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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: 

1. Selection of earthquake loading 

2. Evaluation of earthquake response 

3. Specification of seismic capacity and drift limits, (acceptance cntena) 

4. Ductile detailing requirements 

It is important to note that the above tour elements taken together comprise seismic 

design and evaluation criteria. Acceptable performance (i.e.. achivng performance goals) can 

only be reached by consistent specification of all design critena elements as shown m 

Figure 2-1. In order to achieve the target performance goals. these sesmirc design and 

evaluation criteria specify seismic loading in probabiistc terms The remaning elements of the 

criteria (uee Fig. 2-1) are deterministic design rules which are famdlar to design engineers and
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which have a controlled level of conservatism. This level of conservatism combined with the 

specification of seismic loading, leads to performance goal achievement.  

Deterministic Procedure Meet Performance 
Based on Industry Codes d Goal (consistent 

and Standards with DOE Safety 
Policy) 

Detailing 

Requirements 

Probabilistic± 
Basis Permissible 

(with historic check) Response 
Level 'I Response 

Evaluation 

Select 
Load 

Reasonable Level Concervatism Added 
of Hazard 

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 model building codes, with 

the exception that DOE requirements specity a 1000 year return period in the case of PC-2.  

Criteria for PC-3 are similar to those for Department of Defense Essential Facihbes (Ref. C-5) 

Tn-Services Manual. Criteria for PC-A approach the provisions for commercial nuclear power 

plants 

Setsmic loadin is defined in terms of a site-specffied design response spectrum (the 

DesigrnEvaluation Basis Earthquake, (DBE]). Eihr a stte-speciic design response spectrum 

specifically developed for the site, or a generc design response spectrum that is appropriate or 

conservative for the site may be used. Sews=ic hazard estimates are used to 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.  

Pa dAccel~er"O $w lovoo Irmeluency. H 

Ann"d Probsft ld Lzandomm wh browdamp, D-p*"~m nKp* 
a Smc _w_ Cive" 

Figure 2-2. Earthquake Input Exc•itaton Is Defined by Maximumn Ground Acceleration 
Anchoring Sft-Spoclf Response Spec"
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Table 2-1 Seismic Performance Categories and Seismic Hazard Exceedance Levels

For sites such as LLNL, SNL4-jvermore, SLAC, LBL, and ETEC, which are near tectonic plate boundaries.  

Performance Category 2 and lower SSCs may be seismically 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 tm history input rnotiorl 

2. The important natural frequencies of the SSC be estimated, or the peak 

of the design response spectrum be used as input. Mutt-roe effects 

must be considered.  

3. The resulting seismic induced inertal forces be appropnately distributed 

and a load path evaluation (see Section C-4.2) for structural adequacy be 

The words dynanic analysis approach* are not meant to npty that compex dynamic 

models must be used m the evaluation. Often equivalent static anatyss models are suffcient i 

the above listed three factors are incorporated However. use of such srmplied model for

2-4

Performance Mean Seismic Hazard Return Period 
Category Exceedance Levels, PH 

0 No Requirements 

1 2x1 0-3 500yr 

2 lx10-3  1000yr 

3 5x104 2000yr 

(lx1 0-3)1 (1 00yr)1 

4 10w-4  10,O00yr 

(2x1 0-4) (5000yr)1
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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-1 023 (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, Rw. Elastically computed 

seismic response is reduced by Rw 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 

building codes. The Interagency Committee on Seismic Safety in Construction (ICSSC.  

Ref. 2-4) has concluded that the following seismic provisions are equivalent for a given DBE: 

1. 1994 Uniform Building Code (Ref. 2-5) 

2. 1991 NEHRP Recommended Provtsmon (Ref 2-6) 

3. 1993 BOCA National Budding Code (Ref. 2-7) 

4. 1994 SBCCI Standard Building Code (Ref 2-8) 

These other model building codes may be followed provided sate-specfc ground mobon 

data is incorporated into the development of earthquake loading in a manner similar to that 

described in this document for the UBC.  

For Performance Category 3 and 4 SSC&. the seismic doesgn and evaluation cntena 

specify that soeiic evaluation be accompWsd by oywnic analysis 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, F9. However, strength and ductile detailing for the 

entire load path should be assured. Elastically computed seismic response is reduced by Fg 

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. In 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 (Ref. 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 all performance 

categones based on site charactenzation dimcussed m DOE-STD-1022 (Ref 

1-15) In the ntenm, Eastern U.S sates may use DOE-STD-1024. (Ref 2-23) 

Establish design basis earthquake from PH, (see Table 2-1) mean seismic 

hazard curve, and mneihan response spectra 

For sats with only PC-I or 2 SSC. and no sae-specific sewsmc hazard 

curve. obtain seismic coefficients from model builddrg codes.

24
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Demaind1 

}Capaity,3
DOE-ST7D.102O

I See Section C .4 for further d-scussio 
2. For eivaiuaucm of existing facikues. the strenth and detaling of the entire khad path must be 

checked pnor to asignmera of ductility reductio factor 

3. See Secton C.5 for further discussion 

Figure 2-3. DOE Seismic Design and Evaluation Procedure
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Minimum values of peak ground acceleration (PGA) shall be: 

0.06g for Performance Category 3 

0.1Og 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 

model 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: 

V=•ZICW (2-1) Rw 

where: Z = a seismic zone factor equivalent to peak ground acceleration, 

I = a factor accounting for the importance of the facility, 

C = a spectral amplification factor, 

W = the total weight of the facility, 

Rw = a reduction factor to account for energy absorption capability of 

the facility which results in element forces which represent 

inelastic seismic demand, DSI 

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

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

* Evaluate element forces. DSI, for earthquake loads.  

a. Static force method, where V is applied as a load distrbuted over the 
height of the structure for regular facilities, or dynamic force method for 
irregular facilts as descnbed in the UBC 

b. In either case, the total base shear is given by Equation 2-1 where the 
parameters are evaluated as follows: 

1. Z is the peak ground acceleration from ate-specifc semnic hazard 
curves at the followirg exceedance probaI ties id available:
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Performance Category 1 - 2x1 0-3 

Category 2 - lx10"3 

Otherwise, Z is obtained using UBC and adjusted per the procedures 

provided in DOE-STD-1023.  

2. C is 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 

1 
C 
0 

0.75 

0.5

0.25 I

0
0 0.5 I 1.5 2 

Period {'seconds1

Figure 2-4. Example Desagi/Evaluation Earthquake Ground Motion Response Spectrum
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For systems and components, spectral amplification 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-1 024 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. Importance factor, i, should be taken as: 

Performance Category 1, I = 1.0 

Performance Category 2, I = 1.25 

5. For structures, reduction factors, RW, are shown in Table 2

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

"* Combine responses from various loadings (DNS and DS1) to evaluate 

demand, DTI, 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 ultimate 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 

allowable stress design is used. Minimum specified or 95% non

exceedance in-situ values for material strengths should be used for capacity 

estimation.  

" Compare demand. DTI. with capacity, CC. for aD SSCs. If DTI i less than 

or equal to CC. the facility satisfies the seismic force requirements If DTI is 

greater than CC. the facility has inadequate seismic resistance.
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Table 2-2. Code Reduction Coefficients, Rw 

Structural System Pw 

(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) 8 

Steel Ordinary Moment Resting Frame 6 

Concrete Ordinary Moment Resisting Frame 5 

SHEAR WALLS 

Concrete or Masonry Walls 8(6) 

Plywood Walls 9(8) 

Dual System, Concrete with SMRF 12 

Dual System, Concrete with Concrete IMRF 9 

Dual System, Masonry with SMRF 8 

Dual System, Masonry with Concrete IMRF 7 

STEEL ECCENTRIC BRACED FRAMES (EBF) 

Beams and Diagonal Braces 10 

Beams and Diagonal Braces, Dual System with Steel SMRF 12 

CONCENTRIC BRACED FRAMES 

Steel Beams 8(6) 

Steel Diagonal Braces 8(6) 

Concrete Beams 8(4) 

Concrete Diagonal Braces 8(4) 

Wood Tiusses 8(4) 

Beanm and Diagonal Braces. Dual Systerms 

Steel with Steel SMRF 10 

Concrete with Concrete SMRF 9 

Concree with Concret IMRF 6 

Note: Values herein asaume good sesw detailing practc per the UBC aong with reasonably unfiorm orwieas, 
behavir. Oherwse ower values ehoiid be used.  

