provisions, changes to the UBC (Ref. C-2) and the development of the
National Earthquake Hazards Reduction Program (NEHRP, Ref. C-3) have resuited. A
probabilistic-based seismic zone map was incorporated into the UBC beginning with the
1988 edition. Canada and the U.S. Department of Defense have adopted this approach
(Refs. C-4 and C-5). The suggested annual frequency of exceedance for the design seis-
mic hazard level differs somewhat between proposed codes, but all lie in the range of 10°
to 10°. For instance, UBC (Ref. C-2), ATC-3 (Ref. C-1), and NEHRP (Ref. C-3) have
suggested that the design seismic hazard level should have about a 10 percent frequency
of exceedance level in 50 years which corresponds to an annual exceedance frequency of
about 2x10°. The Canadian building code used 1 x10°as the annual exceedance level for
their design seismic hazard definition. The Department of Defense (DOD) tri-services seis-
mic design provisions for essential buildings (Ref. C-5) suggests a dual level for the design
seismic hazard. Facilities should remain essentially elastic for seismic hazard with about a
50 percent frequency of exceedance in 50 years or about a 1x10-2 annual exceedance fre-
quency, and they should not fail for a seismic hazard which has about a 10 percent fre-
quency of exceedance in 100 years or about 1x10°annual exceedance frequency.

On the other hand, nuclear power plants are designed so that safety systems do not
fall if subjected to a safe shutdown earthquake (SSE). The SSE generally represents the
expected ground motion at the site either from the largest historic earthquake within the
tectonic province within which the site is located or from an assessment of the maximum
earthquake potential of the appropriate tectonic structure or capable fault closest to the
site. The key point is that this is a deterministic definition of the design SSE. Recent
probabilistic hazard studies (e.g., Ref. C-6) have indicatsd that for nuclear plants in the
sastern U. S., the design SSE leve! generally corresponds to an estimated annual trequency
of exceedance of between 0.1x10°and 10x10°as is iliustrated In Figure C-9. The probs-
bility leve! of SSE design spectra (between 5 and 10 h2) at the 69 eastern U.S. nuciear
power plants considered by Ref. C-6 fall within the above stated range. Figure C-9 also
demonstrates that for 2/3 of these plants the SSE spectra corresponds to probabilities
between about 0.4x10°and 2.5x10°. Hence, the specified hazard probabliity level of
1x10°in this standard is consistent with SSE levels.

These seismic hazard definitions specified in this standard are appropriate as long as
the seismic design or evaluation of the SSCs for these sarthquakse leveis is conservatively
pertormed. The level of conservatism of the evalustion for these hazards should increase
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as one goes from Performance Category 1 to 4 SSCs. The conservatism associated with
Performance Categories 1 and 2 should be consistent with that contained in the UBC (Ref.
C-2), ATC-3 (Ref. C-1), or NEHRP (Ref. C-3) for normal or essential facilities, respectively.

DOE-STD-1020-94

The level of conservatism in the seismic evaluation for Performance Category 4 SSCs

should approach that used for nuclear power plants when the seismic hazard is designated
as shown above. The criteria contained herein follow the philosophy of a gradual reduction
in the annual exceedance probability of the hazard coupled with a gradual increase in the
-conservatism of the evaluation procedures and acceptance criteria as one goes from Per-

formance Category 1 to Performance Category 4.
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C.3.2 Earthquake Ground Motion Response Spectra

Design/evaluation Basis Earthquake (DBE) response spectra generally have the shape
shown in Figure C-8. The DBE spectrum shape is similar to that for an actual earthquake
except that peaks and valleys that occur with actual earthquake spectra are smoothed out.
Also, design/evaluation spectra typically include motions from several potential earth-
quakes such that they are broader in frequency content than spectra computed for actual
earthquake ground motion. Such spectral shapes are necessary in order to provide
practical input. DBE ground motion at the site is defined in terms of smooth and broad
frequency content response spectra in the horizontal and vertical directions defined at a
specific control point. In most cases, the control point should be on the free ground sur-
face. However, in some cases it might be preferable to define the DBE response spectra at
some other location. One such case is when a soft (less than 750 feet/second shear wave
velocity), shallow (less than 100 feet) soil layer at the ground surface is underiain by much
stiffer material. In this case, the control point should be specified at the free surface of an
outcrop of this stiffer material. Wherever specified, the breadth and amplification of the
DBE response spectra should be either consistent with or conservative for the site soil pro-
file, and facility embedment conditions.

ideally, it is desirable for the DBE response spectrum to be defined by the mean uni-
form hazard response spectrum (UHS) associated with the seismic hazard annual frequency
of exceedance, P,, over the entire frequency range of interest (generally 0.5 to 40 Hz).
However, currently considerable controversy exists conceming both the shape and ampli-
tude of mean UHS.

First, many existing mean UHS shapes are not consistent with response spectrum
shapes derived from earthquake ground motion recordings. The DBE response spectrum
should be consistent in shape with response spectrum shapes from ground motion
recorded at similar sites for earthquakes with magnitudes and distances similar to those
which dominate the seismic hazard at the specified annual frequency. Uniess it can be
demonstrated that the mean UHS shape Is consistent with the response spectrum shapes
obtained from appropriate ground motion records, the mean UHS should not be used.

Second, even for a specified ground motion parameter such as peak ground acceiers-
tion (PGA) or peak ground velocity (PGV), the mean estimate for 8 given hazard excee-
dance probability tends to be unstable between different predictors and tends to be driven
by extreme upper bound modeis. Mean estimates should be used only when such
estimates are stable. Mean estimates outside the range of 1.3 10 1.7 times the median
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estimate are likely to suffer from the above problems. Because of these issues with regard
to both mean estimates and UHS, the Department of Energy has published a standard
(DOE-STD-1024-92) on the use of probabilistic seismic hazard estimates (Reference C-13).

Preferably, the median deterministic DBE response spectrum shape should be site-
specific and consistent with the expected earthquake magnitudes, and distances, and the
site soil profile and embedment depths. When a site-specific response spectrum shape is
unavailable then a median standardized spectral shape such as the spectral shape defined
in NUREG/CR-0098 (Reference C-15) may be used so long as such a shape is either rea-
sonably consistent with or conservative for the site conditions.

C.3.2.1 DBE Response Spectra at High Frequencies

The C factor in the UBC base shear equation is approximately equivalent to spectral
amplification for 5 percent damping, and the Z factor corresponds to the maximum ground
acceleration such that ZC corresponds to a 5 percent damping earthquake response spec-
trum. For Performance Category 2 and lower SSCs, earthquake loading is evaluated from
the base shear equation in accordance with UBC seismic provisions with the exception that
the ZC is determined from input design/evaluation response spectra. ZC as given by UBC
provisions is plotted as a function of both natural period and natural frequency on Figure
C-10. Also, Figure C-10 includes a typical design/evaluation spectra.
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it is shown in Figure C-10 that an actual design evaluation spectrum differs signifi-
cantly from the code coefficients, ZC, only in the low natural period region (i.e., less than
about 0.125 secbnds) or high natural frequency region (i.e., greater than about 8 hz). As a
result, an adjustment must be made in the low period region in order to be conservative
when the design/evaluation spectra are used along with other provisions of the code. The
required adjustment to the design/evaluation spectra is to require that for fundamental peri-
ods lower than the period at which the maximum spectral acceleration occurs, ZC should
be taken as the maximum spectral acceleration. This provision has the effect of making
the design/evaluation spectra have a shape similar to that for ZC per the code provisions as
shown in Figure C-10. In this manner, the recommended seismic evaluation approach for
Performance Category 2 and lower SSCs closely follows the UBC provisions while utilizing
seismic hazard data from site-dependent studies.

{n the seismic design and evaluation criteria presented in Chapter 2, for Performance
Category 3 and higher SSCs, DBE spectra are used for dynamic seismic analysis. How-
ever, in accordance with Reference C-5, for fundamenta! periods lower than the period at
which the maximum spectral acceleration occurs, spectral acceleration should be taken as
the maximum spectral acceleration. For higher modes, the actual spectrum at all natural
periods should be used in accordance with recommendations from Reference C-5. This
requirement is illustrated in Figure C-1 1. Note that this requirement necessitates that
response spectrum dynamic analysis be performed for bullding response evaluation. Alter-
nately, the actual spectrum may be used for all modes if there is high confidence In the
frequency evsluation and £, is taken to be unity. The actual spectrum st all frequencies
should be used to evaluate subsystems mounted on the ground floor; and to develop floor
response spectra used for the evaluation of structure-supported subsystems.

The basis for using the maximum spectral acceleration in the low period range by
both the Reference C-2 and C-5 approaches is thresfold: (1) to avoid being unconservative
when using constant response reduction coefficients, R_, or inelastic energy absorption
factors, F,; (2) to sccount for the fact that stitf structures may not be as stift as ideslized
in dynamic modeis; and (3) earthquakes in the sastern U.S. may have amplification extend-
Ing to lower periods or higher frequencies than standard median design response spectrs.
Constant factors permit the elastically computed demand to exceed the capacity the same
amount at all periods. Studies of inelastic response spectra such as those by Ridden and
Newmark (Ref. C-12), indicste that the eissticalty computed demand cannot safely exceed
the capacity as much in the low period region as compared to larger periods. This means
that iower inelastic energy absorption factors must be used for low period response i the
actual spectra sre used (Ls., the inelastic energy absorption factors are frequency depen-
dent). Since constant inelastic energy absorption tactors are used herein, incressed spec-
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tra must be used in the low period response region. Another reason for using increased
spectral amplification at low periods is to assure conservatism for stiff structures. Due to
factors such as soil-structure interaction, basemat flexibility, and concrete cracking, struc-
tures may not be as stiff as assumed. Thus, for stiff structures at natural periods below
that corresponding to maximum spectral amplification, greater spectral amplification may
be more realistic than that corresponding to the calculated natural period from the actual
spectra. In addition, stiff structures that undergo inelastic behavior during earthquake
ground motion soften (i.e.,effectively respond at increased natural period) such that seis-

mic response may be driven into regions of increased dynamic amplification compared to
eiastic response.
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Figure C-11 Spectral Acceleration in the High Frequency Region
tor an Example Design/Evalustion Ground Response Spectrum

C.3.2.2 DBE Response Spectra Based on Generic Seismic Data

Spectral amplification depends strongly on site conditions. For this reason, it is gen-
erally required that response spectra to be used for the design or evaluation of hazardous
DOE tacilities (Psrformance Cstegory 3 and higher SSCs) be evalusted from site-specific
geotechnics! evalustions. Development of response spectrs from site-specific svaiustions
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has been discussed earlier in this section and in Reference C-13. However, for seismic
design or evaluation of Performance Category 2 and lower SSCs, site-specific DBE
response spectra are not required, if such data are not available.

Where a recent site-specific seismic hazard study is not available, it is permissible to
determine DBE response spectra for Performance Category 2 and lower SSCs as the larger
of the spectral values from the Uniform Building Code (UBC, Ref. C-2) or from generic seis-
mic hazard evaluations such as UCRL-53582, Rev. 1 (Ref. C-14). UBC seismic input is
based on regional seismicity. UBC values of peak ground acceleration, Z and spectral
amplification, C are shown in Table C-4. UCRL-53582 spectra were developed from gen-
eral site conditions and not from a site-specific geotechnical evaluation. It is also permissi-
ble to utilize these values for preliminary or final seismic design or evaluation of
Performance Category 3 and higher SSCs. However, for final seismic design or evaluation
of Performance Category 3 and higher SSCs, it is strongly recommended in DOE-STD-
1024-92 (Ref. C-13) that site-specific DBE response spectra be developed and used to
determine seismic loadings.

Peak ground accelerations at DOE sites for Performance Categories 1, 2, 3, and 4 are
summarized in Table C-5. Table C-5a provides peak ground accelerations for sites away
from tectonic plate boundaries. Table C-5b provides peak ground accelerations for Califor-
nia sites governed by tectonic plate boundaries. These ground acceleration values are
taken from the most recent seismic hazard evaluation for the site as referenced in the
tables. Where a recent seismic hazard evaluation is available, ground motion from that
study is presented and ground motion from UCRL-53582 is only shown if a more recent
evaluation does not exist. It shouki be noted that these ground motion values are shown
for information only. There are ongoing studies on some of these sites and there probably
will be future studies on other sites which could change the ground motons presented
herein. Earthquake ground motion for design or evaluation must be established with appro-
vais from the DOE.

It median site-specific spectral amplificatons are available for these stes, they may
be scaled by the peak ground accelerations in Table C-5 to establish the DBE response
spectra. Allernately, a median standardized spectral shape such as the spectral shape
defined in NUREG/CR-0098 (Reference C-15) may be used so long as such a shape
either reasonably consistent with or conservative for the sde condimons.
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Table C-4 DBE Ground Motion (g) from UBC

DQE Site UBC Zone . 4 Peak ZC @ ZC(2 hz)
Kansas City 2A 0.15 0.41@ 3.3 0.30
LANL 2B 0.2 0.55 @ 3.3 0.40
Mound 1 0.075 0.21 @ 3.3 .15
Pantex Plant (S=1.2) 1 0.075 0.21 @25 0.18
Rocky Flats 1 0.07% 021 @33 0.15
Sandia, Albuquerque 28 0.2 055 @ 3.3 0.40
Sandia, Livermore {S=1.2) 4 0.4 1.10@ 2.5 0.95
Pinellas Plant 0 0.0 0.0 0.0
Argonne-East 0 0.0 0.0 0.0
Argonne-West 28 0.2 0.55 @ 3.3 0.40
Brookhaven (S= 1.2) 2A 0.15 0.41@25 0.38
Princeton (S=1.2) 2A 0.15 041 ®25 0.38
INEL 28 0.2 0.55 @ 3.3 0.40
Feed Materials 1 0.075% 0.21 @ 3.3 0.1%
Oak Ridge 2A 0.1% 041 @33 0.30
Paducah {Sw= 1.2) 2A 0.1% 0.41 @25 0.38
Portsmouth 1 0.075 0.21 @ 3.3 0.16
Nevada Test Site (S=1.2) 3 0.3 08325 0.72
Hantord 28 0.2 0.56 © 3.3 0.40
LBL 4 0.4 1.10 @ 3.3 0.95
LLNL (S=1.2) 4 0.4 110025 0.79
LLNL, 300-854 4 0.4 1.100 3.3 0.79
LLNL, 300-834 & 838 4 0.4 1.100 3.3 0.79
ETEC 4 0.4 1.1003.3 0.79
SLAC (5=1.2) 4 0.¢ 110028 0.95
Savarnnsh River (S=1.2) 2A 0.18 041028 0.38

w
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*** Table C-5a Maximum Horizontal Ground Surface Accelerations (g) as of 1993
at DOE Sites Excluding the Sites Located near Tectonic Plate Boundaries

E Site PC1- PC2- PC3- PC4- References
2x10 1x10- 5x10 1x104
Kansad\City Plant 08 10 13 21 UCRL53582 |
Los AlamowAverage) 12 16 .21 .37 Woodward-Cifde, 1993
Los Alamos (Rbqge) .10-.14 .14-.19 .17-.25 .31-43 | Woodwgrd-Clyde,1993
Mound Laboratory\ 12 15 .18 .30 _MCRL-53582
Pantex Plant N\ | .08 10 13 .21 / UCRL-53582
Rocky Fiats Plants™ 3 18 A7 24 4  UCRL-53582
Sandia, Albuquerque N7 .22 .28 41/ UCRL-53582
Pinellas Plant, Florida 04\ .05 .08 A1 UCRL-53582
Argonne-East 08 N .12 .16 .26 UCRL-53582
Argonne-West a2 |\ A7 .24 UCRL-53582
Brookhaven A2 RN pY 4 .30 UCRL-53582
Princeton .13 16 /.20 .33 UCRL-53582
INEL 12 a4 AN 17 .24 UCRL-53582
Feed Materials .10 R N6 24 UCRL-63582
Oak Ridge, Rock .08 - A3 AN\ . Risk Eng. inc., 1992
Paducah, Rock .20 .30 42 Y\ ° DOE Memo
Paducsh, Soil 20 / .25 .38 N\ °* DOE Memo
Portsmouth, Rock 4 .08 10 N, | musk Eng '92 & WES ‘83
Portsmouth, Soil / 10 18 19 . Risk Eng "92 & WES '93
Nevada Test Sits ] .30(UBC) | .301UBC) .34 .48 UBC, UCRL-53582
Hantord 200 West Arts 10 .14 .20 .39 Ggomatrx, 1993
Mantord 200 EapC’Area .09 13 19 .37 Gedmatrx, 1993
Hantord 300Ares .08 12 A7 .33 Geomady, 1993
Hantorg 400 Area .09 12 A7 .32 Geomatrix, %393
Hangérd 100 K Area 10 14 .20 .40 Geomatrx, 1988,
|[BSvarnen Arver Pam 10 13 18 32 LML 1983, Dratt

* Valus not svadabie and must be determuned for Pertormance Category 4 SSCs at these sites.

soe

Bedrock siopes at Rocky Flats. Tius valus 8 surface acCSieration at an averape sos depth 8t ths sits.
Thus table s for dustration only, 1o show vanabisty among DOE facikties tor performance categones.