Values m inpareheses apply to beanng wall sysems or systwm in whch bracpi camesgravity oea 

Evaluate story drifts (i.e.. the displacemerd of one level of the structure 
relative to the level above or below due to the den esmc torces).  
mictudng both translation and torsion. Calculated story dntt shouLd not 
exceed 0.04/Rw times the story heght nor 0005 tanes the story heght kx 

buildings with a fundamental period Iess than 0.7 seiornd. For more 
flexible buiklings, the calculated story dnft should not exceed 003/Rw nra 

0.004 tWmes the story height. Note that these Story drifts are calculated from
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seismic loads reduced by RW 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 0.1 1g 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, DNS. for the non-seismic loads expected to be 

acting concurrently with an earthquake.  

"* Calculate the elastic seismic response to the DBE, D,. 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 detailng. 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 dynamic analysis must consider 3 

ortooal components of earthquake ground motion (two horizontal and 

one vertical). Responses from the vanous cdrection components shall be 

combined in accordance with ASCE 4. Incklde. as appropnate, the 

contibuton from seismic anchor motion. To determine response of SSC& 

which use FI > 1, note that for fundamental penods lower than the period at 

which the maximum spectral amplification occurs, the maximum spectral 

acceleration should be used. For hogher modes. the actual spectral 

accelerations should be used
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Calculate the inelastic seismic demand element forces, DSI, as 

Dsi = SF s (2-2) F9 

where: FR = 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 

= 1.25 for 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, Fp values are not provided for systems and 

components. It is recognized that many systems and components exhibit 

ductile behavior for which Fp values greater than unity would be appropriate 

(see Section C.4.4.2). Low Fg values in Table 2-4 are intentionally specified 

to avoid brittle failure modes.  

Evaluate the total inelastic-factored demand DTI as the sum of DS, and DNS 

(the best-estimate of all non-seismic demands expected to occur 

concurrently with the DBE).  

Dn = Ds + Ds (2-3) 

Evaluate capacities of elements, CC, from code uhimate or yield values 

Reinforced Concrete 

Use UBC Chapter 19 

Steel 

Use UBC Chapter 22 Standards 

- LRFD provsons, or 

- Ptastic Design provsons, or 

- Ablowable Stress Design prvso scaled by 1 4 tor shear m 

members and bolts and 1.7 for ali other stresses 

Refer to References 2-9 and 2-10 tor related rxustry standards Note that 

strength reduction factors, #. are retained. Minimum speced or 95%
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nonexceedence in-situ values for material strengths should be used to 

estimate capacities.  

The seismic capacity is adequate when Cc exceeds DT, i.e.: 

CC > DTI (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 Fp 

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 Fp 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 Fp. Basic UBC seismic 

detailing provisions shall be followed If the PGA at PH is 0.1 Ig or less. UBC 

Seismic Zone No. 2 provisions should be met when the PGA at PH is 

between 0.12 and 0.24g. UBC Seismic Zone Nos 3 & 4 provisions should 

be followed when th PGA at PH is 02.5g or more.  

Implement peer review of engineenng drawings and calculatio•i (rxcludmg 

proper applicaton of FI values). increased Inspecton and testing of new 

constucton or existg facihies.
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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 analyses are presented in Table 2-3 at three 
different response levels as a function of DT/Cc.  

DT is the elastically computed total demand, 

DT= DNS + DS (2-5) 

and Cc is the code specified 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 Dr/Cc 

3*s 21.0 
2" -,0.5 to 1.0 

V" S<0.5 

Consadermaon of thOse danpNg leve•s a Sq ory in the qreabon of hoo or a,,med response 
splecta to be used as wuts tOt~g)Oeqt mounxed an W suh4poeo stuctue For wnatylm of 
stumre mclutlg nmsgtructurg wtembmn eflec= (wc C.4.3). D9Cc ratos for the best esurnst. case 
"UreI be uLO to etere msporne lewe 

-OrVyt be usemd tr puywn Ow adeqwy of e SSCS wit• aseOuMe oslfe e e 
Howeer. tunWonhsy of SSCe in PC-3 and PC-4 mus be gven •ae am conw abon
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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 5 5 

Massive, low-stressed components 2 3 
(pumps, motors, etc.) 

Light welded instrument racks 2 3 

Electrical cabinets and other equipment 3 4 

Liquid containrg metal tanks 

Impulsve mode 2 3 4 

S wistung mode 0.5 05 0.5 

"Should not be stressed to Response Level 3. Use dapinpg tor Response Level 2.  

"May be used for arctorage and structural failure modes whch are accompanied by at easM some 
rneia.ic response Response Level 1 awmpi values should be used tfo t•unctional laum mOdes 
Such as reay chatter or relative d•splaoemert misues which may occur at a low cabinet stress le 

Cable s more than one hall tul a loose cables may use 10% of critica darrmp'
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Table 2-4 Inelastic Energy Absorption Factors, FI 

Structural System Fj 
(terminology Is Identical to Ref. 2-5) 

MOMENT RESISTING FRAME SYSTEMS - Beams 
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 2.5 
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 Diagonal 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 Diagonal Braces, Dual Systems 
Steel with Steel SMRF 2.75 
Concrete with Concrete SMRF 2.0 
Concrete with Concrete IMRF 1.4 

METAL LIQUID STORAGE TANKS 
Moment and Shear Capacity 1.25 
Hoop Capacity 1.5 

Note: 1. Values herein assume good seismic detailing practice per Reference 2-5, along with reasonably uniform 
inelasc behavior. Otherwise. lower values should be used 

2. Fp for columns for all structural systems is 1.5 for flexure and 1.0 for ax•il corrtiessaon and shear- For 
colufns Stsptcted to co0tneI axial compression and bending. ineraction formuilas shall be used 

3. Connections for steel concentnc braced frames should be designed for at least the lesser at 
The emse strength of the bracing 
The force m the brace corresponding to FIJ of unity 
The nmuium force that can be transfee to the brace by the stuctural system.  

4. Connections for steel moment frames and ecoent• c bra ed frames and corections for c em.e.  
masonry. and wood structural systems rssol ftollow Reference 2-S provisions utilzing the prielicre 
seismic ioatds frm these cntena and the strength of the connecting merrTers In genera connections 
should develop the strength of the connecting members or be oesgned for mewner forcPs corresponding 
to Fjj of unty, wtmichever is less.  

S. Fi for ctevron, V, and K bracing is 1.5 K bracg requires speal consideration for any bkk'litg Z s 
0.25g 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, of: 

Fp = ZIpCpWp (2-8) 

where: Wp = the weight of element or component 

Cp = a horizontal force factor as given by Table 16-0 of the UBC for ngid 

elements, or determined from the dynamic properties of the element 

and supporting structure for nonngid 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 16-0, but need not exceed 2 0) 

The lateral force determined using Equation 2-8 shall be distrbuted in proportion to the 

mass cistribution of the element or component Forces determined from Equabon 2-8 shan be 

used for the design or evaluation of elements or components and te connections and 

anchorage to the structure, and for members and connections that transfer the forces to the 

seismc-resistiirg systems. Forces shall be applied in the horizontal direction that results in the 

most critical loacings for designVevaluation.
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Note that DOE-STD-1 020 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-1 020 for equipment located 
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 alternative 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). It 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, it is 

acceptable to use a single envelope spectrum of all locabons as the input to all supports to 

obtain the inertial loads. Alternatively, there are analytical techniques available for using 

different spectra at each support location or for using different input time histories at each 

different support.  

Seismic Anchor Motion 

The seismic anchor motion (SAM) component for seismic response is usually obtained 

by conventional static analysis procedures The resultant component of stress can be very 

signifcant If ft relative motions of the support points are quite different. If all supports of a 

structural system supported at two or more points have identical excitakion, then this component 

of seismic response does not exist For multiply-supported components with different seismic 

inputs, support displacements can be obtained either from the structural response calculabons 

of the supporting structure or from spectral displacement determnd from Vte floor response

2-19



DOE-STD-1 020-94

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 

rule(R = (Rinertia) 2 +(RsAM) , 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 Z! (1.1)(In-Structure Spectra) for PC-2 and lower 

RRS > (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. If 

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, seismic qualficaboin will generally be 

performed by analysis or testing as discussed m the previou secbons. However. for existfng 

systems and components, it is antipated that many items will be judged adequate for seisnmc 

loadings on the basis of seismic expenence data wMhout analysis or testing Sesmic expenence 

data has been developed in a usable format by ongoing research programs sponsored by the 

nuclear power industry. The references for this work are the Senior Seismic Pevw and 

Advisory Panel (SSRAP) report (Ref 2-12) and the Genenc Impkeetation Procedure (GIP) for 

Seismic Verficabon of Nuclear Plant Equpment (Ref 2-13) Note that there ar numenrus 

restnctiors (*caveats*) on the use of this data as descnbed in the SSRAP report and the GIP It
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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 manufacturers' recommendations or sources such as 

sde-specific tests or Reference 2-15. Design-allowable strength values typically include a factor 

of safety of about 4 on the mean ultimate capacity of the anchorage. It is permissible to utihze 

strength values based on a lower factor of safety for evaluation of anchorage in existing 

faciities, provided the detailed inspection and evaluation of anchors is performed in accordance 

with Reference 2-15. A factor of safety of 3 is approprate for this situabon When anchorage is 

modified or new anchorage is designed, design-allowable strength values including the factor of 

safety of 4 shall be used. For strength considerations of welded anchorage, AISC allowable 

values (Ret. 2-10) multiplied by 1.7 shall be used. Where shear m the member governs the 

connectio strength. capacity shall be determined by mulbptyng the AISC allowable shear 

stress by 1.4.  