Dowvduuiorwhc sites and faciktas Mmust be estabhshed n aCCOrdanCe with reQurements
"n -$TD-1023-986.
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Table C-5b Maximum Horizontal Ground Surface Accelerations (g)
at DOE Sites Located near Tectonic Plate Boundaries

DOE Site PC 1 PC2&PC3 PC 4 Reference
2x10? 1x10? 2x10+
Sandia, Livermore, Ca 47 .57 .82 Geomatrix, 1390
Lawrence Berkeley Laboratory .58 .64 * UCRL-53582
Lawrence Livermore Nat'l Lab. (LLNL) 47 .57 .82 Geomatrix, 1890
LLNL, Site 300 .47 .57 .82 Geomatrix, 1990
Energy Technology & Engineering Center .53 .58 * UCRL-53582
Stantord Linear Accelerator Center .45 .59 * UCRL-53582
° Value not availabie from UCRL-53582, Rev. 1 and must be determined for

Performance Category 4 SSCs at these sites.
C.3.3 Effective Peak Ground Motion

The peak ground accelerations reported in probabilistic seismic hazard assessments
typically correspond to acceleration that would be recorded during an earthquake by a
motion instrument. This instrumental acceleration may, in some cases, provide an exces-
sively conservative estimate of the damage potential of the earthquake. Instead the effec-
tive peak acceleration based on repeatable acceleration levels with frequency content
corresponding to that of structures is a better measure of earthquake damage potential. it
is acceptable, but often quite conservative, to use the instrumental ground motion as direct
input to the dynamic model of the structure. It is also acceptable, and encouraged, for the
seismic evaluation to include additional studies to remove sources of excessive conserva-
tism on an individual facility basis, foliowing the guidance described below.

The instrumental acceleration is a poor measure of the damage potential of ground
motion associated with earthquakes at short epicentral ranges (less than about 20 km).
Many structures located close to the epicentral region, which were subjected to high val
ves of peak instrumental acceleration, have sustained much less damage than would be
expected considenng the acceleration level. In these cases, the differences in measured
ground motion, design levels, and cbserved behavior were so great that it could not be
reconciled by considering typical safety factors associated with seismuc design. The prob-
lemn with instrumental acceleration s that a imited number of high frequency spikes of high
acceleration are not significant to structural response. Instead, it can be more appropnate
to utilize a lower acceleration value that has more repeatable peaks and is within the fre-
quency range of structures. Such a value, called effective peak acceleration, has been
evaluated by many investigators who believe it 10 be a good measure of earthquake ground
motion ampiitude related to performance of structures. Reference C-24 contains a sug-
gested approach for defining the eflective peak accelerabon However, thus approach
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would require the development of representative ground mation time histories appropriate
for the earthquake magnitudes and epicentrat distances that are expected to dominate the
seismic hazard at the site. Generally, special studies would be required for any site to take
advantage of the resultant reduction. The reductions that are likely to be justifiable from
such studies would most probably be significant for sites with peak instrumental accelera-
tions in excess of about 0.4g. The benefits would be expected to increase with increasing
peak instrumental accelerations. These higher ground accelerations most probably are
associated with short duration ground motion from earthquakes with short epicentral
ranges. If such characteristics can be demonstrated for a particular site, then reductions
would be warranted from an instrumental acceleration to an effective acceleration.

C.4 Evaluation of Seismic Demand (Response)

The earthquake design and evaluation criteria in DOE-STD-1020 generally follow the
Uniform Building Code (UBC) provisions (Ref. C-2) for Performance Category 2 and lower
SSCs and the DOD Tri-service manual for essential buildings (Ref. C-5) for Performance
Category 3 and 4 SSCs as indicated in Figure C-12. For Performance Category 2 and
lower SSCs, these seismic design and evaluation criteria employ the UBC provisions with
the exception that site-specific information is used to define the earthquake input excita-
tion used to establish seismic loadings (see Table C-6). The maximum ground acceleration
and ground response spectra determined in the manner illustrated in Figure C-8 are used in
the appropriate terms of the UBC equation for base shear. Use of site-specific earthquake
ground motion data is considered to be preferable to the general seismic zonation maps
from the UBC. UBC provisions require & static or dynamic analysis approach in which load-
ings are scaled to the base shear equation value. In the base shear equation, inelastic
energy absorption capacity of structures is accounted for by the parameter, R,. Elastically
computed seismic response is reduced by R, values ranging from 4 to 12 as a means of
accounting for inelastic energy absorption capability in the UBC provisions and by these
criteria for Performance Category 2 and lower SSCs. This reduced seismuc response is
combined with non-seismic concurrent loads and then compared to code allowable
response limits (or code ultimate hmits combined with code specified load factors). Nor-
mally, relative seismic anchor motion (SAM) is not considered explicitty by model building
code seismic provisions.

c



DOE-STD-1020-94

H.

DOE-STD-1020 * Specified Hazard Probability of Exceedance
“““’;‘::::m"“ to Get Peak Acceleration and Response Spectrum
Design & Evaluation

,,f,;“::i:,{;:, * Deterministic Evaluation of Response and
1996 Capacity with Controlled Level of Conservatism

Performance Category 2 and Lower SSCs | Performance Category 3 and Higher SSCs

g E D
1CBO po
Tri-Service Manual

Uniform
Building
Code

M

Equivalent Static or Dynamic Analysis Dynamic Analysis Generally
Scaled to UBC-Type Base Shear . by DOD Approach

Figure C-12 Earthquake Provisions Basic Approach

The Uniform Building Code (UBC) has been followed for Performance Categories 1
and 2 because it is believed that more engineers are familiar with this code than other
mode! building codes. The Interagency Committee on Seismic Safety in Construction
(ICSSC) has concluded that the following seismic provisions are substantially equivalent:

1) 1994 Uniform Building Code (Ref. C-2)

2) 1991 NEHRP Recommended Provisions (Ref. C-3)
3) 1993 BOCA National Building Code (Ref. C-28)
4) 1994 SBCCI Standard Building Code (Ref. C-29)

These other model building codes may be followed provided site-specific ground motion
data is incorporated into the development of earthquake loading similar to the mannef
described in this document for the UBC.

For Performance Category 3 and 4 SSCs. these seismic design and evaluaton crena
specify that seismic evaluation be accomplished by dynamc analyss (see Table C-6) The
recommended approach i8 10 perform an elastic response spectrum dynamic analyss to
evaluate elastic seismic demand on SSCs. However, inelastic energy absorption capabilty
is recognized by permitting kmited inelastic behavior. By these provisions, nelastic energy
sbsorption capecity of structures is accounted for by the psrameter, F, Elastically com-
PuUted 88isMIC resSPONse is reduced by F, values rangeng trom 1 to 3 as 8 means of accout:-
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ing for inelastic energy absorption capability for more hazardous facilities. £_ values are
much lower than R, values increasing the risk reduction ratio, R,. By these provisions,
only the element forces due to earthquake loading are reduced by £,. This is a departure
from the DOD manual (Ref. C-5) in which combined element forces due to all concurrent
loadings are reduced. The same £, values are specified for both Performance Categories of
3 and 4. In order to achieve different risk reduction ratios, R,, appropriate for the different
performance categories, the reduced seismic response is multiplied by a seismic scale fac-
tor, SF. Different seismic scale factors SF are specified for Performance Category 3 and 4.
The resulting scaled inelastic seismic response is combined with non-seismic concurrent
loads and then compared to code ultimate response limits. The design detailing provisions
trom the UBC, which provide ductility, toughness, and redundancy, are also required such
that SSCs can fully realize potential inelastic energy absorption capability. Also, explicit
consideration of relative seismic anchor motion (SAM) effects is required for Performance
Category 3 and higher.

For Performance Category 3 or higher, the dynamic analysis based deterministic seis-
mic acceptance criteria specified herein are independent of both the desired risk reduction
ratio and the performance category specified, other than for the seismic scale factor, SF.
Thus, the deterministic acceptance criteria herein may be used over a wide range of appli-
cations including special situations where the desired seismic performance goa! differs from
those specified in Tables C-1 and C-2. ’

Table C-6 General Description of Earthquake Provisions

Performance Category 2 and Lower SSCs| Performance Category 3 and Higher SSCs

* Generslly follow the DOD Manual, “Sasmec Design
Gudehngs for Essental Buildings.*

Perform dynam analysis consadenng the mass &

sttiness distibution of the structhure.

Except: ¢ Puerform sn slastic respONee SpecCtrum snalyme Wt W0
Z from seismec hazard curves pormat rmwted weiastic behavior. Elastc seprme
C = smpiification factor from 5% damped 85pONSS 8 reducad by the factor, £, to obtam
Medan response SPeCtrd nelastic seusrmc demand. Exphcrtty account tor

relatve chisplacement effects, whers apphcable.

C.4.1 Dynamic Seismic Analysis

As mentioned previously, compiex irregular structures cannot be evaluated by the
equivaient static force method because the simple formulas for cestribution of setsmc
forces throughout the structure would not be applcable. For such structures, more ng-
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orous dynamic analysis approaches are required. In addition, for very important or highly
hazardous facilities, such as for Performance Categories 3 and higher, seismic design or
evaluation must be based on a dynamic analysis approach. Dynamic analysis approaches
lead to a greater understanding of seismic structural behavior; these approaches should
generally be utilized for more hazardous facilities. Minimum requirements for dynamic anal-
yses were presented in Chapter 2. It should be noted that the requirement for dynamic
analysis does not also require complex dynamic models. For simple structures or
components, very simple analyses can be performed as long as: (1) the input is repre-
sented by a response spectrum or time history; (2) important SSC frequencies are esti-
mated or the peak of the input spectrum is used; and (3) resulting inertial forces are
properly distributed and a load path evaluation is performed. Equivalent static force
methods with forces based on the applicable response spectra may be used for equipment
and distribution system design and evaluation.

in dynamic seismic analysis, the dynamic characteristics of the structure are repre-
sented by a mathematical model. Input earthquake motion can be represented as a
response spectrum or an acceleration time history. This DOE standard endorses ASCE 4
{Ref. C-16) for acceptable methods of dynamic analysis.

The mathematical model describes the stiffness and mass characteristics of the
structure as well as the support conditions. This model is described by designating nodal
points that correspond to the structure geometry. Mass in the vicinity of each nodal point
is typically lumped at the nodal point location in a manner that accounts for all of the mass
of the structure and its contents. The nodal points are connected by elements that have
properties corresponding to the stifiness of the structure between nodal point locations.
Nodal points are free to move (called “degrees of freedom®) or are constrained from move-
ment at suppor locations. Equations of moton equa! to the tota! number of degrees of
treedom can be developed from the mathematical model. Response to any dynamic
forcing function such as earthquake ground motion can be evaluated by direct integraton
of these equations. However, dynami analyses are more commonly periormed by cons«d-
enng the modal properties of the structure.

For each degree o! freedom of the structure, there are natural modes of vibration.
each ol which responds at a parhcular natural period in a particular patitem of detormation
(mode shape). There are many methods available for computing natural penods and asso-
cated mode shapes of vibraton. Utiizing these modal properbes, the equatons of motion
can be wrntien as a number ol single degree-ol-ireedom equations by which modal
responses 1o dynamic forcing functions such as earthquake motion can be evaluated inde-
pendently. Total response can then be determined by superpostion of modal responses

CX



DOE-STD-1020-94

The advantage of this approach is that much less computational effort is required for
modal superposition analyses than direct integration analyses because fewer equations
of motion require solution. Many of the vibration modes do not result in significant response
and thus can be ignored. The significance of modes may be evaluated from modal proper-
ties before response analyses are performed.

The direct integration or modal superposition methods utilize the time-history of input
motion to calculate responses using a time-step by time-step numerical procedure. When
the input earthquake excitation is given in terms of response spectra, the maximum struc-
tural response may be most readily estimated by the response spectrum evaluation
approach. The complete response history is seldom needed for design of structures;
maximum response values usually suffice. Because the response in each vibration mode
can be modeled by singie degree-of-freedom equations, and response spectra provide the
response of single degree-of-freedom systems to the input excitation, maximum modal
response can be directly computed. Procedures are then available to estimate the total
response from the modal maxima that do not necessarily occur simultaneously. It should
be understood that the strict application of modal analysis assumes elastic response (stifi-
ness remains constant) of the structure.

C.4.2 Static Force Method of Seismic Analysis

Seismic provisions in model building codes are based on a method that permits earth-
quake behavior of facilities to be translated into a relatively simple set of formulas. From
these formulas, equivalent static seismic loads that may afiect structures, systems, or
components can be approximated to provide a basis for design or evaluation. Equivalent
static force methods apply only to relatively simple structures with nearly regular, symmet-
ncal geometry and essentially uniform mass and stitffness distribution. More complex
structures require 8 more rigorous approach to determine the distribution of seismic forces
throughout the structure, as described in Section C.6.

Key elements o! equivalent siatic force seismuc evaluation methods are formulas that
provide (1) total base shear, (2) tundamental penod of vibration; (3) distribution of seismc
forces with height of the structure; and (4) distibution of story forces to indwidual
resisting elements including torsional considerations. Thesse formutas are based on the
response of structures with regular distribubon of mass and stftness over height in the
fundamental mode of vibration. The UBC provisions (Reference C-2) inciude, in ther equa-
ton for total base shear, terms corresponding 0 mawmum ground acceleration, spectral
amplification as a tunction of natural perod, a factor of conservatism based on the
importance of the facility, and a reduction factor that accounts for energy absorption
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capacity. Very simple formulas estimate fundamental period by relating period to structure
dimensions with coefficients for different materials or by a slightly more complex formula
based on Rayleigh’s method. The UBC defines the distribution of lateral forces of various
floor levels. In addition, a top force is introduced to accommodate the higher modes by
increasing the upper story shears where higher modes have the greatest effect. The over-
turning moment is calculated as the static effect of the forces acting at each floor level.
Story shears are distributed to the various resisting elements in proportion to their

rigidities, considering diaphragm rigidity. Increased shears due to actual and accidental tor-
sion must be accounted for.

Seismic forces in members determined from the above approach are combined with
forces due to other loadings using code defined load factors and are compared to code
defined strength or stress levels in order to evaluate whether or not the design is adequate -
for earthquake loads. In addition, in buildings, deflections are computed from the lateral
forces and compared to story drift limitations to provide for control of potential damage
and overall structural frame stability from P-delta effects.

C.4.3 Soil-Structure Interaction

When massive stiff structures are founded on or embedded in a soil foundation
media, both the frequency and amplitude of the response due to seismic excitation can be
affected by soil-structure interaction (SS!), inciuding spatial variation of the ground motion.
For rock sites, the effects of the SSI are much less pronounced. It is recommended that
the effects of SS! be considered for major structures for all sites with a median soil stifi-
ness st the foundation base slab interface corresponding to s shear wave velocity, v,, of
3500 tps or lower. For very stiff structures (i.e., fixed base fundamental frequency of
about 12 hz), the effects of SSI may be significant at shear wave velocities in excess of
3500 fps. In such a case, a fixed base support would not be appropriate.

Various aspects of soil-structure interaction (SS!) result in reduced motion of the
foundation basemat of a structure from that recorded by an instrument on a small pad.
Such reductions are conciusively shown in Reference C-37 and the references cited
therein. These reductions are due to vertical spata! vanaton of the ground moton, hon-
zontal spatial variation of the ground motion (basemat averaging efiects), wave scattenng
effects, and radiation o! energy back into the ground from the structure (radiation
damping). These effects always result in a reduction of the toundation motion. This
reduction tends 10 increase with increasing mass, increasing stiffness, increasing founda-
ton plan dimensions, and increasing embedment depth. Soi-structure interaction aiso
results in a trequency shift, primarily of the fundamental frequency of the structure. Such
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a frequency shift can either reduce or increase the response of the structure foundation. It
is always permissible to do the necessary soil-structure interaction studies in order to esti-
mate more realistic and nearly always lesser foundation motions. It is also permissible, but
discouraged, to ignore these beneficial SSI effects and assume that the DBE ground motion
applies at the foundation level of the structure. However, any frequency shifting due to
SSI, when significant, must always be considered. If SSI effects are considered, the seis-
mic analysis should be peer reviewed.

For structures subjected to earthquake excitation, the solution of the dynamic

response of the coupled soil-structure system involves the following basic elements:

@

(i)

(iif)

(iv)

(v)
(vi)

Characterization of the site including evaluation of local soil/rock stratigraphy,
low-strain soil and rock dynamic properties and soil nonlinearities at earthquake-
induced strain levels, ground water location, and backfill configuration and
dynamic properties.

Evaluation of free-field input excitation including the effects of local soil condi-

tions. DBE ground motion including the effects of local soil conditions were dis-
cussed in Section C.3.

Development of a model adequately representing the mass, stiffness and damping
of the structure.

Evaluation of foundation input excitation including scattering (modification) of the
free-field motions due to the presence of the foundation soil excavation and
behavior at the structure-foundation interface. This step is sometimes called the
kinematic interaction problem.

Evaluation of foundation stiffness or impedance functions defining the dynamic
force-displacement characteristics of the soil.

Analysis of the coupled soil-structure system by solving the appropriate equations
of motion.

Acceptable methods for considering SS! inciude multi-step impedance function

approaches and single step direct methods as described in Sectons 3.3.3 and 3.34 ol
ASCE 4 (Ref. C-16). SS! is further addressed in Woll, 1985 1988 (Refs. C-31 and C-32)
SS| analysis methods and computer programs commonly used inciude:

0]

®

(W)

Soil spring or lumped parameter methods representing foundation impedances by
soil spnngs and dashpots (see Table C-7) and using a two step solution procedure
consisting of impedance analysis and SS! response analys:s,

CLASSI computer program (Ref. C-33) employing 3-D continuum-half space mode!
and multiple step analysis technique consisting of fixed base structure modal
extraction analysis, foundation impedance and scatienng analysss, and SSI
response analysis,

SASS! computer program (Ref. C-34) employng a 3-D hnite element foundation
model and multiple step analysis techmque consisting foundaton impedance anal-
ysis and combined scattenng and SSi response analysss. and
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(ivy FLUSH (2-D) and ALUSH (axisymmetric) computer programs (Refs. C-35 and
C-36) using a discretized finite element halfspace foundation model and solving
for SSI response in a single step.