Stiffness 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 flexibility 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 facility 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 materials. Input from safety 

personnel and/or accident analyses should be used as an aid in determining safety prionties.  

The evaluation of existing facilities for natural phenomena hazards can resuht in a 

number of options based on the evaluabon results. If the existing tacility can be shown to meet 

the design and evaluation cMitena presented in Sections 2.3.1 or 2.32 and good seismic design 

pracbce 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 

evaluaton criteria of this chapter. a back-fit analysis should be conducted. Several alternatives 

can be considered:
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1. If 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. Aiternatively, 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/Evaluabon Basis 

Earthquake (SDBE) defined by: 

SDBE= (15SFXDBE) (2.7) 

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

The seismic evaluation and acceptance criteria presented in this section has intentional 

and controlled conservatism such that the target performance goals are achieved. 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 Wput 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

1

1 For ses such as LLNL. SNL-LNmre. SLAC. LBL & ETEC wfuci are noa tecoc plat boaunss
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Hazard Exceedance 
Probability, PH

Damping for 5% Table 2-3 

Structural Evaluation 

Acceptable Analysis Static or dynamic force method Dynanic analysis 
Approaches for Structures norm'alized to code level base shear 

Analysis approaches for UBC Force equation for equiprenm anm Dynarmic analysis using in-structure 
systems and corrponents non-structural elements (or more response sp4ctra (Damping from Table 

rigorous approach) 2-3) 

Importance Factor i,1.0 ,11.25 Not used 

Load Factors Code specified load factors appropriate Load factors of unity 
for structural material 

Scale Factors Not Used SF a 1.0 SF - 1.25 

Inelastc Energy Absorption Accounted for by Rw from Table 2-2 FIJ from Table 2.4 by which elastic 
Rabots response a rsioced to account for 

permsissbi meratsc behasvo 

Mate" Strengt Mnrwvum specdfed or 95% nort-exceedaince in-stu vakles 

Structural Capacity Code ultimate sength or allowable Coos ultimate strength or 
behavior . Iee Vnil-state Novel 

Ouakty Assurance Program Requred wihn a graded approacn (i •. wet wncreas0ng ngor ranging from USC 
_____________ requiremrents from PC- I to nucear power plard requsrrnemen for P0-4) 

POee PRevew Not R red Required w a raeOd approach (i.e.. wit remai ngor 
rangn fom UBC requarert trom PC-2 to nurcar powr 

I I plan eauofwm l for PC-4)

Median amplificatioa 
(no conservative bias)

Response Spectra



DOE-STD-1 020-94

2.6 References 

2-1. Kennedy, R.P. and S.A. Short, Basis for Seismic Provisions of DOE-STD-1020, 
UCRL-CR-1 11478 Revision 1, prepared for Lawrence Livermore National Laboratory, 
April 1994.  

2-2. Newmark, N. M. and W. J. Hall, Development of Criteria for Seismic Review of 
Selected Nuclear Power Plants, NUREG/CR-0098, U.S. Nuclear Regulatory 
Commission, May 1978.  

2-3. American Society of Civil Engineers (ASCE), Seismic Analysis of Safety-Related 
Nuclear Structures and Commentary on Standard for Seismic Analysis of Safety
Related Nuclear Structures, Standard 4, September 1986.  

2-4. Guidelines and Procedures for Implementation of the Executive Order on Seismic 
Safety of New Building Construction, ICSSC RP 2.1-A, NISTR 4-852, National 
Institute of Standards and Technology, June 1992.  

2-5. Uniform Building Code, International Conference of Building Officials, Whittier, CA, 
1994.  

2-6. NEHRP Recommended Provisions for the Development of Seismic Regulations for 
New Buildings, 1991 Edition, FEMA 222, Federal Emergency Management Agency 
and Building Seismic Safety Council, Washington, DC, January 1992.  

2-7. Building Officials and Code Administrators International (BOCA), National Building 
Code, 1993.  

2-8. Southern Building Code Congress International (SBCCI), Standard Building Code, 
1994.  

2-9. American Institute of Steel Construction, Manual of Steel Construction, Load & 
Resistance Factor Design (LRFD), First Ed., Chicago, IL, 1986.  

2-10. American Institute of Steel Construction, Manual of Steel Construction, Allowable 
Stress Design (ASD), Ninth Ed., Chicago, IL, 1989.  

2-11. Institute of Electrical and Electronic Engineers. ANSIIEEE 344. IEEE Recommended 
Practice for Seismic Qualification of Class 1E Equipment for Nuclear Power 
Generating Stations, New York. NY, 1987.  

2-12. Kennedy. R.P., W.A. Von Riesemann, P. Ibanez, AJ. Schiff, and LA Wyllie, Use of 
Seismic Experience and Test Data to Show Ruggedness of Equipment in Nuclear 
Power Plants, Senior Seismic Review and Aodviory Panel, SAND92-0140 UC-523.  
SandM National Laboratory. June 1992.  

2-13. SOUG. Generic Implementation Procedure (GIP) for Seismic Veriflcation of 
Nuclear Plant Equipment. Revison 2 Sesmnic Ouaificabon Ublty Group, 1991.  

2-14. Ameencan Concrete Institute. Code Requirements for Nuclear Safety-Related 
Concrete Structures (ACI 349-45) and Commentary - ACI 349R-85. Detrot. Mi.  
1985.5 

2-15. UBC Corporation/John A. Blume & Associates. Engineers Seismic Verification of 
Nuclear Plant Equipment Anchorage Volumes 1, 2.3 and 4. Revision 1 EPRI Report 
NP-5228. Prepared for Ekectnc Power Research Institute. Palo Alto. CA-. June 1991

2.25



DOE-STD-1 020-94

2-16. Guidelines for Identification and Mitigation of Seismically Hazardous Existing 
Federal Buildings, NISTIR 890-4062, ICSSC RP-3, National Institute of Standards and 
Technology, U.S. Department of Commerce, Gaithersburg, MD, March 1989.  

2-17. Standards of Seismic Safety for Existing Federally Owned or Leased Buildings 
and Commentary, NISTIR 5382, ICSSC RP4 National Institute of Standards and 
Technology, U. S. Department of Commerce, Gaithersburg, MD, February 1994.  

2-18. Seismic Design Guidelines for Upgrading Existing Buildings, a Supplement to 
Seismic Design of Buildings, Joint Departments of the Army, Navy, and Air Force, 
USA, Technical Manual TM 5-809-10-2/NAVFAC P-355.2/AFM 88-3, Chapter 13.2, 
December 1986.  

2-19. Applied Technology Council (ATC), ATC-14, Evaluating the Seismic Resistance of 
Existing Buildings, Redwood City, CA, 1987.  

2-20. Applied Technology Council (IATC), ATC-22, A Handbook for Seismic Evaluation of 
Existing Buildings, Redwood City, CA, 1990.  

2-21. Horn, S., R. Kincaid, and P.I. Yanev, Practical Equipment Seismic Upgrade and 
Strengthening Guidelines, UCRL-15815, EQE Incorporated, San Francisco, CA, 
September 1986.  

2-22. U. S. Department of Energy, Natural Phenomena Hazards Assessment Criteria, 
DOE-STD-1023-95, Washington, D. C., September 1995.  

2-23. U.S. Department of Energy, Guidelines for Use of Probabilistic Seismic Hazard 
Curves at Department of Energy Sites, DOE-STD-1024-92, Department of Energy 
Seismic Working Group, December 1992.  

2-24. NEHRP Recommended Provisions for the Development of Seismic Regulations for 
New Buildings, 1994 Edition, FEMA 222A, Federal Emergency Management Agency 
and Building Seismic Safety Council, Washington, DC. 1995.