Horizontal spatial variations in ground motion result from nonvertically propagating
shear waves and from incoherence of the input motion (i.e., refractions and reflections as
earthquake waves pass through the underlying heterogeneous geologic media). In lieu of a
more sophisticated SSI evaluation, the following reduction factors may be conservatively
applied to the input ground response spectra to account for the statistical incoherence of
the input wave for a 150-foot plan dimension of the structure foundation (Ref. C-37):

V Fundamentat Frequency of the Soil-Structure System Reduction Factor
{Hz) |
5 1.0
10 0.9
25 - 0.8

For structures with different plan dimensions, a linear reduction proportional to the plan
dimension should be used: for example, 0.95 at 10 Hz for 8 75-foot dimension and 0.8 at
10 Hz for 8 300-foot dimension (based on 1.0 reduction factor at 0-foot plan dimension).
These reductions are acceptable for rock sites as well as soil sites. The above reduction
factors assume a rigid base slab. Uniess a severely atypical condition is identified, a rigid
base siab condition may be assumed to exist for all struc tures for purposes of computing
this reduction. For foundations consisting of individual column or wall footings, consider-
ation of relative displacement between footings may also be required.
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Table C-7 Frequency Dependent Elastic Half-Space impedance

Direction of Equivalent Spring Constant | Equivalent Spring Constant | Equivalent Damping Coeffi-
Motion for for
Rectangular Footing Circular Footing
Horizontal k.= k,2(1~v)CB, JBL koo k320 -VIGR ¢.= ck, (static)RJIs7E
- 7-8v
Rocking G 2 8GR c.= ck(static)R fp/C
k.-l 7ogB.87L kv ko 3TrTo) ’
Vertical k.= Kk G 8.JBL K = 4GR c.=rcsk, (static)RJp/G
- l - z . l=-v
Torsion k._k‘ga_é”, ¢, = c .k (static)RYp/C

v = Poisson's ratio of foundation medium,
G = shear modulus of foundation medium,
R = radius of the circular base mat,

p = density of foundation medium,
B = width of the base mat in the plane of horizontal excitation,

L = length of the base mat perpendicular 10 the plane of honzontal exctaton, and

k.k. k. k. = frequency dependent coethicients modifying the statc sttiness or dampng (Rets. C-39,
€1.c2.€3.Ca C40, C-41).
3 T T 6 T 1.5
2
*LNZF ! 1.0
» '~
s | ! ﬁi
< t
1"' --;:::7~" ‘0.5
[ 6, :
0r 1 S S N | L L od—— 1()
0.1 0.2 0.40.6 1.0 2 4 6 810

B/L
Constants 8, 8,. and B for 8 rectanguiar foundation
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Foundation Input Motion. Developing foundation input motion including the variation of
ground motion over the width of the foundation necessitates consideration of nonvertically
propagating earthquake wave motion. Vertically propagating shear and compressional
waves may be assumed for an SSI analysis provided that torsional effects due to nonverti-
cally propagating waves are considered. An accidental eccéntricitv of 5 percent can be
implemented to incorporate possible effacts of non-vertically incident waves (Ref. C-37).
Variation of amplitude and frequency content with depth may be considered for embedded
structures. Input motion to the boundaries of soil modsis shall be compatible with the
design earthquake specified at the finished grade in the free-field. The mations shall be
established as a function of the soil properties, the type of waves propagating during the
earthquake, and the type of boundary assumed. The analyses to aestablish boundary
motions shall be performed using mathematical models and procedures compatible with
those used in the SSI analysis. The design earthquaks control motion defined at the free-
field surface may be input to the massless rigid foundation in an impedance method SSI
analysis. When the control motion is used as the input, rotational input due to embedment
or wave passage effects need not be considered. Alternatively, the input motion to the
massless rigid foundation may be modified from the control motion at the free-field surface
to incorporate embedment or wave passage effects, provided the corresponding computed
rotational inputs are also used in the analysis.

Soil Properties and Modeling. Subsurface matarial properties shall be determined by field
and laboratory testing, supplemented as appropriate by experience, empirical relationships,
and published data for similar materials (refer to DOE-STD-1022 - Reference C-38). Soil
properties needed for conducting equivaient-linear analyses include: shear modulus, damp-
ing ratio, Poisson's ratio, and total unit weight. The shear modulus and material damping
ratio usad to evaluate foundation impedance shall be vaiues compatible with the shear
strain level induced in the foundation medium during sarthquake excitation. The shear
modulus decrease and damping increass with increasing shesr strain in soils shall be
accounted for when performing an SS! analysis. The bshavior of soil. though recognized
to be nonlinear with varying soil shesr strain, can often be spproximated by linesr tech-
niques. Nonlinear soil behavior may be sccounted for by: (1) using equivalent linear soil
material properties typically determined from an iterative knear analysis of the free-field soil
deposit; or (2) performing sn iterative kneasr snalysis of the coupled soil-structure system.
The variation in shear modulus and damping as a function of shear strain for sands, grav-
sily soils, and ssturated clays csn be found in Refersnces C-42, C-43, and C-44. At very
small strains (S 10°* percent), the matenal (hysteretic) dsmping ratio shall not exceed 2% of
critical. In no case should the material damping ratio excesd 15% of critical (Ref. C-30).
Poisson's ratio, in combination with shear modulus defines the Young's modulus of the
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material in accordance with the theory of elasticity. For saturated soils, the behavior of
the water phase shall be considered in evaluating Young’s modulus and in selecting values
of Poisson’s ratio.

Determination of Foundation Impedances. Foundation impedances may be evaluated by
mathematical models or by published formulas giving soil spring and dashpot coefficients.
Since the foundation medium relative to the structure dimensions is semi-infinite, dynamic
modeling of the foundation medium is generally accomplished using a half space model.
Such a model permits waves generated at the structural-foundation resulting from the
dynamic response of the structure to be dissipated into the far-field of the model. This
leads to the phenomenon called radiation damping. The three-dimensional phenomenon of
radiation damping and layering effects of foundation soll shall be considered. When signifi-
cant layering exists In the foundation medium, it should be modeled explicitly or its effects
such as significant frequency dependency of the foundation impedance functions and
reduction of radiation damping should be considered in the analysis.

When mathematical models are used, either the continuum half space or the discre-
tized halfspace may be employed. The discretized halfspace by finite element or finite dif-
ference models requires the use of model-consistent wave transmitting boundaries to
accurately simulate radiation damping and to eliminate artificlal wave reflections which are
not negligible. The lower boundary shall be located far enough from the structure that the
seismic response at points of interest is not significantly atfected or a transmitting bound-
ary below the model could be used. Soll discretization (elements or zones) shall be estab-
lished to adequately reproduce static and dynamic effects.

Embedment of the foundation increases the foundation impedances. For structures
that are significantly embedded, embedment effects should be included in the SSi analysis.
These effects can be incorporated by using available simplified methods for some geome-
tries (Refs. C-39 and C-40). The potential for reduced latera! soil suppornt of the structure
due to tensile separation of the soll and foundation shouid be considered when accounting
for embedment effects. One method to comply with this requirement (Section 3.3.1.9 of
ASCE 4-88) is 10 assume no connectivity between structure and lateral soll over the upper
half of the embedment or 20 feet, whichever is less. However, full connectivity may be
assumed If adjacent structures founded at a higher elevation produce a surcharge equivs-
lent to st least 20 feet of so0il. For shaliow embedments (depth-to-equivalent-radius ratio
less than 0.3), the effect of embedment may be neglected in obtaining the impedance
function, provided the soll profile and properties below the basemat elevation are used for
the impedancs calculations.
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Dynamic analysis of the coupled soil-structure system. When the SSI system parameters
are assumed to be frequency-independent constants, the equations of motion may be
solved by time domain solution procedures, such as either the direct integration or the
standard modal time history response analysis methods. Due to relatively large soil radi-
ation damping which can cause relatively large modal coupling, the application of standard
modal superposition time history methods requires the determination of “composite” modal
damping ratios. The most frequently used are the stiffness-weighted method presented in
Section 3.1.5.3 of ASCE 4-86 and the transfer function matching method (Ref. C-45).
When the SSI system parameters are frequency-dependent, the equations of motion are
generally solved by complex frequency response methods. The computation of the Fourier
transform of the input motion should be performed using sufficient time and frequency
increments in order to allow for frequency components of motion up to 25 hz to be accu-
rately reproduced unless a lesser limit can be justified.

Uncertainties. There are uncertainties in the soil properties and parameters used for SSi
analysis. Therefore, a relatively wide variation of soll properties is recommended such that
a conservative structure response calculation may be expected. An acceptable method to
account for uncertainties in the SSI analysis, as glven in ASCE 4-86 Section 3.3.1,7, is
that the soil shear modulus shall be varied between the best estimate value times(1 +C,) .
and the best estimate value divided by (1 +C,) , where C, is 8 coefficient of variation. In
general, a C,value of about 1.0 covers uncertainties in soil properties. If there are sutfi-
cient site soils data, It is permissible to evaluate soll property uncertainty by probabilistic
techniques. The minimum vaiue of C,shall be 0.50.

C.4.4 Analytical Treatment of Energy Dissipation and Absorption

Earthquake ground shaking is a limited energy transient loading, and structures have
energy dissipation and absorption capacity through damping and through hysteretic behav-
lor during inelastic response. This section discusses simplified methods of accounting for
these modes of energy dissipation and absorption in seismic response analyses.

C.4.4.1 Damping

Damping accounts for energy dissipation in the lineer range of response of structures
and squipment to dynamic loading. Damping is a term utilized to account for various
mechanisms of energy dissipation during seismic response such as cracking of concrets,
slippage at boited connections, and slippage between structural and nonstructural ele-
ments. Damping is primarily affected by:

1. Type of construction and materials used.
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2. The amount of nonstructural elements attached.
3. The earthquake response strain levels.

Damping increases with rising strain level as there are increased concrete cracking
and internal work done within materials. Damping is also larger with greater amounts of
nonstructural elements (interior partitions, etc. ) in a structure that provide more opportuni-
ties for energy losses due to friction. For convenience in seismic response analyses, damp-
ing is generally assumed to be viscous in nature (velocity-dependent) and is so
approximated. Damping is usually considered as a proportion or percentage of the critical
damping value, which is defined as that damping which would prevent oscillation in a sys-
tem excited by an initial perturbation.

Chapter 2 reports typical structural damping values for various materials and con-
struction (Refs. C-5, C-15, C-16, and C-17) for three different response levels. Response
Level 3 values correspond to strains beyond yielding of the material, and, they are
recommended for usage along with other provisions of this document for seismic response
analyses of existing Performance Category 3 and higher SSCs. Post yield damping values
are judged to be appropriate because DOE-STD-1020 acceptance criteria permit post yield
behavior (i.e., F, greater than unity). It is judged that Response Level 3 damping will be
reached If seismic response levels approach the criteria limits. If seismic response is less
than the criteria limits, the level of damping used is not important to the design or evalu-
ation. Similar post yield acceptance criteria and damping are used in Reference C-5. For
design of new facilities, it is recommended that Response Level 2 damping be used.
Response Level 2 damping introduces a small amount of conservatism compared to
Response Level 3. it is judged that the use of lower damping for design will not result in
significant additional cost and that It is desirable to have slightly increased seismic forces
for design of new facilities. For Performance Category 2 and lower SSCs, the criteria rec-
ommend seismic evaluation by code-type equivalent static force methods but with the fac-
tors for maximum ground acceleration and spectral amplification in the total base shear
formula taken from Reterence C-2. In this case, It is recommended that the § percent
damped spectra be used for all Performance Category 2 and lower SSCs to be consistent
with buliding code evaluation methods. The spectral amplification tactor in model bullding

codes is based upon 5 percent damped spectral amplification.

The Response Level 1 and 2 damping vaiues given in Chapter 2 are to be used to
svaluate In-structure response spectra or displacements to be used in seismic interaction
evaluations. In these cases, It is important to use damping which is consistent with stress
leveils reached in the majority of the lateral force resisting system so as to not be unconser-

vative In the evaluation of input to structure-supported components or input for interaction
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considerations. Even though seismic design is performed in accordance with these criteria
which permit limited inelastic behavior, actual stress levels in structures may be relatively
low due to unintentional conservatism introduced during the design process or because the
design may be governed by loads other than earthquake loads.

C.4.4.2 Inelastic Behavior

Energy absorption in the inelastic range of response of structures and equipment to
earthquake motions can be very significant. Figure C-13 shows that large hysteretic
energy absorption can occur even for structural systems with relatively low ductility such
as concrete shear walls or steel braced frames. Generally, an accurate determination of
inelastic behavior necessitates dynamic nonlinear analyses performed on a time-history
time step integration basis. However, there are simplified methods to approximate nonlin-
ear structural response based on elastic response spectrum analyses through the use of
either spectral reduction factors or inelastic energy absorption factors. Spectral reduction
factors and inelastic energy absorption factors permit structural response to exceed yileld
stress levels a limited amount as a means to account for energy absorption in the inelastic
range. Based on observations during past earthquakes and considerable dynamic test data,
it is known that structures can undergo limited inelastic deformations without unacceptable
damage when subjected to transient earthquake ground motion. Simple linear analytical
methods approximating inelastic behavior using spectral reduction factors and inelastic
energy absorption factors are briefly described below.

1. Spectral reduction factors - Structural response is determined from a response
spectrum dynamic analysis. The spectral reduction factors are used to deamplify
the elastic acceleration response spectrum producing an inelastic acceleration
response spectrum which is used in the analysis. The resulting member forces
are combined with concurrent non-seismic member forces and compared to
ultimate/limit-state level stresses to determine structural adequacy.

2. Inelastic energy absorption factors - Structural response Is determined from
either response spectra or time history dynamic analyses with the input excita-
tion consistent with the elastic response spectra. The resulting elastically com-
puted member forces are reduced by member specified inelastic energy
absorption factors to give the inslastic demand. The inelastic demand is
combined with concurrent non-seismic demand and the resulting total demand is
compared to the capacity determined from member forces at ultimatelimit-stats
stress level to determine structural adequacy.

The spectral reduction factors and inelastic energy absorption tactors are evaluated
based upon the permissible inelastic behavior level, which depends on the matsrials and
type of construction. For ductile stes! moment frames, relatively large reduction tactors or
inelastic energy absorption factors are used. For less ductile shear walls or braced frames,
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lower reduction values or inelastic energy absorption factors are employed. For more haz-
ardous facilities, lower reduction factors or inelastic energy absorption factors may be used
to add conservatism to the design or evaluation process, such that increased probability
of surviving any given earthquake motion may be achieved.

b. Lateral force-displacement for steel braced frame (Ref. C-19)

Figure C-1 3 Cyclic Load-Deflection Behavior of
Concrete Shear Walls and Steel Braced Frames

The inelastic energy absorption factor approach is employed for design or evalustion
of Performance Category 3 and higher SSCs by these criteria. This approach is recom-
mended in the DOD manual for seismic design of essential bulidings (Ref. C-5). inelastic

energy absorption factors are called 7. in these criteria. Inelastic enerav absorotinn tartars
have the advantage over spectral reduction factors in thst different values may be speci-

C-41



DOE-STD-1020-94

fied for individual elements of the facility instead of a single spectral reduction factor for
the entire lateral force resisting system. As a result, critical elements such as columns or
connections can be easily designed for larger forces by specifying a smaller inelastic energy
absorption factor than for other elements.

Base shear reduction coefficients that account for energy absorption due to inelastic
behavior and other factors are called R, by the UBC provisions. R, is more like a spectral
reduction factor in that it is applied to the entire lateral force resisting system. There are
special UBC provisions which require critical elements such as columns or connections to
be designed for larger loads than those corresponding to the base shear equation using R,. |
The UBC provisions are followed for Performance Category 2 and lower SSCs by these
criteria.

Reduction coefficients, R,, to be used for evaluation of Performance Category 2 and
lower SSCs and recommended inelastic energy absorption factors, F,, for Performance
Category 3 and higher SSCs are presented in Chapter 2 for various structural systems. R,
factors used by this standard are those directly from Reference C-2. The F, factors pres-
ented in Chapter 2 were established to approximately meet the performance goals for
structural behavior of the SSCs as defined in Chapter 2 and as discussed in Section C.2.
These factors are based both on values given in Reference C-5 and on values calculated
from code reduction coefficients in a manner based on the performance goals. Reference
C-20 describes the detailed method for establishing the values of 7 '

The code reduction coefficients, R,, by the UBC approach and inelastic energy
absorption factors, £, by the DOD approach differ in the procedures that define permissi-
ble inelastic response under extreme sarthquake loading. By the UBC approach, only the
slement forces due to sarthquake loads are reduced by the reduction coefficient, R,. in
evaluating demand; while by the DOD approach, siement forces due to both earthquake
and dead and live loads are reduced by the inelastic energy absorption factor, F, in evalu-
ating demand. The effect of this difference is that the DOD approach may be less conser-
vative for beam or brace members heavily icaded by dead and live loads. As 8 result, the
criteria presented in this document utilize £, in 8 manner more similar to the UBC in thet
only the elastically computed seismic response is reduced. This approech is more consis-
tent with common selsmic design/evaluation practics.

in addition, the approach for permitting inelastic behavior in columns subjected to
both axial forces and bending moments differs between the UBC and DOD provisions. By
the UBC approach, seismic axial forces and moments are both reduced by R_, and then
combined with forces and moments due to dead and live icads, along with an appropriate
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load factor. The resultant forces and moments are then checked in code-type interaction
formulas to assess the adequacy of the column. By the DOD approach, column interaction
formulas have been rewritten to incorporate the inelastic energy absorption factor (as
shown in Figures 3-2 and 3-3 of Reference C-5). By the DOD interaction formulas, the
inelastic energy absorption factor is applied only to the bending moment, and axial forces
are unaffected. In addition, the inelastic energy absorption factors are low compared to
ratios for other types of members such as beams. The DOD approach for columns is fol-
lowed by these guidelines for Performance Category 3 and higher SSCs.