2-26



DOE-STD-1020-94

Chapter 3 
Wind Design and Evaluation Criteria 

3.1 Introduction 

This chapter presents a uniform approach to wind load determination that is applicable 
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 tornado 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 tornado winds at annual exceedance probabilities greater than 
approximately 1x10 4 . Since model codes specify winds at probabilities greater than or equal to 
lx 10-2, tornado design criteria are specified only tor SSCs in Performance Categones 3 and 
higher, where hazard exceedance probabilities are less than lx10"2 .  

In determining wind design criteria for Performance Categones 3 and higher, the first 
stop is to determine if tornadoes should be included in the critena The decision logically can be 
made on the basis of geographical location, using historical tornado occurrence records.  
However. since site specific hazard assessments are available for the DOE sites, a more 
quantitative approach can be taken, Detais of the approach are presented m ApperKhx D The 
annual exceedance probabdity at the intersection of the straight wind and tornado hazard 
curves is used to deterrmne if tornadoes should be a pan of the design cntena It t1he 
exceedance probabiiy at the intersection of the curves i greater than or equal to 2x10" te 
tornado desgn cntena are specified. By these cntena. tornado wind speeds are determined at 
2x10" for PC-3 and 2x10" for PC-4. If the exceedance probability a less than 2x10" onty the 
effects of straight winds or humcanes need be considered For stsaght winds and hurrcanes.  
wind speeds are determined at 1x10 3 for PC-3 and lx10-4 for PC-4.
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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 x1 0-2 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 tornado depending on 

which speed is specified in Table 3-2.  

Most loads, other than dead loads, vary significantly with brme. When these variable 

loads are combined with dead loads, their combined effect could be sufficient to reduce the risk 
of unsatisfactory performance to an acceptably low level. When more than one variable load is 

considered, It is unlikely that they will al attain their maximum value at the same time.  

Accordingly, some reduction in the total of ft combined load effects is appropriate. This 

reduction is accomplished through load combination mult•ication tactors as given in the 

appropnate matenal-specific national concensus design standard
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Table 3-1 Summary Of Minimum Wind Design Criteria

I Y
41Performance Cateaorv

"*See ASCE 7. Table 5 (Ref. 3-1) for wrnporance factors to be used for all categones if the facdsly is prone to 
huricanes or within 100 rrmles of Gulf of Mexico or Anantc coasmes.

3-3

Hazard 
Annual Probability 2x1 0.2 2x1 0.2 lx 0-3 1 x1 0-4 

of Exceedance 
w 
i Importance 1.0 1.07 1.0 1.0 
n Factor* 
d 

Missile Criteria NA NA 2x4 timber plank 15 lb 2x4 timber plank 15 lb 
@50 mph (horiz.); max. @50 mph (horiz.); max.  

height 30 ft. height 50 ft.  

Hazard Annual 
Probability of NA NA 2x1 0- 2x1 0-6 

Exceedance 
Importance Factor* NA NA I = 1.0 1 = 1.0 

APC NA NA 40 psf 0 20 psf/sec 125 psf @ 50 psf/sec 

T 
0 2x4 timber plank 15 lb @ 100 2x4 timber plank 15 Ib @ 150 
r Missile Criteria NA NA mph (horiz.); max. height mph (horiz.), max. height 
n 150 fI; 70 mph (vert.) 200 ft.; 100 mph (vert.) 
a 
d 3 in. dia. std. steel pipe, 75 lb 3 in. dia. std. steel pipe, 75 lb 
o 0 50 mph (horiz.); max. 0 75 mph (horiz); max.  

height 75 ft, 35 mph (vert.) height 100 ft, 50 mph (vert) 

3,000 lb automobile 0 

1 1 1 1 25 mph. rolls and tumbles
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Table 3-2 Recommended Basic Wind Speeds for DOE Sites, in miles per hour

Performance Category

rawi-- I 55EV .f||nU / 10 I. wl"lH| |= 

1 2 3 4

Wind Wind Wind Tornado
4

Wind Tornado
4

DOE PROJECT SITES 2x1 0-2 2x1 0-2 lx1 0-3 2x1 0-5 x 10-4 2x10-6 

Kansas City Plant, MO 72 72 -- 144 - 198 

Los Alamos National Laboratory, NM 77 77 93 - 107 

Mound Laboratory, OH 73 73 - 136 - 188 

Pantex Plant, TX 78 78 - 132 - 182 

Rocky Flats Plant, CO 109 109 138 (3) 161 (3) 

Sandia National Laboratories, NM 78 78 93 - 107 

Sandia National Laboratories. CA 72 72 96 - 113 

Pinellas Plant, FL 93 93 130 - 150 

Argonne National Laboratory-East, IL 70(1) 70(1) - 142 - 196 

Amonne National Laboratory-West. ID 70(1) 70(1) 83 - 95 

Brookhaven National Laboratory, NY 70(1) 70(0) - 95(2) - 145 

Pnnceton Plasma Physics Laboratory, NJ 70(1) 70(1) - 103 - 150 

Idaho National Engineering Laboratory 70(0) 70(1) 84 - 95 

Feed Materials Production Center. OH 70(1) 70(1) - 1- 192 

Oak Ridoe. -I 0•, K-25. and Y-12. TN 700. ) 70(1) - 113 -1 

Paducah Gaseous Ditfusion Plant, KY 70) 70(0) - 44 19 

Portsmouth Gaseous Diffuson Plant. OH 700) 700') - !110 -166 

Nevada Test Site. NV 72 72 _7 - 100 

Hanford Protect Site WA 7001) 1 700) - 90o.) 

Lawrence Berkeley Laboratory. CA 72 72 95- 111 

Lawrence Lewnorwe Natonal Lab CA 72 72 96 - 113 

LLNL Sne 300- CA 80 80 1 104 -25 

Enercgy Th•chroloo & Ernaneerna Center CA 70•I) "V') - 95(21 - II 

Starnora Linear AcceferatO Center- CA 72 72 95 - 112 

Savnna Rvr Sie- SC 78 7 - 137 - 192

NOTES: 

(1) Mmwn-m r~a wrid saeed 

(2) Mwmjm Wmado peed 

(3) = !j Mww~ow e at Rocky Fiats because Vw potC wi al lore tOrao stk is hPh. it s 
=Ibe sigtd la or Wado flW9de APC need rO be wwIOead 

(4) Tornado wped rcdeues roMaonal a"d trarabona) @e"Oct$ 

(5) HumcM e acvnu• ft as per Tabie 3-1.

M- 0 -* ha~ll• IRI/;A a -- A~•l #in t U~ 1 61#n
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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 loss, 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 2x1 0-2 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. Internal pressures on components and 
cladding develop as a result of unprotected openings, or operungs created by wind forces or 
missiles. The worst cases of combined internal and external pressures should be considered in 

wind design as required by ASCE 7.  

SSCs in Performance Category 1 may be deigned by either allowable stress design 
(ASD) or strength design (SD). Load combinations shaD be considered to determune the most
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unfavorable 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 II), 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 2x1 0-2 is specified for this Performance 

Category, but an importance factor of 1.07 in effect lowers the annual exceedance probability to 
lx1 0-2. 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 for 

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 I are the 

same for Performance Category 2.  

3.2.3 Performance Category 3 

The performance goal for Performance Category 3 SSCA requires more rigorous criteria 

than is provided by national standards or model buikding codes. In some geographic regnris, 

tornadoes 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 1 xi 0-3. 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 evaluated 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 tor objects or debris that could be 
picked up by straight winds. hurrcanes or weak tornadoes. A 2x4 timber plank weighing 15 lbs 
is the specified missile. This midssie represents a class of rrssiles transported by straight 
winds, hurricanes and weak tornadoes. Recommended impacl speed is 50 mph at a maximum 
height of 30 ft above ground. The missile will break annealed glass. It will perforate sheet metal 
siding, wood siding up to 3/4-in. thick, or form board. The missile could pass through a window 
or weak extenor wall and cause personal rinury or damage to interior contents of a buildng 
The specified missile will not perforate unremforced concrete masonry or brick veneer walls or 
other more substantial wall construction. See Table 3-3 Ior recomended wall barners (Ref. 3

7).
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Table 3-3 Recommended Straight Wind Missile Barriers 

for Performance Categories 3 and 4 

Missile Criteria Recommended Missile Barrier 

2x4 timber plank 15 lb @ 50 8-in. CMU wall with trussed horiz joint reinf 
mph (horiz.) @ 16 in. 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 middle of 
above ground slab 
Performance Category 4 

Tornadoes 

For those sites requiring design for tornadoes, the criteria are based on site-specific 

studies, as presented in Reference 3-2. An annual exceedance probability of lx10- 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 tornado wind speed associated with an annual exceedance probability 

of 2x1 05 is recommended for Performance Category 3. The wind speed obtained from the 

tornado hazard curve is converted from peak gust to fastest-mile; use importance factor of 1.0 

for Performance 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.  