Performance Category 3 and higher SSCs can be evaluated by elastic dynamic analy-
-ses. However, limited inelastic behavior is permitted by utilizing inelastic energy absorp-
tion factors, F, . Recommended F, values for various structural elements, lateral force
resisting systems, and materials of construction are presented in Chapter 2. The inelastic
snergy absorption factor, F,, is related to the amount of inelastic deformation that is per-
missible for each type of structural element. Less inelastic behavior is permitted in less
ductile elements such as columns or masonry walis than in very ductile beams of specially
detalled moment frames. In addition, by permitting less inelastic behavior for Performance
Categories 3 and higher as compared to the larger R, factors for Performance Categories 2
and lower, the margin of safety for that category is effectively increased (i.e., the risk
reduction ratio, R, is increased), and the probabllity of damage is reduced in accordance
with the performance goals. Note that the F, values sre employed with acceptance crite-
ria based on ultimate stress limits with unity load factors while the R, values are employed
with acceptance criteria based on either uiltimate stress limits compared with response
including load factors or allowable stress limits.

The inelastic energy absorption factor is defined as the amount that the elastic-
computed seismic demand may exceed the capacity of 8 component without impairing the
performance of the component. Thus, the elastic-computed seismic demand D, may be
divided by an inelastic energy absorption factor F, to obtain an inelastic seismic demand
Dg. This inelastic energy absorption factor F, shouid be defined by:

F,o=F sx (€N

where F 5. is the estimated inelastic energy absorption factor associated with 8 permussible
level of inelastic distortions specified at about the 5% failure probability level.

it practical, it would be prefersble to perform noniingsr analysis on the structure or
component being evaluated in order to estimate F ... for use in Equation C-7 to define 7, .
Some guidance on estimating £ .. is given in Section C.4.4.3. However, such analyses
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are often expensive and controversial. Therefore, a set of standard F, values is provided in
Chapter 2 for common elements. These F, values may be used in lieu of performing non-
linear analyses, so long as the following cautions are observed.

A significant difference between the R,, factors from the UBC and the F, factors to

be used for Performance Category 3 and higher SSCs is that R, applies to the entire lateral
force resisting system and F, applies to individual elements of the lateral force resisting
system. For slements for which F, is not specified in Chapter 2, it is permissible to use the
F, value which applies to the overall structural system. For example, to avaluate dia-
phragm elements, footings, pile foundations, etc.: {1) F, of 3.0 may be used for a steel
special moment rasisting frame (SMRF) or (2) in the case of a steel concentric braced
frame, F, of 1.75 may be used.

In the evaluation of existing facilities, it is necessary to evaluate an appropriate value
of F to be used. The F values in Chapter 2 assume good seismic detailing practice along
with reasonably uniform inelastic behavior. Otherwise, lower values should be used. Good
detailing practice corresponds to that specified in the current Uniform Building Code (UBC,
Ref. C-2). It is highly unlikely that existing facilities will satisfy the seismic detailing
requirements of the current UBC Hf they were degigned and constructed many years ago. If
structures have less ductility than the UBC provisions require, those structures must be
able to withstand larger lateral forces than specified by this criteria to compensate for non-
conforming structural details. As a resuit, F_values must be reduced from the values
given in Chapter 2. One acceptable option is that existing structural elements are
adequate if they can resist seismic demand forces in an elastic manner (i.e., F_of unity).

To arrive at reduced F factors (i.e., between the full value and unity) requires judgment
and care by the engineer performing the svaluation. R is suggested that ATC-14, “Evaluat-
ing the Seismic Resistance of Existing Buildings™ (Ref. C-48) and ATC-22, “A Handbook for
Seismic Evaluation of Existing Bulldings™ (Ref. C-47) be reviewed for guidance on this

subject.

The use of F_values of 1.5 and greater for concrete walls is conditional on wall

cracking occurring as described in Table C-2, with stable wall behavior constituting accept-
able wall performance. If a lesser amount of wall cracking is required, then F_should be
1.0.

The F _values for ductlie failure modes (Le.. greater than 1.0) assume thst steei rein-
forcing bars, structural steels, metal tank shells, and anchorage will remain ductile during
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the component’s entire service life. It is assumed that the metal will retain at least a 6%
uniaxial elongation strain capability including the effects of welding. If this metal can
become embrittied at some time during the service life, E should be 1.0.

_ In some cases, reinforcement details in older facilities do not satisfy the development
iength requirement of current codes (Refs. C-48 and C-49). In these instances, the poten-
tial exists for a ductile failure mode associated with yielding of the reinforcement to
become a less ductile mode associated with bond failure. Data exists (Ref. C-50),
however, indicating that bond failure modes retain a reasonable amount of ductility pro-
vided that the reinforcement is suitably confined within the region of the potential bond
failure. The confinement may be provided by a cover of at least 2.5 bar diameters or by
ties (stirrups) spaced no further than 5 bar diameters apart. if this confinement is pro-
vided, a strength of the reinforcement equal to the yield strength of the steel times the
ratio of actual to required development length may be used in the capacity evaluations. In
these cases, the factor F, should be limited to 1.0. If the confinement is not provided, the
reinforcement should be omitted in the capacity evaluations.

For low-ductility fallure modes such as axial compression or shear in concrete walls
or columns and wall-to-diaphragm, wall-to-column, or column-to-bagse connections, the F,
values are 1.0. In most cases, such stringent limits can be relaxed somewhat, as
described below, because most components also have a ductlie failure mode which when
reached is likely to limit the demand in the low-ductility failure modes. Unless the compo-
nent has a seismic capacity in the ductile fallure mode significantly in excess of its required
capacity, inelastic distortions in this ductile failure mode will likely limit the scaled inelastic
seismic demand D, in the low-ductility fallure modes. Since greater conservatism exists in
code capacities C_for low-ductiiity failure modes than for ductile failure modes, the failure
will be controlied by the ductile fallure mode so long as the low-ductility fallure mode code
capacity is at least equal to the ductile fallure mode capacity. Thus, for low-ductility tall-
ure modes, the factored seismic demand D, can be limited to the lesser of the following:

1)  D_given by dividing elastic demand by F, or

2) D, =C.-D_computed for the ductile failure mode, whers C. is the ductile
fallure mode capacity.

Therefore, for example, connections do not have to be designed to have code capaci-
ties C_ greater than the code capacities C.of the members being connected, or the total
tactored demand D, whichever is less. Similarty, the code shear capacity of s wall does
not have 10 exceed the total shear load which can be supported by the wall at the code
fiexural capacity of the wall. Finally, the horizontal seismic-induced axial force in 8
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moment frame column can be limited to the axial force which can be transmitted to the
column when a full plastic hinge mechanism develops in the frame where the plastic hinge
capacities are defined by the code ultimate flexural capacities.

Several other factors may be noted about the inelastic energy absorption factors, F :

1. Chapter 2 F values assume that good seismic design detailing practice (Refer-

ence C-21) has been employed such that ductile behavior is maximized. if this is
not the case (e.g., an existing facility constructed a number of years ago), lower
inelastic energy absorption factors should be used instead of those presented in
Chapter 2.

2. Chapter 2 F values assume that inelastic behavior will occur in a reasonably

uniformly manner throughout the lateral load-carrying. system. if inelastic behav-
ior during seismic response is concentrated in local regions of the lateral load
carrying system, lower inelastic energy absorption factors should be used than
those presented herein.

3. Inelastic energy absorption factors are provided in Chapter 2 for the structural
systems described in References C-2 and C-5. For other structural systems,
engineers must interpolate or extrapolate from the values given based on their
own judgement in order to evaluate inelastic energy absorptlon tactors that are
consistent with the intent of these criteria.

C.4.4.3 Guidance on Estimating the Inelastic
Energy Absorption Factor F,

introduction - Rt is recognized that the inherent seismic resistance of a well-designed and
constructed structure is usually much greater than that expected based on elastic analysis.
This occurs largely because nonlinear behavior is mobilized to limit the imposed forces.

Two general methods currently exist for tresting the nonlinear behavior of a structure. One
approach is to perform a time history nonlinear analysis and compare the maximum ele-
ment demand ductility to a conservative estimate of its ductility capacity.

An alternate means of accounting for the inelastic energy dissipation of civil structures and
squipment st response levels above yield is the use of an elastic energy absorption factor
F .based on a ductility modified inelastic response spectrum approach (Reterences C-12
and C-22 through C-24).

in general, the analyst would first make an estimate of a permissible inelastic distortion
corresponding to about a 5% failure probability level. For example, for a low-rise concrete
shear wall or concentric braced frame structure, a permissible total story distortion of
0.4% of the story height for in-plane drift would provide an adequatety low probability of
severs structural distress, and thus would result in an adeqQuately conservative distortion
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criterion for overall structural failure (Reference C-25). However, such a distortion would
result in severe cracking of a low rise concrete shear wall structure such that if there were
safety related equipment mounted off the wall, the anchorage on this equipment might fail.
To protect such anchorage, permissible total story distortions would more appropriately be
limited to the range of 0.2% to 0.25% of the story height for low rise concrete shear
walls. Once a permissible distortion has been selected, the Inelastic energy absorption fac-
tor F, may be determined from nonlinear analysis of an appropriate model of the structure
using muitiple realistic input time histories. First, the input time history is scaled to a level
at which the elastic computed elastic demand is equal to the yield (or uitimate) capacity.
Then, the input is further scaled until the distortion resulting from a time history nonlinear
analysis reaches a permissible value. The inelastic energy absorption factor F is equal to
this additional scaling factor.

Alternately, a simplified nonlinear analysis procedure may be used at least for cantilever
type structures. First, the analyst must estimate the nonlinear deformed shape of the
structure corresponding to the maximum permissible distortion being reached in the story
with the highest value of the ratio of the demand to the capacity. Then the system ductil-
ity p is estimated from:

.- Y W.br, (c-8)
Y Wb,

where IV, is the inertial weight applied at each story of the structure, 8,,is the totsl
displacement relative to the base of sach story corresponding to the permissible total
distortion occurring in the critical story, and 8, is the elastic displacement relative to the
bass corresponding to a unit value of the ratio of the slastic demand to the capacity for the
critical story. For a single story, Equation C-8 simplifies down to a story ducitility, p,, ot:

(C-9)

whers 8, is the total permissible story displacement and §, is the yield displacement
(Remand/Capacity equals unity). However, for multistory structures, u from Equation C-8
is always less than . from Equation C-8 except when the nonlinear distortions are spread
throughout the structure which is very unlikely. The following equation can be used to
relats p to y.:
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p=1+F,(u,-1) (c-10)

where F.,is a reduction factor to convert a story ductility estimate to a system ductility

estimate. For a well designed structure in which the ratio of the demand to the capacity
does not differ by more than a factor of about 1.3 over the structure height, F will
typically range from 0.5 to 0.75. in these cases, Equation C-10 may be used with a
conservatively estimated F,of 0.5 in lieu of Equation C-8 or nonlinear time history
analyses.

Once the permissible system ductility p has been established, many approaches can be

used for estimating F.. For broad, smooth input spectra and moment-frame structures

with essentially full elasto-plastic nonlinear hysteretic loops, either the Newmark-Hall (Ref-
erence C-15) or Riddell-Newmark (Reference C-12) approach is commonly used. However,
for concrete shear wall structures or braced frames which have severely pinched hysteretic
loops, Kennedy, et.al. (Reference C-24) has shown that these approaches are likely to be
slightly nonconservative. For such structures, the approach of Reference C-24 is pre-
terred.

The following provides an example application of this simplified nonlinear analysis proce-
dure for estimating F, for a concrete shear wall structure.

For purposes of this lllustration, a three-story structure with the properties shown in Figure
C-14 will be used. This figure shows the weights, W, at each story, the elastic stiffnesses,
K, and the ultimate capacities, V,, for the walls between story levels. This structure has a

fundamental frequency f of 8.25 Hz.

Assuming s damping parameter g of 7%, for a reference 1.0 g NUREG/CR-0098 median
spectrum (Reference C-15), at f equal to 8.25 Hz the elastic spectral acceleration is:

S.(f.B)=1.86g (c-11)

and the elastic response of this structurs is given in Table C-8. For this reference
spectrum response, the ratio of the elastic demand to the capacity ranges from 1.02 tor
the first story wall to 1.32 for the second story. Thus yielding will initiaily occur in the
first story wall, and the elastic displaced shape at the onset of yielding is given bys, in
Table C-8. Note in Table C-8 that the minimum value of V/V,(Le., 1.02) is used to
caiculate 8, since this corresponds to the first slement which reachas vield (i.e., level 1).
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Figure C-14 Three Story Shear Wall Structure

Table C-8 Elastic Response to
Reference 1. 0g NUREG/CR-0098 Spectrum (7% damping)

Displacement Capacity/Demand | Yield Displacement
V.,V. ‘.."(V'/vl)u
(inch) inch

1.24 0.309

1.32 0.211
1.02

Computation of System Ductility - in accordance with the recommendations given above, &
permissible total story distortion of 0.4% of the total story height will be selected for the
critica! first story. Thus:

6y, =0.004(22 f1)(12 inch/ft)=1.06 inch (c-12)
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and the story ductility y, from Equation C-9 is:

1.06 (C-13)
o147 2

Hs=

From Equation C-10, the system ductility p is expected to lie within the range of:

p=4.1t05.6 (C-14)

However, a more accurate estimate of » may be obtained from Equation C-8 after
estimating the inelastic deformed shape. A slightly conservative estimate of the inelastic
deformed shape may be obtained by assuming that all of the nonlinear drift occurs in the
story with the lowest ratio of the capability to the demand (the first story for this
example). The other stories retain the samae differential drifts as given by 6,in Table C-8.
Thus:

6,, = 1.06 inch
6,,= 1.12inch
&r,= 1.22 inch

and from Equation C-8:

- _6300(1.22)+2100(1.12)+ 2500(1.06) _, ‘©'®
M= 6300(0.309)+ 2100(0.211)~ 2500(0.147)

Computation of Inelastic Energy Absorption Factor - For concrete shear wall structures, i
is recommended that the inelastic energy absorption factor F_be computed by the
effective frequency/effective damping approach of Reference C-24, as summarized herein.
For this example, it will be assumed that the force-defiection relationship on initial loading
is elasto-perfectly plastic with an ultimate capacityV,. Thus, the ratio of secant to elastic
frequency is given by:

(F/f)=V1/u=y1/4.6=0.466 (C-16)
Then, the effective frequency Is given by:

(f/f)=(1=-A)+ ACS.7 1) (c-17)



DOE-STD-1020-94

whaere:

A=C,[1-(f,/f)]1£0.85

For ground motions with strong durations greater than one second, C, may be approxi-

mated as 2.3. Thus, for (£,/f)less than or equal to 0.63 one may take A equal to 0.85.
For this example:

(f./f)=0.15+0.85(0.466) = 0.546 (C-18)
f.=0.546(8.25Hz)=4.5H=x

The effective damping B, may be estimated from:

Be=(F:/F)IB+B,] (C-19)

where B is the elastic damping (7% in this case) and B, is the pinched hysteretic damping
which can be approximated by:

Bu=11%[1-(f./7f)]=11%(.534)=5.9% (C-20)

for strong durations greater than one second. Thus, for this example:
(C-21)

466 \?
B,= (ET(;) [12.9%]=9.4%

For the reference 1.0g NUREG/CR-0098 spectrum, st 7, squal to 4.5 Hz and 8, equal t¢
9.4%, the spectral acceleration is given by:

S.(f..B,)=1.68g (c-22)

and the inelastic energy absorption tactor is given by:

fo 1P SA(£.B) [.5467[1.86 (c-23)
F“'[T.] s,.(f..rs.)'[-%o] [1.68]- 1-52
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C.5 Capacities

C.5.1 Capacity Approach

For existing components, material strength properties should be established at the
95% exceedance actual strength levels associated with the time during the service life at
which such strengths are a minimum. If strengths are expected to increase during the ser-
vice life, then the strength of an existing component should be its value at the time the
evaluation is performed. if strengths are expected to degrade during the service life, then
strengths to be used in the evaluation should be based on estimated 95% exceedance
strengths at the end of the service life. Whenever possible, material strengths should be
based on 95% exceedance values estimated from tests of the actual materials used at the
facllity. However, when such test data is unavailable, then code minimum material
strengths may be used. If degradation is anticipated during the service life, then those
code minimum strengths should be further reduced to account for such degradation (for
example, long term thermal effects on concrete).

For new designs, material strength properties should be established at the specified
minimum value defined by the applicable code or material standard. If degradation is antic-
ipated during the service life, then those code minimum strengths should be further
reduced to account for such degradation. The use of code specified minimum strength
values or 95% exceedance strength levels (l.e., 95% of measured strengths exceed the
design/evaluation strength level) is one location in the design/evaluation process where
intentional conservatism is introduced.

in general, for load combinations which include the DBE loading, capacities C_to be
used should be based upon code specified minimum ultimate or limit-state (e.g., yield or
buckling) capacity approaches coupled with material strength properties as specified
above. For concrete, the ultimate strength approach with the appropriate capacity reduc-
tion factor, ¢ .included as specified in Chapter 26 of the UBC (Ref. C-2) sre used. Also,
ACH318 (Ref. C-49) or ACI-349 (Ref. C-48) provide useful information. For structural
steel, UBC Chapter 27 and referenced UBC Standards are used. The LRFD (applicable UBC
Standard and Ref. C-5 1) limit-state strength approach with the appropriate capacity reduc-
tion factor, ¢ .included is preferred. However, the Plastic Design (applicable UBC Standard,
Part 2, Ref. C-52 or Chapter N, Ref. C-53) maximum strength approach may be ussd so
long as the specified criteria are met. The plastic design strengths can be taken as 1.4
times the aliowable shear stress for members and boits and 1.7 times other allowable
stresses specified in Retfs. C-52 or C-53 unless another tactor is defined in the specified
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code. For ASME Section lll Division 1 components, ASME Service Level D (Ref. C-54)
capacities should be used. In some cases, functional failure modes may require lesser lim-
its to be defined (e.g., ASME Mechanical Equipment Performance Standard, Ref. C-55).