E)q)osure Category C should always be used with tornado winds regardless of the actual terrain 

roughness. Unconservative results will be obtained with exposure B. Tornadoes 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 coeffients, 

are used to obtain tornado wind pressures on vanous surfaces of structures. Net pressure 

coefficients are applicable to systems and components. On structures, a distinction i made 

between main wund-force resisting systems and components and cladding 

if a structure is not intentionally sealed to maintain an internal negative pressure for 

confinement of hazardous materials. or. if operVngs greater than one square foot per 1000 cubic 

feet of volume are present or, if openings of this size can be caused by mnssile perforation, then 

the effects of internal pressure should be considered according to the rules of ASCE 7 If 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 tornado, 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, little 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 + WO) 

(b) 0.62 (D +L+ Lr Wt) 

(c) 0.62 (D + L + Lr + Wt + T) (3-1) 

Aiong with nominal material strength and strength reduction factors, the following SD 
load combinations for Performance Category 3 shall be considered: 

(a) D+Wt 
(b) D+L+Lr÷Wt 

(c) D+L+Lr.Wt+T (3-2) 

where: 

Wt - tornado loading. inluding APC, as appropnate.  

The notation and rationale for these load combtmabons are explaned in Appendix D.  

Careful attenbon should be paid to the details of contruction. Conbnuous load paths 
shal be maintained, redundancy shaD be built into load-carng structural systems, ductility 
shall be provided in elements and connections to prevent sudden and catastrophic tagures.
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Two tornado missiles are specified as minimum criteria for this Performance Category.  

The 2x4-in. timber plank weighing 15 lbs 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 failing 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 lbs. 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 Critena Recommended Missile Barrier 

Horizontal Component 

2x4 timber plank 8-in. CMU wall with one #4 rebar grouted in each vertical cell and trussed 
15 lb @ 100 mph honz joint reinf 16 in. on center 

max. heVigt 150 fL Single wythe brick veneer attached to stud wall with metal ties 
above ground 

4 in. concrete sLab with #3 rebar @ 6 in. on center each way in middle of 
slab 

Vertical ConTonent: 

24 timber plank 4 m. concrete slab with #3 reoar @ 6 in. on center each way in muddle of 
151b 0 70 rrph ab 

Honzontal Corrponent: 

3-m. diameter 12-in. CMU wan with "4 rebar in each vertical coo an" grouted. "e mar 
steel pipe 75 Ib horizontal 0 8 in. on cen~er 
0 50 rnph 

max. hte~wt 75 ft Norna• 12-m wall conisting of 8-in CMU with 84 rebar in each vertical 
above ground ces and groutaed " rebar horizonntal 8in on cener. woge wythe brck 

mrasorvy on ou ts• l•ace. horizontal es @ 16 o. on center 

9.5- in rftorced brick cavity wal with 4 rebar 0 8 in on center each 
way m the cavity cavity iled wti 2500 PO concreW. hornzona ties 0 
16 m. oncontr 

$-on co•crete slab wd e4 bar 0 0 in. on center each way pLac" 1.5 
in trom each lace 

Vertical Cotponer 

3-in �rwW at" pipe 75 Rb 6-si woce a hlab wil4r ber 0 12 in onmler each way I. i tram 
5 3smoW ; 75e tla
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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 1 x10-4. 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 specifed (Table 3-3). except the maximum 

height above ground is 50 ft instead of 30 ft for Performance Category 4.  

Tornadoes 

For those sites requiring design for tornadoes, the criteria are based on site-specific 

studies as presented in Reference 3-2. Again, as with Performance Category 3. an annual 

exceedance probability of Ux10"4 could be justified. However, for the same reasons given for 

Performance Category 3. a lower value is recommended. The basic tomado wind speed 

associated with an annual exceedance probability of 2x10.6 and an importance factor of 1.0 is 

recommended. (Note: In UCRL-15910, the design wind speed was determined by selecting a 

wind speed associated with an exceedance probability of 2x105 and multplpying by an 

Oinportance factor of 1.35). The latter approach gives a more consitern 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 lbs and is assumed to travel in a 
horizontal direction at speeds up to 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 lbs. 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-lb 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 Missile Barriers 
for Performance Category 4 

M",le Cmena Recorrvnrndcld Mamssie Barrer 

Horizontal Cornponent: 

2x4 bmber plank 6 m. concrete slab with " rebar @ 6 i on center each way in "mWde ol 
15 t) a 150 r" sltab 

max. heI•g 200 f 8-Fn. CMU wall with one 04 robar grouted in each vertical cel and horiz 
above grunw tuejoint re" 0 16 on. on cener 

Veanicoamlononer.  
2x4 btrber plank 4 m. concrte slab wth 93 robar @ 6 in On ceter each way in nmdCfe o0 
15 1b 0 100 R" slab 

ionzonral CondonwT 
3-n,. diamer I 0-in concrete slab with robar 0 12 in. on e~rer oac way placed 1.5 
steel pipe 75 Ib in. froam tac lace 
@-75 r e1r 
max. hetgft 100 ft.  
above grun 

Vertical Conponsr 
3-in diwviWstereepipe 75lb 8-m. concrete slab with " lobarO Sain ancemaereachi waypl"we 1.5 
__ _ __ _ __ _ Iin tram I msd la
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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 

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

missile loads 

(g) Minimize or eliminate the potential for windbome 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 
calculate 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 allows release of toxic materials to the environment or results in wind and water 
damage to the building contents. The structural system of many old facilites (25 to 40 years 
old) have considerable reserve strength because of conservatim used in the design, which 
may have included a design to resist abnormal effects However. the facility could stil fai to 
meet performance goals if breach of the building envelope is not acceptable 

The weakest link in the load path of an SSC generally detenmaes the adequacy or 

inadequacy of the performance of the SSC under wind load. Thus. evaluation of existig SSCs 
normally should focus on the strengths of connectos and anchorages and the ability of the 

wand 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 I is 

essentially a screening process and should normally be performed before proceeding to Level 

II, which is a detailed evaluation. The Level II process is described below. The steps include: 

(a) Data collection 

(b) Analysis of element failures 

(c) 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 allow an estimate of the degree of 

conservatism in the design, Hf 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, various element 

failures of the SSCs are postulated. Nominal strength to just resist the assumed element failure 

is calculated. Since the nominal strength is at least equal to the controlling 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 to cause all plausible failure modes are calculated and 

tabulated. The weakest link is determined from tie tabulaton of element failures. These are 

then used in the next step to determine 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 could 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 windbome 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 Performance 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 below, but the list is not exhaustive: 

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

capacity 
(b) Modify connectons in steel, timber or prestressed concrete construction 

to permit them to transfer moment, thus increasing lateral load resistance 

in structural frames 

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

(d) Install tension bes that run from roof to foundation to improve roof 

anchorage
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(e) 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) Install additional fasteners to improve cladding anchorage 

(b) Provide interior barriers around sensitive equipment or rooms containing 

hazardous materials 

(c) Eliminate windows or cover them with missile-resistant grills 

(d) Erect missile resistant barriers in front of doors and windows 

(e) 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. Personnel who 

are selected to evaluate existing facilities should be knowledgable of the behavior of various 

SSC classes 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-1 023 

(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 flood 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. development of a flood design strategy for the DBFL that satisfies the 

criteria performance goals (e.g., build above the DBFL. harden the 

facility), and 

4. design of cvil engineenng systems (e.g.. buidcngs, buried structures, site 

drainage, retaining walls, dike slopes, etc.) to the applicable DBFL and 

design requirements.  

Each of these areas is briefty described in the folowvig subsections
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Table 4-1 Flood Criteria Summary 

Performance Category 

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 2x, 0-3 5x1 0-4 lx10-4 lxl 0-5 

Probability 

Design Applicable criteria (e.g., governing local regulations, UBC) shall be used for building design for 
Requirements flood loads (i.e., load factors, design allowables), roof design and site drainage. The design of 

flood mitigation systems (i.e., levees, dams, etc.) shall comply with applicable standards as 
referred to in these criteria.  