For existing facilities, in most cases, the capacity evaluation equations should be
based on the most current edition of the appropriate code, particularly when the current
edition is more conservative than earlier editions. However, in some cases (particularly
with the AClI and ASME codes), current code capacities may be more liberal than those
specified at the time the component was designed and fabricated, because fabrication and
material specification requirements have become more stringent. In these later cases, cur-
rent code capacities will have to be reduced to account for the more relaxed fabrication
and material specifications that existed at the time of fabrication. In all cases, when
material strength properties are based on code minimum material strengths, the code edi- .
tion enforced at the time the component was fabricated should be used to define these
code minimum material strengths.

C.5.2 Seismic Design and Detailing

This section briefly describes general design considerations which enable structures
or equipment to perform during an earthquake in the manner intended by the designer.
These design considerations attempt to avoid premature, unexpected failures and to
encourage ductlie and redundant behavior during earthquakes. This material is intended for
both design of new facilities and evaluation of existing facilities. For new facilities, this
material addresses recommended seismic design practices. For existing facilities, this
material may be used for identifying potential deficiencies in the capability of the facility to
withstand earthquakes (l. ., ductile behavior, redundant load paths, high quality materials
and construction, etc.). In addition, good seismic design practice, as discussed in this sec-
tion, should be employed for upgrading or retrofitting existing facilities.

Characteristics of the lateral force-resisting systems are at least as important as the
earthquake load leve! used for design or evaluation. These characteristics include redun-
dancy; ductility; tying elements together to bshave as a unit (to provide redundancy and to
reduce potential for differential dispiacement); adequate equipment anchorage;
non-uniform, non-symmetrical configuration of structures or equipment; detailing of con-
nections and reinforced concrete elements; and the quality of design, matsrials, and con-
struction. The level of sarthquaks ground shaking to be experienced by any faciiity in the
future is highly uncertain. As a result, i is important for facilities to be tough enough to
withstand ground motion in excess of their design ground motion level. There can be high
confidence in the esarthquaks safety of faciiities designed in this manner. Earthquakes pro-
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duce transient, limited energy loading on facilities. Because of these earthquake character-
istics, well-designed and well-constructed facilities (i.e., those with good earthquake
design details and high quality materials and construction which provide redundancy and
energy absorption capacity) can withstand earthquake motion well in excess of design lev-
els. However, if details that provide redundancy or energy absorbing capacity are not pro-
vided, there is little real margin of safety built into the facility. it would be possible for
significant earthquake damage to occur at ground shaking levels only marginally above the
design lateral force level. Poor construction could potentially lead to damage at well below
the design lateral force level. Furthermore, poor design details, materials, or construction
increase the possibility that a dramatic failure of a facility may occur.

A separate document providing guidelines, examples, and recommendations for good
seismic design of facilities has been prepared as part of this project (UCRL-CR-106554,
Ref. C-21). This section briefly describes general design considerations that are important
for achieving well-designed and constructed earthquake-resistant facilities and for assess-
ing existing facilities. Considerations for good earthquake resistance of structures, equip-
ment, and distribution systems include: ( 1 ) configuration; (2) continuous and redundant
load paths; (3) detalling for ductile behavior; (4) tying systems together; (5) influence of
nonstructural components; (6) function of emergency systems; and (7) quality of materials
and construction. Each is briefly discussed below. While the following discussion is con-
cemed primarily with buildings, the principles are just as applicable to enhancing the earth-
quake resistance of equipment, distribution systems, or other components.

Configuration - Structure configuration is very important to earthquake response. irregular
structures have experienced greater damage during past earthquakes than uniform, sym-
metrical structures. This has been the case even with good design and construction;
therefore structures with regular configurations shouid be encouraged for new designs, and
existing irregular structures should be scrutinized very closely. Irregularities such as large
reentrant cormners create stress concentrations which produce high local forces. Other plan
irregularities can result in substantial torsional response during an sarthquake. These
include irregular distribution of mass or vertical selsmic resisting slements or differences in
stiffness between portions of a diaphragm. These aiso include imbalance In strength and
failure mechanisms even If elastic stifinesses and masses are balanced in plan. Vertical
irregularities can produce large loca! forces during an earthquake, These include large dif-
ferences or eccentricities in stiffness or mass in adjacent leveis or significant horizontal off-
sets at one or more levels. An example is the soft story building which has a tall open
frame on the bottom floor and shear wall or braced trame construction on upper fioors
(e.g9., Olive View Hospital, San Femando, CA earthquake, 1971 and imperial County Ser-
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vices Building, Imperial Valley, CA earthquake, 1979). In addition, adjacent structures
should be separated sufficiently so that they do not hammer one another during seismic
response.

Continuous and Redundant Load Paths - Earthquake excitation induces forces at all points
within structures or equipment of significant mass. These forces can be vertical or along
any horizontal (lateral) direction. Structures are most vulnerable to damage from lateral
seismic-induced forces, and prevention of damage requires a continuous load path (or
paths) from regions of significant mass to the foundation or location of support. The
designer/evaluator must follow seismic-induced forces through the structure (or equipment
or distribution systems) into the ground and make sure that every element and connection
along the load path is adequate in strength and stiffness to maintain the integrity of the
system. Redundancy of load paths is a highly desirable characteristic for earthquake-
resistant design. When the primary element or system yields or fails, the lateral forces can
be redistributed to a secondary system to prevent progressive failure. in a structural
system without redundant components, every component must remain operative to pre-
serve the integrity of the structure. R is good practice to incorporate redundancy into the
seismic-resisting system rather than relying on any system in which distress in any member
or element may cause progressive or catastrophic collapse.

In some structures, the system carrying earthquake-induced loads may be separate
from the system that carries gravity loads. Although the gravity load carrying systems are
not needed for lateral resistance, they would deform with the rest of the structure as R
deforms under lateral seismic loads. To ensure that it is adequately designed, the vertical
load carrying system should be evaluated for compatibllity with the deformations resuiting
from an earthquake. Similarly, gravity loads should be combined with earthquake loads in
the evaiuation of the lateral force resisting system.

Detailing For Ductile Behavior - In general, for sarthquakes that have very low probability of
occurrence, it is uneconomical or impractical to design structures to remain within the elas-
tic range of stress. Furthermore, It is highly desirable to design structures or squipment in
a manner that avoids low ductility response and premsture unexpected failure such that
the structure or equipment is able to dissipate the energy of the earthquake excitation
without unacceptable damage. As a result, good seismic design practice requires selection
of an appropriate structural system with detalling to deveiop sufficient energy absorption
capacity to limit damage to permissibie levels.
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Structural steel is an inherently ductile material. Energy absorption capacity may be
achieved by designing connections to avoid tearing or fracture and to ensure an adequate
path for a load to travel across the connection. Detailing for adequate stiffness and
restraint of compression braces, outstanding legs of members, compression flanges, etc.,
must be provided to avoid instability by buckling for relatively slender steel members acting
in compression. Furthermore, deflections must be limited to prevent overall frame instabil-
ity due to P-delta effects.

Less ductile materials, such as concrete and unit-masonry, require steel reinforce-
ment to provide the ductility characteristics necessary to resist seismic forces. Concrete
structures should be designed to prevent concrete compressive failure, concrete shearing
failure, or loss of reinforcing bond or anchorage. Compression failures in flexural members
can be controlied by limiting the amount of tensile reinforcement or by providing compres-
sion reinforcement and requiring confinement by closely spaced transverse reinforcing of
longitudinal reinforcing bars (e.g., spirals, stirrup ties, or hoops and supplementary cross
ties). Confinement increases the strain capacity and compressive, shear, and bond
strengths of concrete. Maximum confinement should be provided near joints and in col-
umn members. Failures of concrete in shear or diagonal tension can be controlled by pro-
viding sufficient shear reinforcement, such as stirrups and inclined bars. Anchorage
fallures can be controlled by sufficient lapping of splices, mechanical connections, welded
connections, etc. There should be added reinforcement around openings and at corners
where stress concentrations might occur during earthquake motions. Masonry walis must
be adequately reinforced and anchored to floors and roofs.

A general recommendation for good seismic detalling is to proportion stee! members
and to reinforce concrete members such that they can behave in a ductlie manner and pro-
vide sufficient strength so that low ductility failure modes do not govern the overall seis-
mic response. In this manner, sufficient energy absorption capacity can be achieved so
that earthquake motion does not produce axcessive or unacceptable damage.

Tying Elements Together - One of the most important attributes of an sarthquake-resistant
structural system is that It is tied together to act as a unit. This attribute not only sids
earthquake resistance; it aisc helps to resist high winds, floods, sxplosions, progressive
failure, and foundation settiement. Different parts of building primary structural systems
should be interconnected. Beams and girders should be adequatsly tied to columns, and
columns should be adequately tied to footings. Concrete and masonry walls should be
anchored to all floors and roofs tor out-of-plane iateral support. Diaphragms thst distribute
lateral loads to vertical resisting elements must be adequately tied to these slements. Col-
lector or drag bars shouid be provided to collect shear forces and transmit them to the
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shear-resisting elements, such as shear walls or other bracing elements, that may not be
uniformly spaced around the diaphragm. Shear walls must be adequately tied to floor and
roof slabs and to footings and individual footings must be adequately tied together when
the foundation media is capable of significant differential motion.

Influence Of Nonstructural Components - For both evaluation of seismic response and for
seismic detailing, the effects of nonstructural elements of buildings or equipment must be
considered. Elements such as partitions, filler walls, stairs, large bore piping, and architec-
tural facings can have a substantial influence on the magnitude and distribution of
earthquake-induced forces. Even though these elements are not part of the lateral
force-resisting system, they can stiffen that system and carry some lateral force. In addi-
tion, nonstructural elements attached to the structure must be designed in a manner that
allows for seismic deformations of the structure without excessive damage. Damage to
such items as distribution systems, equipment, glass, plaster, veneer, and partitions may
constitute a hazard to personnel within or outside the facility and a major financial loss;
such damage may also impair the function of the facility to the extent that hazardous oper-
ations cannot be shut down or confined. To minimize this type of damage, special care in
detailing is required either to isolate these elements or to accommodate structural
movements.

Survival of Emergency Systems - In addition to preventing damage to structures, equip-
ment, distribution systems, nonstructural elements, etc., It is necessary for emergency sys-
tems and litelines to perform their satety-related functions following the earthquake.

Means of ingress and egress (such as stairways, elevator systems, doorways) must remain
functional for personnel safety and for control of hazardous operations. Fire protection
systems should remain operational after an sarthquake if there is a significant potentia! for
seismic-induced fire. Normal off-site power and water supplies have been vuinerable dur-
ing past earthquakes. Emergency on-site power and water supplies may be required foi- .
lowing an earthquake. Liquid fuels or other flammables may leak from broken lines.
Electrical short circuits may occur. Hencs, sarthquake-fesistant design considerations
extend beyond the dynamic responss of structures and equipment to include functioning of
systems that prevent unacceptable faciiity damage or destruction due to fires or explo-
sions.
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C.6 Special Considerations for Systems and Components

C.6.1 General

The seismic adequacy of equipment and distribution systems is often as important as
the adequacy of the building. As part of the DOE Natural Phenomena Hazards project, a
document has been prepared that provides practical guidelines for the support and anchor-
age of many equipment items that are likely to be found in DOE facilities (Ref. C-56). This

document examines equipment strengthening and upgrading to increase the seismic
capacity in existing facilities. However, the document is also recommended for consider-

ations of equipment support and anchorage in new facilities.

Special considerations about the seismic resistant capacity of equipment and distribu-
tion systems include:

1. Equipment or distribution systems supported within a structure respond to the
motion of the supporting structure rather than the ground motion. Equipment
supported on the ground or on the ground floor within a structure experiences
the same earthquake ground motion as the structure.

2. Equipment or distribution systems supported at two or more locations within a
structure may be stressed due to both inertial effects and relative support dis-
placements.

3. Equipment or distribution systems may have either negligible interaction or sig-
nificant coupling with the response of the supporting structure. With negligible
interaction, only the mass distribution of the equipment needs to be included in
the model of the structure. The equipment may be analyzed independently.
With strong coupling or if the equipment mass is 10 percent or more of the
structure story mass, the equipment including mass and stiftness properties
should be modeled along with the structure modei.

4. Many squipment items are inherently rugged and can survive large ground
motion if they are adequately anchored.

5. Many equipment ltems are common to many industrial facllities throughout the
world. As a result, there is much sxperience data avalilable on equipment from
past sarthquakes and from qualification testing. Equipment which has per-
formed well, based on experiencs, does not require additional seismic analysis or
testing If it could be shown to be adequately anchored and representstive of the
experience data.

8. The presence of properly enginesred anchorage is the most important single item
affecting seismic performance of equipment. There are numerous sxamples of
equipment sliding or overturning in earthquakes due to lack of anchorage or inad-
equate anchorage. These deficiencies can also threaten adjacent satety related
tems or personnel through spatial interaction.
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Engineered anchorage is one of the most important factors affecting seismic perform-
ance of systems or components and is required for all performance categories. It is
intended that anchorage have both adequate strength and sufficient stiffness to perform its
function. Types of anchorage include: (1) cast-in-place bolts or headed studs; (2) expan-
sion or epoxy grouted anchor bolts; and (3) welds to embedded steel plates or channels.
The most reliable anchorage will be achieved by properly installed cast-in-place bolts or
headed studs, undercut type expansion anchors, or welding. Other expansion anchors are
less desirable than cast-in-place, undercut, or welded anchorage for vibratory environments
(i.e., support of rotating machinery), for very heavy equipment, or for sustained tension
supports. Epoxy grouted anchorage is considered to be the least reliable of the anchorage
alternatives in elevated temperature or radiation environments.

Evaluation of facilities following past earthquakes has demonstrated that ductile
structures with systems and components which are properly anchored have performed
very well. As a result, properly engineered anchorage of systems and components is a
very important part of the seismic design criteria. Wherever possible, these criteria
encourage the use of larger and deeper embedment than minimum calculated anchorage as
well as the use of cast-in-place and undercut-type expansion anchors. it is recommended
that minimum anchor bolt size be 1/2 inch in diameter regardiess of calculated anchorage
requirements. Furthermore, it is recommended that anchorage embedment be longer than
needed, wherever practical.

For new design of systems and components, seismic qualification will generalty be
performed by analysis or testing as discussed in the previous sections. However, for exis-
ting systems and components, it is anticipated that many items will be judged adequate for
ssismic loadings on the basis of seismic experience data without analysis or testing.
Seismic experience data has been developed in a usable format by ongoing research pro-
grams sponsored by the nuclear power industry. The references for this work are the
Senior Seismic Review and Advisory Panel (SSRAP) report (Reference C-60) and the
Generic Impiementation Procedure (GIP) for Seismic Verification of Nuciear Plant Equipment
(Reference C-61 ). Note that there are numerous restrictions (“caveats™) on the use of this
data as described in the SSRAP report and the GIP. It is necessary to conduct either seis-
mic analyses or shake table testing to demonstrate sufficient seismic capacity for those
tems that cannot be verified by seismic sxperience dats or tor items that are not cbviously
inherently rugged for seismic effects. There is an ongoing DOE program on the application
of experience data for the evaluation of existing systems and components at DOE tacliiities.

C-59



DOE-STD-1020-94

In early 1982, the Seismic Qualification Utility Group (SQUG) was formed for the pur-
pose of collecting seismic experience data as a cost effective means of verifying the seis-
mic adequacy of equipment in existing nuclear power plants. Sources of experience data
include: (1 ) the numerous non-nuclear power plants and industrial facilities with equipment
similar to that in nuclear plants which have experienced major earthquakes and (2) shake
table tests which had been performed to qualify safety-related equipment for licensing of
nuclear plants. This information was collected and organized and guidelines and criteria for
its use were developed. The GIP is the generic means for applying this experience data to
verify the seismic adequacy of mechanical and electrical equipment which must be used in
a nuclear power plant during and following the occurrence of a design level earthquake.

In order to utilize earthquake experience data to demonstrate seismic adequacy of
equipment, four conditions are required to be met:

1. The seismic motion at the equipment location must be enveloped by the Experience
Data Bounding Spectrum or the Generic Equipment Ruggedness Spectrum (GERS).

2. The equipment must fall within the bounding criteria for a given class of similar
equipment which have survived strong earthquake shaking or past qualification
tests. :

3. The anchorage of the equipment must be shown to be adequate to survive design
level seismic loads.

4. The equipment must meet the inclusion or exclusion rules, also calied caveats, to
determine whether the equipment has important characteristics and features neces-
sary to be able to verify its seismic adequacy by this approach.

The use of earthquake experience data to verify the selsmic adequacy of equipment
requires considerabie engineering judgement. As a result, the use of these procedures
should be given special attention in the peer review process.

For Performance Category 2 and lower SSCs, seismic evaluation of equipment or
nonstructural elements supported by a structure can be based on the tota! lateral seismic
force as given in the UBC. For Performance Category 3 and higher SSCs, the seismic eval-
uation of equipment and distribution systems can necessitate the development of floor
response spectra representing the input excitation. Once seismic loading is established,
seismic capacity can be determined by analysis, testing, or, if available, the use of seismic
experience data. It is recommended that seismic evaluation of existing equipment and dis-
tributions systems be based on experience data whenever possible.