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.  
the DBFL areas if site is 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 assessment1 that is performed for a site, the sources of 
flooding (e.g., rivers, lakes, local precipitation) and the individual flood hazards (e.g., hydrostatic 
forces, ice pressure, hydrodynamic loads) are identified. A site or individual SSC may be 
impacted by multiple 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.  
Therefore, 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 precipitation which 
determines the design of the site stormwater management systems. (Note. for sites located on 

rivers or streams, the meteorologic and hydrologic events that produce intense local 

precipitation are often distinct from those which produce high river flows). In this instance, 

various 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 applies to the multiple flood hazards that 

may be included in the design basis.  

Guaews,nis kr conrcucbrg a probabotac flood haza sasamsrl ao cwtw'ed inm (DOE -STD- 1023) The 

analywirclues a evauabon hy&r iWc and hyrauk ca r O c oa sae an e ruegio s pasn 
the probabdastc assassdintE. an evaluatpon of uwoiitaty is aWoo perotled
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Table 4-2 Design Basis Flood Events 

Primary Hazard Case No. Event Combinations* 

River Flooding 1 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.  

2 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.  

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

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

Dam Failure 1 All modes of dam failure must be considered (i.e., overtopping, 
seismically induced failure, random structural failures, upstream dam 
failure, etc.) 

2 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.  

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

Local Precipitation 1 Flooding based on the site runoff analysis shall be used to evaluate the 
site drainage system and flood loads on individual facilities.  

2 Ponding on roof to a maxmnum depth corresponding to the level of the 

secondary drainage system.  

3 Rain and snow, as specified in applicable regulations 

Storm Surge, Sache 1 Tide effects corresponding to the mean high tie above the MLW° level 
(due to humcane, (d not incuded in the hazard analysis).  
seche. squall lines, etc.) 

2 Wave action and Case 1. Wave action shouldO Miude static and 
Oynanmc effects and potential tor emsion (Reo. 4-2) 

Levee or Dke Failure I Should be evaluated as part of the hazard anaysi it ovenopprng anrot 

fatlure occurs.  

Snow I Snow a&i Ont "root loads as specified in appl•caoi, regulations 

Tsunami 1 Tioe effects corresponmNg to the mean high tie above 11t MLW" Meve 
(d not inclded in te hazard analysis) 

Events are aOOed to the hood wlv prooduce by the pimanry hzadm 
" MLW-Man Low Water.  

The DBFL for a SSC for a flood hazard (e.g, river flooding. local precpxtaton) is defined 

in terms of: 

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

annual exceedance probabdlty (see Table 4-1). including the combInation of flood hazards (e g.  

river Gooding 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 2xi0-3.  

4.1.2 Flood Evaluation Process 

The following 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 flooding may inundate a 

large part of a site and thus many SSCs simuhtaneously), it may be possible to perform an 

evaluation for the entire site or a group of SSCs.  

The flood evaluation process is illustrated in Figure 4-1. h1 is divided into the 

consideration of regional flood hazards and local precipitation. For new construction, design 

practice (see Section 4.1.3) is to construct the SSC above the DBFL thus avooding the flood 

hazard and eliminating the consideration of flood loads as part of the design. The design of the 

site stormwater management system and structural systems (i.e.. roofs) for local precpitation 

must be adequate to prevent flooding that may damage a SSC or interrupt operations to the 

extent that the performance goals are not satisfied
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Figure 4-1 Flood Evaluation Process

To perform the flood evaluation for a SSC. the results of a flood screening analysts (as a 

minimum) or a probabilistic flood hazard analysis should be available (Refs 4-4 to 4-6). The 

steps in the flood evaluation process include: 

I. Determine the SSC Performance Category (see Chapter 2 and 

DOE-STD-1021).  

Evaluation for Recional Flood Hazars 

2. Determune the DBFL for each type or source of flooding (see Tables 4-1 

and 4-2). The assessment of hood loads (e g.. hydrostatic and 

hydrodynamic loads) or other effects (eg. scour, eroson) is made on an 

SSC-by-SSC basts
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3. For new construction locate the SSC above the DBFL, if possible. If this 

cannot be done, proceed to Step 4.  

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.  

5. 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 

6. 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 nght-of-way or extend more than 

0.2 feet above the top of the curb in urban streets.  

7. Perform a hydrological analysis for the site to evaluate the performance of 

the site stornnwater management system (considenng roof drainage and 
man-made and natural watercourses) for the DBFL local precipitation for 

each SSC. The site analysis must determne 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 sabsfied If the SSC performance is 
unsatisfactory, a modification of the site stormwater management system 

is required (see Step 9). Due to the different Performance Category 

DBFLs., thi step may be performed for a 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, additional 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 to 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 substantially (i.e.. they are at significantly different elevations or 

there are large spatial separations).  

The possible structural or functional interaction between SSCa should be considered as 

part of the evaluation process. For example, If an SSC m Performance Category 4 requires 

emergency electric power in order to satisfy the performance goals, structures that house 

ermergency generators and fuel should be designed to thie DBFL for the Performance 

Category 4 SSC. In general, a systematic reviw of a site for possible structural or functional
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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 following lists the hierarchy of flood 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 alternatives can be considered to modify the magnitude of the 

flood or mitigate its effects such that the likelihood of damage and interruption of operations is 

acceptably low (i.e., performance goals are satisfied). In addition, emergency operation plans 

must be developed that establish the procedures to be followed to recognizefidentify the flood 

hazard in a timely manner and provide for occupant safety and secure areas that may be 

vulnerable to the effects of flooding. The implementation of emergency operation plans is not.  

in general, an alternative to satisfy the performance goals Whde they are necessary to provide 

for occupant safety, generally they do not adequately kmst the level of damage and interruption 

to facility operabons.  

Under certain circumstances the flood can be modified to limit te magnitude of the 

hazard. Alternatives include the construction of detention ponds that provide for the colecton 

and controlled release of runoff on-s4te, modifcabon 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 flood 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. If 

the DBFL for a SSC corresponds to a 5x1 0-4 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, i is not always possible to 

provide margin in the flood design of a SSC. For example, the simple fact that a site is 

inundated (even if structural damage does not occur), wdl cause significant disruption (e.g..  

down time dunng the flood, clean-up). This is often unacceptable in terms of the economic 

impact and disruption of the mission-dependent functon of the sate. Under these 
circumstances, there is no margin, as used in the structural sense that can be proviede when a 

site or SSC is inundated. Therefore. the SSC must be kept dry and operations must not be 

interrupted in order to satisfy the performance goals. Since a risk reductmn cannot, m 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 evaluations. 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 2x10"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 warning must be available to ensure that building occupants can be 

evacuated (i.e., 1 to 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 Ievel. an acceptable design 

can be achieved by

1. Modifying the flood or provKing flood protection for the site or tor Vie 

specific structure, such that severe structural damage does not occur.  

and 

2. Developing emergency procedures in order to provide adequate warning 

and evacuation capability to provide for the safety of building occuparts 

For structural loads applied to roofs, exterio walls, etc., the applicable regulatons should be 
used.
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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 5x1 0-4 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 vulnerable 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 performance 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 flood levels whose mean-annual probability of exceedance is 10-4, 

including 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 operaton. The strategy must mitigate the flood (i.e..  

modifying the flood, hardening the facility, building a levee to prevent flood encroachment) to an 

extent that facility operations can continue. A higher level of protection is required for SSCs m 
Performance Category 3 as compared to Categones 1 and 2 Limiled 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 (is., ice forces, debris) that 

ooufIf m i"ation systems such as watermgt doors. sealants. etc. are used. manutaclurar
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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 safety. In practice, a combination of structural and non

structural measures (i.e., flood warning 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 flood hazards. corresponding forces on structures must be 

evaluated. Force evaluations must consider hydrostatic and hydrodynamic effects, including 

the impact associated with wave action. In addition the potential for erosion and scour and 

debns loads must be considered. The flood hazards that must be considered are determined in 

the flood hazard analysis. Good engineenng practice should be used to evaluate flood loads 

(Rots. 4-8 to 4-12). including the forces due to ice 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 flood 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 developed, It should be evaluated 
for the DBFL precipitation for each SSC. The evaluation should consider the site-drainage 
area, natural and man-made watercourses, roof drainage. etc. The analysis shall determine the 
level of flooding that could occur at each SSC. The analyst may choose to evaluate the site 
stormwater management system for the highest category DBFL (as a limiting case). I the 
results of this analysis demonstrate that flooding does not compromise the site SSC, then It 
may be concluded that the site stormwater management system is adequate. Note that local 

flooding In streets, parking lots. etc. may occur due to the DBFL precpitation. This is 
acceptable if the effect of local flooding does not exceed the requsrements of the pedormance 
goals. If however, flooding does have an unacceptable impact increased drainage 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 regulations. 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 barriers (e.g., exterior building walls, floodwalls, watertight 

doors).  