C.6.2 Seismic Interaction

During the occurrence of an earthquake, It is possibie tor the seismic response of one
structurs, system, or component to affect the performance of other structures, systems,
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and components. This sequence of events is called seismic interaction. Seismic interac-
tions which could have an adverse effect on SSCs shall be considered in seismic design
and evaluation of DOE facilities. Cases of seismic interaction which must be considered
include:

1. Structural failing and falling.

2. Proximity.

3. Flexibility of attached lines and cables.

4. Flooding or exposure to fluids from ruptured vessels and piping systems.
5. Effects of seismically induced fires.

Structural failing and falling is generally prevented by single-failure seismic design cri-
teria as described in other portions of this document. An interaction problem arises where
a higher category (such as Performance Category 4) SSC (target) is in danger of being
damaged due to the failure of overhead or adjacent lower category (such as Performance
Category 1, 2, or 3) SSCs (source) which have been designed for lesser seismic loads than
the higher category SSC (target). Lower category items interacting with higher category
items or barriers protecting the target items need to be designed to prevent adverse seis-
mic interaction. If there is potential interaction, the source does not move to the perform-
ance category of the target but remains in its own category based on its own
characteristics. However, the source is subject to additional seismic design requirements
above those for its own performance category. These requirements are that the source (or
barrier) shall be designed to maintain structural integrity when subjected to the earthquake
ground motion associated with the performance category of the target.

Impact between structures, systems, or components in close proximity to each other
due to relative motion during earthquake response is another form of interaction which
must be considered for design and evaluation of DOE SSCs. if such an impact could cause
damage or failure, there shouid be a combined design approach of sufficient separation dis-
tance to prevent impact, and adequate anchorage, bracing, or other means to prevent large
deflections. Note that even if there is impact between adjacent structures or equipment,
thers may not be potential for any significant damage such that seismic interaction would
not result in design measures being implemented. An exampie of this is that a 1 inch
diameter pipe cannot damage & 12 inch diameter pipe irregardiess of the separation dis-
tance. The designer/evaluator shall justify and document these cases.

Design mwhmﬂmMMmMMI falling and fall-
ing and proximity ssismic interaction modes include: (1) strength and stifiness; (2) separs-
tion distancs; and (3) barriers. Sources may be designed to be strong enough to prevent
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falling or stiff enough to prevent large displacements such that adverse interaction does
not occur. To accomplish this, the source item shall be designed to the structural integrity
design criteria of the target item. Maintaining function of the source item under this
increased seismic design requirement is not necessary. Source and targets can be physi-
cally separated sufficient distance such that, under seismic response displacements
expected for target design criteria earthquake excitation, adverse interaction wiil not occur.
Barriers can be designed to protect the target from source falling or source motions. Barri-
ers shall also be designed to the structural integrity design criteria of the target item. in
addition, barriers shall be designed to withstand impact of the source item without
endangering the target.

Another form of seismic interaction occurs where distribution lines such as piping,
tubing, conduit, or cables connected to an item important to safety or production have
Insufficient flexibility to accommodate relative movement between the important item and
adjacent structures or equipment to which the distribution line is anchored. For DOE SSCs,
sufficient flexibility of such lines shall be provided from the important item to the first sup-
port on nearby structures or equipment.

Other forms of seismic interaction result if vessels or piping systems rupture due to
earthquake excitation and cause fires or flooding which could affect performance of nearby
Important or critical SSCs. In this case, such vessels or piping systems must continue to
perform their function of containing fluids or combustibles such that they shall be elevated
in category to the level of the targets that would be endangered by their failure.

C.7 Special Considerations for Existing Facilities

it is anticipated that these criteria would also be applied to evaluations of existing
facilities. General guidelines for the seismic evaluation of existing facilities are presented in
a National institute of Standards and Technology document (Ref. C-63), a DOD manual
(Ref. C-64), and in ATC-14, “Evaluating the Seismic Resistance of Existing Buildings™ (Ref.
C-48) and ATC-22, “A Handbook for Seismic Evsiustion of Existing Buildings™ (Ref. C-47).
in addition, guidelines for upgrading and strengthening equipment are presented in Refer-
ence C-58. Also, guidance for evaluation of sxisting equipment by sxperience data is pro-
vided in Reference C-81. These documents should be referred to for the overall procedure
of evaluating seismic adequacy of existing facilities, as well as for specific guidelines on
upgrading and retrofitting. General requirements and considerations in the svaluation of
existing facllities are presented briefly beiow.
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Existing facilities should be evaluated for DBE ground motion in accordance with the
guidelines presented earlier in this chapter. The process of evaluation of existing facllities
differs from the design of new facilities in that, the as-is condition of the existing facility
must be assessed. This assessment includes reviewing drawings and making site visits to
determine deviations from the drawings. In-place strength of the materials should also be
determined including the effects of erosion and corrosion as appropriate. The actual
strength of materials is likely to be greater than the minimum specified values used for
design, and this may be determined from tests of core specimens or sample coupons. On
the other hand, erosive and corrosive action and other aging processes may have had dete-
riorating effects on the strength of the structure or equipment, and these effects should
also be evaluated. The inelastic action of facilities prior to occurrence of unacceptable
damage should be taken into account because the inelastic range of response is where
facilities can dissipate a major portion of the Input earthquake energy. The ductility avall- '
able in the existing facility without loss of desired performance should be estimated based
on as-is design detailing rather than using the inelastic energy absorption factors presented
in Chapter 2. An existing facility may not have seismic detalling to the desired leve! and
upon which the inelastic energy absorption factors are based.

Evaluation of existing facilities should begin with a preliminary inspection of site con-
ditions, the building lateral force-resisting system and anchorage of building contents,
mechanical and electrical equipment and distribution systems, and other nonstructural
features. This inspection should include review of drawings and facility walkdowns. Site
investigation should assess the potential for earthquake hazards in addition to ground shak-
ing, such as active faults that might pass beneath facilities or potential for earthquake-
induced landslides, liquefaction, and consolidation of foundation soils. Examination of the
lateral force-resisting system, concentrating on seismic design and detailing considerations,
may indicate obvious deficiencies or weakest links such that evaluation effort can be con-
centrated in the most useful areas and remedial work can be accomplished in the most
timely manner. Inspection of connections for both structures and equipment indicates
locations where earthquake resistance might be readily upgraded.

Once the as-is condition of a facility has been verified and deficiencies or weak links
have been identified, detalled seismic evalustion and/or upgrading of the tacility as neces-
sary can be undertaken. Obvious deficiencies that can be readily improved should be
remedied as soon as possible. Seismic svaluation for existing facilities would be similar to
evaluations performed for new designs except that a single as-is configuration is evaluated
instead of several configurations in an lterative manner (as is often required in the design
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process). Evaluations should be conducted in order of priority. Highest priority should be
given to those areas identified as weak links by the preliminary investigation and to areas
that are most important to personnel safety and operations with hazardous materials.

As discussed in Chapter 2, the evaluation of existing facilities for natural phenomena
hazards can result in a number of options based on the evaluation results. If the existing
facility can be shown to meet the design and evaluation criteria presented in this standard
and good seismic design practice had been employed, then the facility would be judged to
be adequate for potential seismic hazards to which it might be subjected. If the facility
does not meet the seismic evaluation criteria of this chapter, several alternatives can be
considered:

1. Han existing SSC is close to meeting the criteria, a slight increase in the annual
risk to natural phenomena hazards can be allowed within the tolerance of meet-
ing the target performance goals. Note that reduced criteria for seismic evalu-
ation of existing SSCs is supported in Reference C-63. As a result, some relief
In the criteria can be allowed by performing the evaluation using hazard
exceedance probability of twice the value specified for new design for the per-
formance category of the SSC being considered.

2. The SSC may be strengthened such that its selsmic resistance capacity is suffi-
ciently increased to meet these seismic criteria. When upgrading is required, it
should be accomplished in compliance with unreduced criteria (i.e., item 1
provisions should not be used for upgrading).

3. The usage of the facility may be changed such that It falls within a less hazard-
ous performance category and consequently less stringent seismic requirements.

4. It may be possible to conduct the aspects of the seismic evaluation in a more
rigorous manner that removes conservatism such that the SSC may be shown to
be adequate. Alternatively, a probabilistic assessment might be undertaken in
order to demonstrate that the performance goals can be met.

C.8 Quality Assurance and Peer Review

Earthquake design or evaluation considerstions discussed thus far address recom-
mended engineering practice that maximizes sarthquake resistance of structures, systems,
and components. it is further recommended that designers or earthquake consultants

employ special quality assurance procedures and that their work be subjected to indepen-
dent peer review. Additional sarthquake design or evaluation considerations include:

a. s the SSC constructed of known quality materials that meet design plans and
specifications for strength and stiftness?
b. Have the design detailing messures, as described above, been implemented In
the construction of the SSC?
The remainder of this section discusses sarthquake engineering Quality assurance, peer
revisew, and construction inspection reQuirements.
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To achieve well-designed and well-constructed earthquake-resistant SSC’s or to
assess existing SSC's, it is necessary to:

a. Understand the seismic response of the SSC.
b. Select and provide an appropriate structural system.

¢. Provide seismic design detailing that obtains ductile response and avoids prema-
ture failures due to instability or low ductility response.

d. Provide material testing and construction inspection which assures construction-
Habrication as intended by the designer.

All DOE structures, systems, and components must be designed or evaluated utilizing
an earthquake engineering quality assurance plan as required by 10 CFR 830.120.6C (Ref.
C-65) and similar to that recommended by Recommended Lateral Force Requirements and
Commentary, Seismology Committee, Structural Engineers Association of California (Ref.
C-66). The level of rigor in such a plan should be consistent with the performance cate-
gory and a graded approach. In general, the earthquake engineering quality assurance plan
should include:

Performance Categories 1, 2, 3, and 4

* A statement by the engineer of record on the earthquake design basis including:
(1) description of the lateral force resisting system, and (2) definition of the
earthquake loading used for the design or evaluation. For new designs, this
statement should be on the design drawings; for evaluations of existing facilities,
it should be at the beginning of the seismic evaiuation calculations.

* Seismic design or evaluation calculations should be checked for numerical accu-
racy and for theory and assumptions. The calculations should be signed by the
responsible engineer who performed the caiculations, the engineer who checked
numerical accuracy, and the engineer who checked theory and assumptions. if
the caiculations include work pertormed on a computer, the responsible engineer
should sign the first page of the output, describe the mode! used, and identity
those values input or calculated by the computer. The accuracy of the computer
program and the analysis results must be verified.

* For new construction, the engineer of record should specify a material testing
and construction inspection program. in addition, the engineer shouild review all
testing and inspection reports and make site visits periodically to observe com-
pliance with plans and specifications. For certain circumstances, such as the
placement of rebar and concrete for special ductile frame construction, the
sngineer of record should arrange to provide & specially qualified inspector to
continuoustly inspect the construction and to certity compliance with the design.

Performance Categories 2, 3, and 4

* All aspects of the seismic design or evalustion must include independent peer
review. The seismic design or evaluation review should inciude design philoso-
phy, structural system, construction materials, design/evaluation criteria used,
and other factors pertinent to the seismic capacity of the faciiity. The review
need not provide a detailed check but rather an overview to heip identity over-
sights, errors, conceptual deficiencies, and other potential problems that might
sffect facliity performance during an sarthquaks. The peer review s 10 be
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performed by independent, qualified personnel. The peer reviewer must not
have been involved in the original design or evaluation. If the peer reviewer is
from the same company/organization as the designer/evaluator, he must not be
part of the same program where he would be influenced by cost and schedule
considerations. Individuals performing peer reviews must be degreed civiV/me-
chanical engineers with 5 or more years of experience in seismic evaluations.
Note that it can be very beneficial to have the peer reviewer participating early in
the project such that rework can be minimized.

C.9 Alternate Seismic Mitigation Measures

Seismic Base Isolation - An innovative technology for mitigating the effects of earth-
quakes on structures is seismic base isolation. With this technology, a flexible isolation
system is placed between the structure and the ground to decouple the structure from the
potentially damaging motion of an earthquake. Ideally, an isolation system shifts the natu- .
ral period of an isolated structure above the predominant period range of an earthquake. In
addition to the period shift, isolation changes the dynamic response of the structure due to
nonlinear hysteretic behavior of the isolation system and the flexibility of the isolation sys-
tem compared to that of the structure. An isolation system essentially transforms the
large accelerations from earthquake motion in to large displacements of the isolation
system. A main attribute of seismic base isolation is that it substantially limits damage in a
structure by significantly reducing the forces and interstory drift that are generated during
an earthquake. For a design-level earthquake, the displacements in a structure are essen-
tially limited to a rigid body displacement with negligible interstory drift. Additionally, the
seismic demand is limited to the base shear or base acceleration transferred through the
isolation system. By reducing forces and interstory drift generated in a structure, seismic
base isolation provides protection for the structure and its contents so that a structure can
remain operational during and immediately following an earthquake, Seismic base isolation
may be an earthquake resistant design option that provides increase structural performance
as compared with conventional seismic design. In contrast to traditional design techniques
of strengthening and anchoring, a base isolation system dissipates seismic energy so that a
new or existing SSC can be designed for lower seismic forces.

The UBC (Ref. C-2), beginning with the 1981 edition, contains regulations for the
design of ssismic isolated structures. Efforts are currently underway to determine how
these regulstions can be adopted within the DOE. Without specific guidance or criteria for
the use of seismic bass isolation in the DOE, It is recommended that the regulations in the
UBC be carsfully followed with the same considerstions as outiined in Chapter 2. As dis-
cussed in Chapter 2, the UBC provisions are appropriste for Performance Category 2 and
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lower SSCs. It is not recommended that seismic base isolation be considered for
Performance Category 3 or 4 SSCs until there is specific guidance or criteria for its use in
the DOE.

There are important technical and economic issues that should be considered before
applying seismic base isolation to a SSC. Technical issues include the local site conditions,
the structural configuration of the SSC, additional structural considerations for the SSC in
order to properly accommodate seismic base isolation, and the interaction of the isolated
SSC and adjacent SSCs. Economic issues include additional design and analysis efforts
beyond that which is typically required for traditional design techniques, special provisions
to meet regulatory requirements, and the techniques for properly evaluating the cost/bene-
fit ratios of a base isolated SSC. While these technical and economic issues are not all-
inclusive, they provide an indication of the care and precautions that should be exercised
when considering seismic base isolation. Adequate evaluations are needed to determine,
on a case-by-case basis, if seismic base isolation is a viable design option or if it is not an
appropriate design solution.
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Appendix D
Commentary on Wind Design and Evaluation Criteria

Key points in the approach employed for the design and evaluation of facilities for
straight winds, hurricanes and tornadoes are discussed in this appendix.

D.1 Wind Design Criteria

Design goals are established for SSCs in Performance Categories 1 through 4. Design
or evaluation of SSCs requires that the performance goals be met by selecting an appropriate
hazard exceedance probability and utilizing sufficient conservatism in the methodologies and
assumptions to assure the performance goals are met or exceeded.

A consensus standard, ANSI/ANS 2.3-1983 (Ref. D-1), which provides guidelines for
estimating tornado and straight wind characteristics at nuclear power plant sites is an
acceptable alternative approach to wind hazard assessment and design. However, the
standard, which establishes tomado hazard probabilities at the 10-5, 106, and 10-7 levels on a
regional basis, was not adopted by the Natural Phenomena Hazards Panel for the foliowing
reasons:

(a) The document is intended for siting of commercial nuciear power plants.
Criteria are not necessarily appropriate for DOE SSCs.

(b) Site-specific hazard assessments were performed for each DOE site; itis
not necessary nor desirable to use regional criteria

(c)  Although published in 1983, the ANSVANS Standard is based on 15 year
old technology

(d) Although ANSI/ANS Standard is a consensus document, it has not been
approved by the U.S. Nuclear Regulatory Commission.

Instead of the ANSIVANS Standard, a unitorm approach to wind design is proposed
herein, which is based on procedures of ASCE 7. The ASCE 7 document i1s widely accepted as
the most technologically sound consensus wind load standard in the U.S.

The uniform approach 10 design for wind loads treats the types of windstorms (straght,
hurricane and tomado) the same. Since ASCE 7 already treats straight winds and humcanes
the same, all that remains is to demonstrate the applcability of the approach to tornado
resistant design. The procedure of ASCE 7 is apphed for determining wind pressures on
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structures or net forces on systems and components. The additional effects of atmospheric
pressure change (APC) and missile impact produced by tornadoes must also be considered at
some sites.

The following argument is presented to justify the uniform approach to wind design.
ASCE 7 addresses the physical characteristics of wind, including variation of wind speed with
height and terrain roughness, effects of turbulence, and the variation of wind pressure over the
surface of a building. Wind effects addressed in ASCE 7 can be detected and measured on
wind tunnel modeis and on full-sized structures. Furthermore, evidence of the physical effects
of wind found in wind tunnel and full-size measurements are also found in windstorm damage.
The appearance of damage from straight, hurricane and tornado winds is very similar. The
similarity suggests that wind pressure distribution on SSCs is generally independent of the type
of storm. One cannot look at a collapsed windward wall, or an uplifted roof, or damage at an
eave or roof comer or wall comer and determine the type of windstorm that caused the damage.
Table D-1 lists specific examples where the appearance of damage from the three types of
windstorms is identical. Many other examples could be given. The conclusion reached is that
the proposed uniform approach is reasonable for estimating wind loads produced by straight
winds, hurricanes and tornadoes.