2. wet or dry flood proofing (e.g., waterproofing exterior walls, watertight 

doors), 

3. levees, dikes. seawalls, revetments, and 

4. diversion dams and retention basins.  

The design of structural systems (i.e.. exteorio building wals) shall be developed in 

accordance with appbicable regulabons. Waterproofing requirements are also girven m
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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 recognition system - capability to identify impending floods and 

predicting their timing and magnitude.  

warning system - procedures and means to provide warning to those in 

the affected areas.  

preparedness plan - establish the procedures, responsibility and 

capability (i.e., materials, transportation, etc.) to evacuate on-site 

personnel, secure vulnerable 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 

emergency procedures developed for nuclear power plants, dams and local flood warning 

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 forecasbng 

The availabilty of warning time will vary depending on the type of flood hazard and local 

forecasting capabilities. Specific information on flood emergency procedures can be found m 

Reference 4-18.  

4.4 Considerations for Existing Construction 

Existing SSCs may not be situated above the DBFL as defined by these cntena In this 

case, an SSC should be reviewed to determine the level of flooding, if any. that can be 

sustained, without exceeding the performance goal requirements This as referred to as the 

Critical Flood Elevation (CFE). 11 the CFE is higher than the DBFL then the performance goals 

are sabsfied. This situation may not be unique for existing constructi.n For new construction.  

It may not be possible to situate all facdies above the DBFL in whac case other design
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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, 

* at the 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.g., critical equipment or 
materials may be located above the first floor). If 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 little 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 satsfied.  

2. Evaluaion of alternative design strategies to meet the performance goals.  

3. Detailed consideration of conditions at a site that may be complex, such 

as varying hydraulic loads (e.g.. 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.  

Return 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 i/T. The annual probability 

of exceedance, p, of an event is the reciprocal of the return period of that event (i.e., p = 

liT). As an example, consider a site at which the return 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 wMlU be 

exceeded during the design life of the facilities. For an event with return period, T, and 

annual probability of exceedance, p. the exceedance probability, EP. over design life, n. is 

given by: 

EP =-1-01-p)n = 1-(1-1/T)",s 1-e-nff IA-1) 

where EP and p vary from 0 to 1, and n and T are expressed m years As an example, 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 

10-3 0.05 

10.4 0.005 

10-5 0.0005 

Hence, an event with a 10" annual probability of exceedance (1000 year return 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 model 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 lrnmts for 

all NPH would be somewhat larger than the performance goal value if structures, systAns.  

and components are designed exactly to the cntera in this document for all NPH.  

Natural Phenomena Hazard Curves - The likelihood of earthquake, wind, and flood hazards 

at DOE sites can be defined by graphical relationships between ground acceleration, wind 

speed, or water elevation and annual probabilty of exceedance. These relationships are 

termed seismic, wind or flood hazard curves The earthquake or wind loads or the flood 

levels used for the design or evaluation of DOE faciities are based on hazard parameters 

from these curves at selected annual probabilities of exceedance as illustrated in Figure 

A-1. There is considerable uncertainty m natural phenomena hazard curves which is not 

mdicated by the single curve shown in Figure A-I. The means of accounting for this 

uncertanty is discumse in the different chapters on inviduKl 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-i) 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, wind/tomado, 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 buildi'ng 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

bilistic performance goal-based design and evaluation criteria for natural phenomena haz

ards. Target performance goals range from low probability of NPH-induced damage/lailure 

to very high confidence of extremely low probability of NPH-induced damage/failure. In 

this manner. structures, systems, and components (SSCs) are governed by NPH criteria 

which are appropriate for the potential irmpact on safety, mission, and cost of those SSCs 

For example, a much higher likelihood of damage would be acceptable for an unoccupied 

storage building of low value than for a high-occupancy facility or a facility containng haz

ardous materials. SSCs containing hazardous materials which, in the event of damage.  
threaten public safety or the environment, and/or which have been determined to require 

special consideration, should have a very low probablity of damage due to natural phe
nomena hazards (i.e.. much lower probability of damage than would exist from the use of 

model buidin code design and evaluation pmcedurs) For ordinary SSC& of relatively 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, Rein 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 flood hazards, respectively. These critena are deterministic procedures that 

establsh SSC loadings from probablistic natural phenomena hazard curves; specify accept
able methods for evaluating SSC response to these loadings; provide acceptance criteria to 
judge whether computed SSC response is acceptable; and to provide detailing 
requirements such that behavior is as expected as ilustrated in Figure B-1. These critena 
are intended to apply equally for design of new facilities and for evaluation of exisbng fao
ktmes. In addition, the cntena are intended to cover buildings, equipment. distribution sys
term (pqing, 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.  

Deterministic Procedure Meet Performance 
Based on Industry Codes /oal (consistent 

and Standards , with DOE Safety 
Policy) 

Dot teling 
Requirements 

Probabilistic+ 
Basis Permissible 

(wit h Nt 5oric che CiQ Response 
Level 

Reasonable Level Conservatism Added 
of Hazard 

Figure 1-1 DOE-STD-1020 Combine Varkous Methods to Achieve Performance Goals
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B.2 Graded Approach, 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
tormance goals enables the development of consistent criteria both for all natural phenom
ena hazards (i.e., earthquakes, winds, and floods) and for afl DOE facilities which are 
located throughout the United States. The use of performance goal based criteria is 
becorming 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 light water reactor program and for revi
sions to commercial reactor geological siting cntena i 10CFR100, Appendix A.  

Five performance categories are specified in f Implementabon Guide for DOE Order 

420.1 for desigrnevaluabon of DOE structures, systems, and components for natural phe
nomena hazards ranging from 0 through 4 Table B-1 presents both the qualitative and 
quantitative descriptions of the performance goals for each performance category. Both 

the qualitative description of acceptable NPH performanoe and the quantitative pirobability 
value for each performance category are equally significant m 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-I. 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 lower probability levels than 

the target performance goals in Table B-I. 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 tornado 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 tornado criteria for design and evaluation of DOE facilities 

is consistent with common practice in government and private industry. Furthermore, this 

additional 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 tornado occurrences are 

high. The tornado hazard probability must be set lower than necessary to meet the per

formance goals in order for tornadoes rather than straight winds or hurricanes to control 

the design criteria.  

Table 8-1 Structure, System, or Component (SSC) NPH 
Performance Goals for Various Performance Categories 

NPH Peclormance Goal Annual 
Performance Perfornmane Goal Probabdty of Exaceeding 

Category Oescnpton Acceptable o•ovisor Liwmts. P, 

0 No Safety. &Isson. or Cost Consdersatmons fto reuiraents 
I Mansin Occupant Safety :1I* of vie onset f SSC" oamage to ttu 

esiter Uu occupants we i wwan red 

2 Occupant Safet. Continued Operaton wt "Sx 104 of SSC damage to th e tant tat vie 
Marmmr Interruption comronsin cannot pWeorm rts tuction 

3 Occupant Safety. Continud Operation. : 104 of SC damage to ve euxt• tht Oe 
Hazard Cofinemrent comornwe cannot pWorm ifs funcon 

4 Occupant Safew. Continued Oewaton "104 of SSC damage to Ow Vsa M Ou Os 
ConfiMdece of Hazard ConfnemenMt cooponein cannot Weorm nto fncton 

II) These ipeformance goas aWe for each naturaI phenome•n hazard Mantosk. w id. a.W flood).  
12) SSC refers to structurs. ,istriution system or cononent gmwW)OM.
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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 0 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 model 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 Implementation Guides compare 
with NPH criteria from other sources.  

Table 8-2 Comparison of Performance Categories from Various Sources 

Source SSC categonruon ______ 

OE-.SD.1020.- DOE Natural 
Mwiwwm Huard Criteria 1 2 34 

Ulniormn Busiding Genural Essential 
Code Facdbties Facabtie 

DOO Tn-Service Manuel High Risk 
for Se4smec Design of 

Essential Buildings 

Nuclear egilataory Evlustion of Evaluation 
Commssion NRC Fuel of b1 n, 

_____________________________________________ Facdsuies Rleactors
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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 10Q3of 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 

concern 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 to 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 critena for 

essental facilities (e.g.. hospitals, fire and police stations, centers for emergency opera

boris) in accordance with model building codes (e.g., Ref. B-7).  