D.2 Tornado Hazard Assessment

The traditional approach for establishing tornado criteria is to select extremely low
exceedance probabilities. The precedence was established in specifying tornado criteria for the
design of commercial nuclear power plants. An annual exceedance probability of 1x10°7 was
adopted circa 1960 when very little was known about tomado effects from an engineering
perspective. Much has been leamned since 1960, which suggests that larger exceedance
probabilities could be adopted. Some increase over the 1x10°7 is justified. especialty for
facilities that pose substantially smaller risks than commercial nuclear plants. However, two
factors make it possible and desirable to use relatively low tornado hazard probabiiities: 1)
straight and hurricane winds control the criteria for probabilites down to about 1x10~4 and 2)
additiona! construction costs to achieve low tornado probabilites are relatively small, when
compared to earthquake design costs. For these reasons, the tomado hazard probabiliies are
set lower than straight winds and hurricanes. They also are set lower than earthquake and
flood hazard probabilities.
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Table D-1 Examples of Similar Damage from Straight Winds,

Hurricanes, and Tornadoes

Type of Damage

Winds

Hurricanes

Tornadoes

Windward wall coliapses
inward

Mobile home, Big Spring,
Texas 1973 g Spring

A-frame, Hurricane Diana
1984

Metal building, Lubbock
Texas 1970

Leeward wall or side wall
collapses outward

Warehouse, Big Spring,
Texas 1973 9 Spring

Commercial building,
Hurricane Celia 1970

Warehouse, Lubbock,
Texas 1970

Roof

Warehouse, Joplin,

School, Wichita Falis,

[ Motel, Hurricane Frederick
Missouri 1973 1979 Texas 1979
Eaves Mobile home, Big Spring, A-frame, Hurricane Diana | Metal building, Lubbock,
Texas 1973 1984 Texas 1970
Roof comers Residence, Irvine, Residence, Hurricane Apartment building,
California 1977 Frederick 1979 Omaha, Nebraska 1975
Wall comers Metal buildin%lrvine, Flagshig Motel, Hurricane | Manufacturing building,
Calitornia 19 Alicia 1983 Wichita Falls, Texas 1979
intemal pressure Not applicable Two-stor¥ office building, Higih School, Xenia, Ohio
Cyclone Tracey, Darwin, { 1974
Australia 1974

A somewhat arbitrary, but quantitative approach is used to determine if a particular DOE
site should be designed for tornadoes. Hazard assessments for both straight winds and
tornadoes for each DOE site are presented in Reference D-2. The intersection of the straight
wind and tomado hazard curves determines if tornadoes should be included in the design and
evaluation criteria. If the exceedance probability at the intersection is greater than or equal to
2x10°5, tomadoes are a viable threat at the site. If the exceedance probability is less than
2x1075, straight winds contro! the design or evaluation criteria. The concept is illustrated in
Figure D-1. Straight wind and tomado hazard curves are shown for Oak Ridge National
Laboratory (ORNL) and Stanford Linear Accelerator Center (SLAC). The SLAC curves intersect
at an exceedance probability of approximately 2x10°7, indicating that tomadoes are not a viable
threat at the California site. On the other hand, the intersection of the ORNL curves is at 6x10-°
suggesting that tornadoes should be included in the design and evaluation criteria. Design wind
speeds for the 25 DOE project sites were selected on this basis.

D.3 Load Combinations

The ratios of hazard probabilities to performance goal probabilities (risk reducton factor)
for the Performance Categories in Tabie D-2 are an approximate measure of the conservahsm
required in the design to achueve the performance goal. The rato is largest for SSC
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Performance Categories 1 and 2, and is progressively smaller for Performance Categories 3
and 4 for winds and tomadoes. The trend is just the opposite from earthquake design. The
reason for the decreasing trend in wind is because we use smaller hazard probabilities and thus
need a lessor degree of conservatism in Performance Categories 3 and 4.

Conservatism can be achieved in design by specifying factors of safety for Allowabile
Stress Design (ASD) and load factors for Strength Design (SD). These factors for straight wind
should be obtained from applicable material design standards. Consistent with the ratios in
Table D-2, the loading combinations recommended for tomado design and evaluation of DOE
SSCs are given in Table D-3.
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Table D-2 Ratio of Hazard Probabilities to Performance Goal Probabilities

Performance Ratio of Hazard to
Category Performance Goals Hazard Probability Performance Probability
Straight Winds
1 2x10°2 20
2 5x10+ 102M 20
3 107 10
4 104 10
Tomadces
3 2x10-5 15
4 2x10¢ 15

(1) 2x10? with 1=1.073107?

ASD =
80 =
D =
L =

Table D-3 Recommended Tornado Load Combinations

for Performance Categories 3 and 4

> o)

“

10
E [D + Wt]

'1'{352 o750+l +L w,)]
:—: [068(D + L+ Lo W+ T)]

D¢W,
D+l +L,+ W,
DeleleWeT

Allowabie Strength Design e = Roof live losd

Use allowabie stress appropnate for building

material

Strength Desgn W = Straight wind loed

Use ¢ {actors appropriate for buiding material

Dead icad W = Tomado loed, incliuding APC If appropriste
Live load T = Tempersture losd

The 1.6 denominstor represents the factor of satety for material allowable stress, eftectively removing this
unneeded conservatism. The 1.33 and 1.5 factors negate the 0.75 and 0.88 factors permittad in ASD.

ASD is typically used for the design of stesl, timber and masonry construction.

Allowabie stresses for the material and the type of loading (axial, shear, bending, etc.) are
determined from applicable codes and specifications. The specified load combinations for ASD
for Performance Categories 1 and 2 should be taken from the applicable material design
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standard (e.g. ACI or AISC) for straight winds. Load combinations for Performance Categories
3 and 4 can be less conservative than for Performance Categories 1 and 2. Because the ratio
of hazard to performance probability is smalier by a factor of two, it is judged that the load
combinations can be reduced by 10 percent. The load combinations for Performance
Categories 3 and 4 for straight winds should reflect this reduction. The hazard to performance
probabilities for tornadoes is more than satisfied by the hazard probability, as indicated by the
ratio 1/5. The tornado load combinations for ASD Performance Categories 3 and 4 were
somewhat arbitrarily chosen, based on engineering judgment.

Strength Design (SD) has been used for the design of reinforced concrete structures
since about 1977 (Ref. D-4). Recently a strength design approach was introduced for steel
construction which is called Load and Resistance Factor Design (LRFD) (Ref. D-5). Strength
design concepts are currently being developed for use with timber and masonry construction.
With SD, the nominal strength of the material is reduced to account for uncertainties in material
and workmanship. The reduced material strengths must be greater than or equal to the
factored loads in order to satisfy a postulated limit state. The required conservatism is reflected
in the load factors for loads involving straight winds. in this case, the load factors for
Performance Categories 3 and 4 are increased by ten percent. Load factors for Performance
Categories 1 and 2 are recommended in References D-3, D-4 and D-5. Since the performance
goals are satisfied by the tornado hazard probabilities, unit value of load factors can be used for
SD. Unit values are justified in this case, because the material reduction factors account for
uncertainties associated with materials. The load factors for tomadoes are consistent with
recommendations for commercial nuclear power plants as given in ACI 349 (Ref. D-6) for
concrete and ANSIVAISC N690-1984 (Ref. D-7) for steel.

D.4 Windborne Missiles

Windbome missile criteria specified herein are based on windstorm damage
documentation and computer simulation of missiles observed in the field. Reterence D-8
documents the occurrence of classes of missiles that are picked up and transported by straight
winds and tomadoes. Computer simulation of tomado missiles is accomplished using a
methodology developed at Texas Tech University. The method is similar to one published in
Reference D-§.

The timber plank missile is typical of a class of missiles tha! are frequentty found in the
windstorm debris. The 2x4 timber plank weighing 15 Ibs is typical of the debns from damaged
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or destroyed residences, office trailers and storage shacks. It can be carried to heights up to
200 ftin strong tornadoes. The 3-in. diameter standard steel pipe is typical of a class of
missiles, which includes small diameter pipes, posts, light-weight rolled steel sections and bar
joists. These objects are not likely to be carried to heights above 100 ft because of their larger
weight to surface area ratio. Automobiles, storage tanks, trash dumpsters are rolled and
tumbled by high winds and can cause collapse of walls, columns and frames. These heavy
missiles are not picked up by winds consistent with the design criteria, they simply roll and
tumble along the ground.

The missile wall and roof barriers recommended herein were all tested at the Tornado
Missile Impact Facility at Texas Tech University. The impact tests are documented in
Reference D-8. Structural response tests are not available for automobile impacts. Theoretical
treatment of structural response calculations are given in References D-10, D-11, and D-12.
Barriers that have not been tested such as grills, doors, wall cladding, tanks, mechanical ducts,
etc should be tested in order to certify their performance.

Several empirical equations have been proposed for estimating the impact resistance if
concrete and steel barriers. The equations were developed for use in the design of commercial
nuclear power plants, and may not be applicable to the missile criteria specified herein. See
Reference D-8 for a discussion of empirical missile impact equations.
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Appendix E
Effects of Natural Phenomena Hazards

E.1 Effects of Earthquakes

For most facilities, the primary seismic hazard is earthquake ground shaking. These
criteria specifically cover the design and evaluation of buildings, equipment, distribution
systems, and other structures for earthquake ground shaking. Other earthquake effects
that can be devastating to facilities include differential ground motion induced by fault dis-
placement, liquefaction, and seismic-induced slope instability and ground settlement. if
these latter earthquake effects cannot be avoided in facility siting, the hazard must be
eliminated by site modification or foundation design. Existing facilities located on active
fault traces, adjacent to potentially unstable slopes, or on saturated, poorly compacted
cohesionless soil or fill material pose serious questions as to their usage for critical mis-
sions or handling hazardous materials.

While earthquake hazards of potential fault movement or other gross soil movement
are typically avoided or mitigated, the earthquake ground shaking hazard is unavoidable.
When a structure or component is subjected to earthquake shaking, its foundation or sup-
port moves with the ground or with the structural element on which it rests. if the struc-
ture or equipment is rigid, it follows the motion of its foundation, and the dynamic forces
acting on it are nearly equal to those associated with the base accelerations. However, if
the structure is flexible, large relative movements can be induced between the structure
and its base. Earthquake ground shaking consists of a short duration of time-varying
motion that has significant energy content in the range of natural frequencies of many
structures. Thus, for flexible structures, dynamic amplification is possible such that the
motions of the structure may be significantly greater than the ground shaking motion. in
order to survive these motions, the structural elements must be sufficientty strong, as well
as sufficiently ductile, 1o resist the seismic-induced forces and deformations. The effects
of earthquake shaking on structures and equipment depend not only on the earthquake
motion to which they are subjected, but also on the propertes of the structure or equip-
ment. Among the more important structural properhes are the ability to absordb energy
(due to damping or inelastic behavior), the natural penods of vibration, and the strength or
resistance.

The response of structures to earthquake ground shaking depends on the charactens-
tics of the supporting soil. The amplitude and frequency of the response of massive, stiff
structures founded or embedded in a soil media can be sgnificantly affected by
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soil-structure interaction (SSI), including spatial variation of the ground motion. For struc-
tures founded on rock media, these effects are much less pronounced. The foundation
media is, in effect, another structural element of the structural system and changes the
natural frequencies and mode shapes. That is, the structure plus an additional foundation
element may have free vibration characteristics that differ from those of the same struc-
ture on a rigid foundation and without the additional foundation element. A significant
affect of soil-structure interaction is radiation of energy from the structure into the ground
(radiation damping). As a result, this foundation element must represent both the stiffness
and damping of the foundation media. Spatial variation of earthquake ground motion result
in reduced motion at the base of a structure from that recorded by an instrument on a
small pad. These reductions are due to vertical spatial variation of the ground motion (re-
duced motion with depth), horizontal spatial variation of the ground motion (basemat aver-
aging effects), and wave scattering effects (modification of earthquake waves striking a
rigid structure foundation). ’

Earthquake ground shaking generally has lateral, vertical, and rotational components.
Structures are typically more vuinerable to the lateral component of seismic motion; there-
fore, a lateral force-resisting system must be developed. Typical lateral force-resisting sys-
tems for buildings include moment-resisting frames, braced frames, shear walls,
diaphragms, and foundations. Properly designed lateral force-resisting systems provide a
continuous load path from the top of the structure down to the foundation. Furthermore,
it is recommended that redundant load paths exist. Proper design of lateral force-resisting
systems must consider the relative rigidities of the elements taking the lateral load and
their capacities to resist load. An example of lack of consideration for relative rgidity are
frames with brittle unreinforced infill walls that are not capable of resisting the loads
attracted by such rigid construction. In addition, unsymmetrical arrangement of lateral
force-resisting elements can produce torsional response which, if not accounted for in
design, can lead to damage. Even in symmetrical structures, propagating earthquake
ground waves can give rise 1o torsion. Hence, a minimum torsional loading should be con-
sidered in design or evaluation.

Earthquake ground shaking causes kmited energy transient loading. Structures have
energy absormption capacity through material damping and hysteretic behavior dunng inelas-
tic response. The capability of structures to respond to earthquake shaking beyond the
elastic limit without major damage is strongly dependent on structural design details. For
exampie, to develop ductile behavior of inelastic elements, it is necessary to prevent pre-
mature abrupt failure of connections. For reinforced concrele members, design is based on
ductile steel reinforcement in which stee! ratios are kmited such that reinforcing steel yweids
before concrete crushes, abrupt bond or shear failure is prevented, and compression remn-
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forcement includes adequate ties to prevent buckling or spalling. With proper design
details, structures can be designed to withstand different amounts of inelastic behavior
during an earthquake. For example, if the goal is to prevent collapse, structures may be
permitted to undergo large inelastic deformations resulting in structural damage that would
have to be repaired or replaced. If the goal is to allow only minor damage such that there
is minimal or no interruption to the ability of the structure to function, only relatively small
inelastic deformations should be permitted. For new facilities, it is assumed that proper
detailing will result in permissible levels of inelastic deformation at the specified force lev-
els, without unacceptable damage. For existing facilities, the amount of inelastic behavior
that can be allowed without unacceptable damage must be estimated from the as-is
condition of the structure.

Potential damage and failure of structures, systems, and components (SSCs) due to
both direct earthquake ground shaking and seismic response of adjacent SSCs must be
considered. The interaction of SSCs during earthquake occurrence can produce additional
damageffailure modes to be addressed during seismic design or evaluation. Exampies of
interaction include: (1) seismic-induced failure of a relatively unimportant SSC which falls
on a SSC which is important to safety or to the mission; (2) displacements of adjacent
SSCs during seismic response resulting in the adjacent SSCs pounding together; (3) dis-
placements of adjacent SSCs during seismic response resulting in failure of connecting
pipes or cables; (4) flooding and exposure to fiuids from vessels or piping systems ruptured
as a result of earthquake motion; and (5) effects of seismic-induced fires.

The occurrence of an earthquake affects many or all SSCs in a tacility. Hence, it is
possible to have multiple seismic-induced failures of SSCs. These common cause effects
must be considered in design or evaluation. For example, multiple failures in a tank farm
can result in loss of contents greater than that held in any single tank which in tum could
overflow a retention berm and/or flood adjacent SSCs. The effects of this large quantity of
tank contents on SSCs must be considered.

Earthquake ground shaking aiso affects buikiing contents and nonstructural features
such as windows, facades, and hanging lights. 1t is common for the structure to survive
an earthquake without senous structural damage but to have significant and expensive
damage of contents. This damage could be caused by overtumed equipment or shelves,
fallen lights or ceilings, broken glass, and failed mfill walls. Glass and architectural finishes
may be brittie relative to the main structure, and they can fail well before structural dam-
age occurs. Windows and cladding must be specially attached in order to accommodate
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the relative seismic movement of the structure without damage. Building contents can
usually be adequately protected against earthquake damage by anchorage to the floor,
walls, or ceiling.

Facilities in which radioactive materials are handled are typically designed with redun-
dant confinement barriers between the hazardous material and the environment. Such bar-
riers include:

1. The building shell.

2. Ventilation system filtering and negative pressurization that inhibits outward air
flow.

3. Storage canisters, glove boxes, tanks, or silos for storage or handling within the
building.

Release of radioactive material to the environment requires failure of two or more of these
barriers. Thus, seismic design considerations for these facilities aim to prevent collapse
and control cracks or openings (e.g., failed doors, failed infill walls) such that the building
can function as a hazardous materials confinement barrier. Seismic design considerations
also include adequate anchorage and bracing of storage canisters, glove boxes, tanks or
silos and adequate support of ventilation ducting, filters, and fans to prevent their loss of
function during an earthquake. Long-term storage canisters are usually very rugged, and
they are not particularly vulnerable to earthquake damage.

Earthquake damage to components of a facility such as tanks, equipment, instrumen-
tation, and distribution systems can also cause injuries, loss of function, or loss of confine-
ment. Many of these items can survive strong earthquake ground shaking with adequate
anchorage or restraint. Some ftems, such as large vertical tanks, must be examined in
more detail to assure that there is an adequate lateral force-resisting system for seismic
loads. For components mounted within a structure, there are three additional consider-
ations for earthquake shaking. First, the input excitaton for structure-supported compo-
nents is the response motion of the structure (which can be amplified from the ground
motion) - not the earthquake ground motion. Second, potential dynamic coupling between
the component and the structure must be taken into account if the component is massive
enough to affect the seismic response of the structure. Third, large differental seismic
motions may be induced on components which are supported at multiple locations on a
structure or on adjacent structures.
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E.2 Effects of Wind

In this document high winds capable of damaging SSCs are classified as 1) straight
winds, 2) hurricane winds or 3) tornado winds. Straight winds generally refer to winds in
thunderstorm gust fronts or mesocyclones. Winds circulating around high or low pressure
systems (mesocyclones) are rotational in a globa!l sense, but are considered straight winds
in the context of this document. Tornadoes and hurricanes both have rotating winds. The
diameter of the rotating winds in a small hurricane is considerably larger than the diameter
of a very large tornado. However, most tornado wind diameters are large compared to the
dimensions of typical buildings or structures.

Although the three types of wind are produced by distinctly different meteorological
events, research has shown that their effects on SSCs are essentially the same. Wind
effects from straight winds are studied in boundary layer wind tunnels. The results of
wind tunnel studies are considered reliable because they have been verified by selected
fuli-scale measurements (Reference E-1). Investigations of damage produced by straight
winds also tend to support wind tunnel findings. Although the rotating nature of hurricane
and tomado winds cannot be precisely duplicated in the wind tunnel, wind damage investi-
gations suggest that the magnitudes and distribution of wind pressures on SSCs produced
by hurricane and tornado winds are essentially identical to those produced by straight
winds, if the relative wind direction is taken into account. Thus, the approach for deter-
mining wind pressures on SSCs proposed in this document is considered to be independent
of the type of windstorm.

Measurements of hurricane and straight wind speeds are obtained from anemometer
readings. Wind speeds must be cited within a consistent frame of reference. In this docu-
ment the frame of reference is “fastest-mile” wind speed (average speed of one mile of air
passing an anemometer) at 33 ft (10 meters) above ground in flat open terrain. Wind
speeds measured relative to one frame of reference can be converted to another frame of
reference through the use of wind speed profies and relationships between averaging
times.

Tomado wind speeds cannot be measured easily by conventonal anemometers.
instead tomado wind speeds are estimated from appearance of damage in the storm path
The Fujita Scale (F-Scale) classification is generally accepted as the standard for esbrmabng
tomado wind speeds (Reference E-2). Table E-1 hists the wind speed ranges and describes
the damage associated with each category. The wind speeds associated with the Fujita
Scale are considered to be peak gusts (2-3 second averaging tme). The tomado hazard
assessments used in this document are based on F-Scale wind speeds at 33 ft {10 meters)
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above ground in flat open country. The relationship developed by Durst (Reference E-3)
between wind speeds averaged over time t and mean hourly wind speed are used to con-
vert peak gust tornado wind speeds to fastest-mile wind speeds. For wind speeds greater
than 60 mph, the equivalent fastest-mile wind speed V, is given by:

m = 0.958 V,-11.34 (E-1)

where V, is the peak gust tornado wind speed.

Table E-1 F-Scale Classification of Tornadoes Based on Damage (Ref. E-2)

(FO)

LIGHT DAMAGE 40-72 mph (peak gust wind speed)

Some damage to chimneys or TV antennae; breaks branches off trees; pushes over shallow rooted
trees; old trees with holiow insides break or fall; sign boards damaged.

(F1)

MODERATE DAMAGE 73-112 mph (peak gust wind speed)

73 mph is the beginning of hurricane wind speed. Pesels surface off roofs; windows broken; trailer
houses pushed or overturned; trees on soft ground uprooted; some trees snapped; moving autos
pushed off the road.

(F2)

CONSIDERABLE DAMAGE 113-157 mph (peak gust wind speed)

Roof torn off frame houses leaving strong upright wall standing; weak structure Of outbuildings
demolished; trailer houses demolished; railroad boxcars pushed over; large trees snapped or uprooted;
light-object missiles generated; cars blow off highway; block structures and walls badly damaged.

(F3)

SEVERE DAMAGE 158-206 mph (peak gust wind speed)

Roofs and some walls torn off well-constructed frame houses, some rural builkdings completely demol-
ished or flattened; trains overtumed; stesl framed hanger-warehouse typé structures tom; cars kfted
off the ground and may roli some distance; mos! trees n a forest uprooted, snapped, or leveled;
block structures often leveled.

(F4)

DEVASTATING DAMAGE 207-260 mph (peak gust wind speed)

Waell-constructed frame houses leveled, lsaving pies of debns. structure with weak foundation kted,
torn, and biown off some Gistance. trees dedbarked by small irying debns. sand soll eroded and gravels
fiy in hugh winds; cars thrown some Gistances Of rebed consierable distance fnally 10 Gisintegrate,
large mussiles generated.

(F5)

INCREDIBLE DAMAGE 261-318 mph (peak gust wind speed)

Strong frame houses kited clear off founcation and camed consderable Gstance t0 Gisntegrale.
stesl-rentorced concrete structures badly Gamaged. Butomobuie-sized IMussies camed a ostance of
100 yards or more; trees Gebarked compietely, ncCredibls Dhenomens Can occwr

E.2.1 Wind Pressures

Wind pressures on structures (buildings) can be classified as extemal or intemal.

Extemnal pressures deveiop as air fliows over and around enciosed structures. The ar par-
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ticles change speed and direction, which produces a variation of pressure on the external
surfaces of the structure. At sharp edges, the air particles separate from contact with the
building surface, with an attendant energy loss. These particles produce large outward-
acting pressures near the location where the separation takes place. External pressures act
outward on all surfaces of an enclosed structure, except on windward walls and on steep
windward roofs. External pressures include pressures on windward walls, leeward walls,
side walls and roof.

Internal pressures develop when air flows into or out of an enclosed structure
through existing openings or openings created by airborne missiles. In some cases natural
porosity of the structure also allows air to fiow into or out of the building. Internal pres-
sure acts either inward or outward, depending on the location of the opening and the wind
direction. If air flows into the structure through an opening in the windward wall, a
“ballooning” effect takes place: pressure inside the building increases relative to the out-
side pressure. The pressure change produces additional net outward-acting pressures on
all interior surfaces. Openings in any wall or roof area where the extemal pressures are
outward acting allows air to flow from inside the structure: pressure inside the structure
decreases relative to the outside pressure. The pressure change produces net inward-
acting pressure on all interior surfaces. Intenal pressures combine with external pressures
acting on a structure’s surface.

With systems and components, interest focuses on net overturning or sliding forces,
rather than the wind pressure distribution. The magnitude of these forces is determined by
wind tunnel or full-scale tests. Also, in special cases associated with aerodynamically sen-
sitive SSCs, vortex shedding or flutter may need to be considered in design. Typical wind
sensitive SSCs include stacks, poles, cooling towers, utility bridges, and relatively
light-weight structures with large smooth surfaces.

Gusts of wind produce dynamic pressures on SSCs. Gust effects depend on the gust
size relative to SSC size and gust frequency relative to the natural frequency of the SSC.
Except for tall, slender structures (designated wind sensitve structures), the gust frequen-
cies and the structure frequencies of vibration are sufficiently different that resonance
effects are small, but are not negligible. The size (spatial extent) of a gust relative to the
size of the SSC contributes to the magnitude of the dynamic pressure. A large gust that
enguifs the entire SSC has a greater dynamuc effect on the SSC than a small gust that only
partially covers the SSC. In any event, wind loads may be treated as quas+statc loads by
including an appropriate gust response factor in calculatng the magnitude of the wind
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pressure. Straight wind, hurricane or tornado gusts are not exactly the same, but errors
owing to the difference in gust characteristics are believed to be relatively small for those
SSCs that are not wind sensitive.

The roughness of terrain surrounding SSCs significantly affects the magnitude of
wind speed. Terrain roughness is typically defined in four classes: urban, suburban, open
and smooth. Wind speed profiles as a function of height above ground are represented by
a power law relationship for engineering purposes. The relationship gives zero wind speed
at ground level. The wind speed increases with height to the top of the boundary layer,
where the wind speed remains constant with height.

E.2.2 Additional Adverse Effects of Tornadoes

In addition to wind effects, tornadoes produce atmospheric pressure change effects
and missile impacts from windbome debris (tornado-generated missiles).

Atmospheric pressure change (APC) only affects sealed structures. Natural porosity,
openings or breach of the structure envelope pemit the inside and outside pressures of an
unsealed structure to equalize. Openings of one sq ft per 1000 cu ft volume are suffi-
ciently large to permit equalization of inside and outside pressure as a tornado passes (Ref-
erence E-1 ). SSCs that are purposely sealed will experience the net pressure difference
caused by APC. APC, when present, acts outwardly and combines with extemal wind
pressures. The magnitude of APC is a function of the tangential wind speed of the tor-
nado. However, the maximum tomado wind speed and the maximum APC do not occur at
the same location within the tomado vortex. The lowest APC occurs at the center of the
tomado vortex, whereas the maximum wind pressure occurs at the radius of maximum
wind, which ranges from 150 to 500 ft from the tornado center. The APC is approxi-
mately one-half its maximum value at the radius of maximum wind speed. With APC act-
ing on a sealed building, intemal pressure need not be considered. The rate of APC is a
function of the tomado's translational speed, which can vary from § to 60 mph. A rapid
rate of pressure change can produce adverse effects on HVAC systems. Treatment of
these effects is beyond the scope of this document.

High winds and tormadoes pick up and transport vanous preces of debris, including
roof gravel, pieces of sheet metal, timber planks, plastic pipes and other objects that have
high surface area to weight ratics. These objects can be carried to heights up to 200 feet
in strong tomnadoes. Steel pipes. posts, light-weight beam sections and open web steel
joists having smalier area-to-weigh! ratios are transported by tomado winds, but occur less
frequently and normmelly do not reach heights above 100 ft. Automobiles, storage tanks,
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and railroad cars may be rolled and tumbled by severe tornado winds. In extremely rare
instances, large-diameter pipes, steel wide flange sections and utility poles are transported
by very intense tornado winds. These latter missiles are so rare that practicality precludes
concemn except for SSCs having lower probabilistic performance goals than Performance
Category 4, which are comparable to SSCs found in commercial nuclear power plants.

E.2.3 Effects on Structures, Systems, and Components

A structure as used herein is an element or collection of elements that provide sup-
port or enclosure of space, e.g. a building. The walls and roof make up the envelope of a
structure. Wind pressures develop on the surfaces of a building envelope and produce
loads on the support structure, which, in turn, transmits the loads to the foundation. The
support structure also must carry dead, live and other environmental loads.

Element failure is quite rare. More frequently the element connections are the source
of failure. A properly conceived wind-force resisting structure should not fail as a result of
the failure of a single element or element connection. A multiple degree of redundancy
should be provided in a ductile structure that allows redistribution of load when one ele-
ment or connection of the structure is overioaded. Ductility allows the structure to
undergo large deformations without sudden and catastrophic collapse. The structure also
must have sufficient: strength and stiffness to resist the applied loads without unacceptable
deflection or collapse.

Cladding forms the surface of the structure envelope. Cladding includes the materi-
als that cover the walls and roof of a structure. Cladding failure results in a breach of the
structure envelope. A breach develops because the cladding itself fails (excessive yielding
or fracture); the connections or anchorages are inadequate; or the cladding is perforated by
windbome missiles. Cladding is sometimes relied upon to provide lateral support for pur-
lins, gints or columns. Cladding may be an integral part of shear wall construction. if the
cladding or its anchorage fails, this lateral support s lost, leaving the elements with a
reduced load-carrying capacity.

Most cladding failures result from failure o! the fasteners or the matenal in the wicin-
ity of the fastener. Cladding failures initiate at locations of high local wind pressures such
as wall comers, eaves, ridges, and roof comers. Wind tunnel studies and damage
investigations reveal that loca! pressures can be one to five tmes larger than overall exter-
nal pressures.
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Breach of structure envelope resulting from cladding failure allows air to flow into or
out of the building, depending on where the breach occurs. The resulting internal pres-
sures combine with the external pressures, both overall and local, to produce a worse load-
ing condition. If the structure envelope is breached on two sides of the building, e.g. the
windward and leeward walls, a channel of air can flow through the building from one
opening to the other. The speed of flowing air is related to the wind speed outside the
building. A high-speed air flow (greater than 40 mph) could collapse interior partitions,
pick up small pieces of equipment or transport unconfined toxic or radioactive materials to
the environment. A breach can also lead to water damage due to rain.

Systems, consisting primarily of piping, utilities, and distribution configurations, are
more susceptible to wind damage when located outdoors. Electrical lines, transformers,
overhead pipe bridges, steam lines, storage tanks are examples cf wind vulnerable sys-
tems. Net wind forces are calculated for each element of the system. Channeling and
shielding may be a factor in complex facilities. Windbome missiles also pose a threat to
systems. Collapse or failure of less vulnerable SSCs could cause damage to more critical
ones.

Components, consisting primarily of equipment such as fans, pumps, switch gear,
are less wvulnerable to wind than earthquake forces, but can be damaged if exposed to fly-
ing debris.

E.3 Etfects of Flooding

E.3.1 Causes and Sources of Flooding and Flood Hazards

There are a number of meteorologic and hydrologic phenomena that can cause fiood-
ing at a site. For each cause or source of flooding, a facility may be exposed to one or a
number of flood hazards. In most cases, the principa! hazard of interest is submergence or
inundation. However, the damage potential of a flood is increased if there are impact or
dynamic forces, hydrostatic forces, water-borne debris, eic. Table E-2 lists the various
sources or causes of flooding that can occur and the particular hazards they pose. From
the table, one notes that many of the causes or sources of flooding may be interrelated
For example, flooding on a river can occur due to dam or levee failure or to precipitabon.

in most cases, flood hazards are charactenzed in terms o! the depth of fiooding that
occurs on site. Depth of inundation is the single most relevant measure of flood seventy.
However, the degree of damage that is caused by flooding depends on the nature of the
hazard. For example, coastal sites expenence significant damage due 10 wave achon
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alone, even if the site is not completely inundated by a storm surge. Similarly, high-
velocity flood waters on a river add substantially to the potential for loss of life and the
extent of structural damage. In many cases, other hazards - such as wave action,
sedimentation, and debris flow - can compound the damage caused by inundation.

Table E-2 Causes of Flooding

Source/Cause Hazard

River flooding/precipitation, snow melit, debris » inundation, dynamic forces, wave action, sedimentation, ice
jams, ice jams - loads

Dam failure/earthquake, flood, landslide, static Inundation, erosion, dynamic loads, sedimentation
fallure (e.g., internal erosion, failure of outlet

works)

Levee or dike failure/earthquake, fiood, static Inundation, erasion, dynamic loads, sedimentation
failure (e.g., internal erosion, subsidence)

Precipitation/storm runoff Inundation (ponding), dynamic loads (flash flooding)
Tsunami/earthquake inundation, dynamic loads

Seiche/earthquake, wind Inundation, dynamic loads

Storm surge, usually accompanied by wave linundation, dynamic loads

action/hurricane, tropical storm, squall iine

Wave action inundation, dynamic loads

Debris Dynamic loads

E.3.2 Flooding Damage

in many ways, flood hazards differ significantly from other natural phenomena. As
an example, it is often relatively easy to eliminate flood hazards as a potential contributor
to damage at a site through strict siting requirements. Similarly, the opportunity to etec-
tively utilize waming systems and emergency procedures to limit damage and personnel
injury is significantly greater in the case of flooding than it is for seismic or extreme winds
and tomadoes.

The damage to buildings and the threat to public heatth vary depending on the type
of flood hazard. In general, structural and nonstructural damage occur it a site is inun-
dated. Depending on the dynamic intensity of on-site flooding, severe structural damage
and complete destruction of buildings can result. In many cases, structural failure may be
less of a concem than the damaging effects of inundation on building contents and the
possible transport of hazardous or radioactive matenals.
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For hazardous facilities that are not hardened against possible on-site and in-building
flooding, simply inundating the site can result in a loss of function of critical components
required to maintain safety and breach of areas that contain valuable or hazardous materi-
als.

Structural damage to buildings depends on a number of factors related to the inten-
sity of the flood hazard and the local hydraulics of the site. Severe structural damage and
collapse can occur as a result of a combination of hazards such as flood stage level, flow
velocity, debris or sediment transport, wave forces, and impact loads. Fiood stage is quite
obviously the single most important characteristic of the hazard (flood stages below grade
generally do not result in severe damage).

In general, the consequences of fiooding increases as flooding varies from submer-
gence to rapidly moving water loaded with debris. Submergence results in water damage
to a building and its contents, loss of operation of electrical components, and possible
structural damage resulting from hydrostatic loads. Structural failure of roof systems can
occur when drains become clogged or are inadequate, and parapet walls allow water,
snow, or ice to collect. Also, exterior walls of reinforced concrete or masonry buildings
(above and below grade) can crack and possibly fail under hydrostatic conditions.

Dynamic flood hazards can cause excessive damage to structures that are not prop-
erly designed. Where wave action is likely, erosion of shorelines or river banks can occur.
Structures located near the shore are subject to continuous dynamic forces that can break
up a reinforced concrete structure and at the same time undermine the foundation. Build-
ings with light steel frames and metal siding, wooden structures, and unreinforced masonry
are susceptible to severe damage and even collapse if they are exposed to direct dynamic
forces. Reinforced concrete buildings are less likely to suffer severe damage or collapse.
Table E-3 summarizes the damage to buildings and fiood-protection devices that various
flood hazards can cause.

Table E-3 Flood Damage Summary

Hazard Damage

Submergence Water damage to buiding contents, Joss of slectnc power anc component tunc-
bon; settiements of Gies, levess. leves Overtopping

Hydrostatic  loads Cracking in walls and foundabon damage, pending on roofs thatl can cause cok-
lapse. fadure of levees and (hkes Cue 1O hydrosistc pressure end leakage

Dynarwc loads Erosion of embankments and undermwung of seawalls High Oynamsc loads can
Cause severs structural damage and eroson of Wwvees
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The transport of hazardous or radioactive material represents a major consequence of
on-site flooding if confinement buildings or vaults are breached. Depending on the form
and amount of material, the effects could be long-term and widespread once the contam-
inants enter the ground water or are deposited in populated areas.
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