Performance Category 3 and tugher SSCs pose a potential hazard to public safety and 

the environment because radioactive or toxic matenals are present. Design considerations 

for these categones are to lirmt SSC damage so that hazardous matenals can be controlled 

and confined, occupants are protected, and functioning of the SSC is not interrupted The 

performance goal for Performance Category 3 and higher SSCs is to khinl damage such that 

DOE safety policy is achieved. For these categones, damage must typically be hlmnted in 

confinement barrers (e.g.. buildngs, glove boxes, storage canisters, vaults), ventilation 

systems and filtenng, and montonnrg and control equtprnent in the event of an occurrence 

of severe earthquakes, winds, or floods. In addition. SSCs can be placed in Perforrmnce 

Categorme 3 or 4 if irproved performance is needed due to cost or rmsmon reqiaremets,
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For Performance Category 3 SSCs, an appropriate performance goal has been set at 
an annual probability of exceedance of about 10O'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 
106of 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 
4xl0 "/year to Ix10"/year based on consideration of 12 plants. For 10 of the 12 plants, 
the annual seismic core damage frequency was greater than 1 xl0 4 . 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 eastern 
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 Owe as-is condition. This assess
ment includes reviewing drawings and conducting site visft to determine deviations from 
the drawings and any in-service detenoration. In-place strength of the materials can be 
used when available. Corrosive action and other aging processes should be considered.  
Evaluation of existing SSCs is similar to evaluations 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 given to those areas identified as weak links by preliminary 
investigations and to areas that are most important to personnel safety and operations with 
hazardous materials. Pnontization criteria for evaluation and upgrade of exsting DOE faci,
ts are currently being developed.  

If an existing SSC does not meet the natural phenomena hazard design/evaluabon cn
enia. several options (such as those ilustrated by the flow diagram in Figure B-2) need to 
be considered. Potential options for existing SSC include.
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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 evalu
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, it 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 annual probability of exceedance for the SSC under 
consideration was 104, 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 flood loads in the SSC evaluation. This amount of relief is witthn the 

tolerance of meeting the target performance goals and is only a minor adjustment of the 

corresponding NPH design and evaluation critena.
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Appendix C 

Commentary on Earthquake Design and Evaluation Criteria 

CA1 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 following considerations: 

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

2. Failures In low ductility modes (e.g., shear behavior) or due to Instability that 
tend to be abrupt and potentially catastrophic must be avoided. SSCs must be 
detailed In a mannr to achieve ductile behavior such that they have greater 
energy absorption capacity than the energy content of earthquakes.  

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

4. The behavior of an SSC as It responds to earthquake ground motion must be 
fully understood by the designer such that a -weak link" that could produce an 
unexpected failure is not ovweooUd. Also, the designer must consider both roea 
tive displacement and inertia (acceleration) induced seismic failure 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 quallty and must conform to the design drawings.

C-1



DOE-STD-1020-94

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 

Seismic Performance Goal Annual 
Performance Performance Goal Probability of Exceeding 

Category Description Acceptable Behavior Umits, P, 
I Maintain Occupant Safety -10 tof the onset of SSC"' damage to the 

extent that occupants are endangered 
2 Occupant Safety, Continued Operation -5x10-4 of SSC damage to the extent that 

with Minimum Interruption the component cannot perform its function 

3 Occupant Safety. Continued Operation, : 10-4 of SSC damage to the extent that the 
Hazard Confinement component cannot perform its function 

4 Occupant Safety. Continued Operation. : 10,1 of SSC damage to the extent that the 
Confidence of Hazard Confinement component cannot perform its function 

(i) SSC refers to structure. distribution 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 specifically tai

lored to the needs in many DOE facilities.  

The performance goals described above are achieved through the use of DOE seismic 

design and evaluation provions which include: (1) lateral force provtsions. (2) stoiy 

drift/damage control provisions; (3) detailing for ductility provisions; and (4) quality assur

ance provis.ons These provisions are compnsed of the foowing tour elnents taken 
together. (1) seismic loading, (2) response evaluation methods. (3) permissible response 

levels. and (4) ductile detailing requsrements. Acceptable performance (i.e.. achieving per

formance goals) can only be reached by consistent specification of all design cntena ele

ments as shown m Figure C-1.
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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 severe injury pressure differential with distortion of after earthquake.  
or death, or pre- normal HVAC. Cracks structure. Any damaged 
vent evacuation will still 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 differ- 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, failure of but small enough to remain leak anchored and local damage but 
contents not maintain pressure differ- 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 pro- largest cracks greater apparent to the 
vent evacuation than 1/8 inch. naked eye.

Figure C-1 Consistent Splecification 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 I ) 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
codures coupled with a hazard definition consistent with these procedures.  

Corthiquoks LoOding intentionol Conservatlsm kI: P 
Defined at Spcirsed 1) Respon.se Eval.onAuPo 

AnnuOl Probability from 2 Permissibe Respo quok-iduc D•e 
Sismik Hozord Curv. 3 ODuct. Detailing 

Figue C-2 Performance Goal Achlevement 

The performance goals for Performanco Category I SSC8 are consistent with goals of 
model building codes for normal facilities; the performance goals for Perfornance Category 

2 SSCs are slightly more conservative than the goals of model building codes for important 

or essential facilites. For seismic design and evaluation, model building codes Utfliz equiv

slaent static force methods except for very unusual or lregular facilities, for which a 
dynamic inalysis method is employed. The performance goals for Performance Category 3 
SSC's are consistent with DOE essential facilities and Pu hanln 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: 

=PH (C-1) 

P F 

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 
exceedance 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 annual 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 Goals & Specified Seismic Hazard Probabilities 

PetoimaCe Targ Smas"eC SesMWc eHaaad Plak ReAXWOM 
Category Pedormae Goa. P, Exceem•nm Po•bbbs. P. Rao. ,F6 

1 1=10" 2z100 2 

2 5x10'4 1002 2 
3 x10-4 60h10 5 

121 81% _i O (10)' 

4 l:10's 1,10-' 10 
12u10'1' (201' 

SFor emn such n LLNL. NLW-ve $IAC. L5L. snd ETC wc me tectowA pkat boudwiee 

Different structures, systems, or components may have different specified eorm
ance goal probabilties, P, ft Is required that for each structr sy~se or componeni 
either. (1) the performance goal category, or (2) the hazard probailIty (PJ or the DOE 
togm with the appropriate Rf&act wOl be specMed In a design speclIfcation 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, RR. In earthquake 

evaluation, there are many places where conservatism can be introduced, including: 

1. Maximum design/evaluation ground acceleration and velocity.  

2. Response spectra amplification.  

3. Damping.  

4. Analysis methods.  

5. Specification of material strengths.  

6. Estimation of structural capacity.  

7. Load or scale factors.  

8. Importance factors.  

9. Limits on Inelastic behavior.  

10. Soil-structure interaction (except for frequency shifting due to SSI).  

11. Effective peak ground motion.  

12. Effects of a large foundation or foundation embedment 

For the earthquake evaluation criteria In this standard, conservatism Is Intentionally 

Introduced and controlled 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 SSC* because the 

UBC approach (which Includes these factors) is followed for these categories. Importance 

factors are not used for Performance Category 3 and higher sacs. 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

fornance Category 3 and higher SSCs correspond to uftimate strength code-type 

provisions (Le., ACI 318-89 for reinforced concrete, LRFD, or A1SC Chapter N for steel).  

Material strengths and structural capacities specified for Performance Category 2 and 

lower SSCs correspond to either ultimate strength or allowable stress code-type provisions.  

It is recognized that such provisions Introduce conservatism. In adliwton, significant addi

tional conservatism can be Introduced If considerations of effective peak ground motion, 

soi-structure Interaction, and effects of large foundation or foundation embedment am
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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 IC 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. PC 2 and PC 3 From PC 2 to PC 3, load 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. PC 3 and PC 4 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=(I.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 st 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 permissible to substitute alternate acceptance criteria for those criteria defined in 

Chapter 2 so long as these alternate criteria will also reasonably achieve less than about a 

10% probability of unceptable performance for the combination of the SDBE defined by 

Equation C-2 with the best-estimate of the concurrent non-seismic loeds. This relief is per

mitted to enable one to define more sophisticated alternate acceptance cterla thn thoxe 

presented In Chapter 2 when one has a sufficient basis to develop and defend this 

alternate criteria.  

C2..2 Influence of Seismic Scale Factor 

The target performance goals of the Imlem ion Guide for DOE Order 42.1 we 

the basis of the seismic design and evaluation criteria presented in this standard. It is 

known that for PC I and PC 2, target perforrnance goalsK P., of I u Ilrand S x1Or. respec-
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tively, are met relatively closely. However, for PC 3 and PC 4, target performance goals, 

P,, of 1 xl0'and 1 x 10W, 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. RR= PJPF= 

2).  

Over any ten-fold difference in exceedance probabilities, seismic hazard curves may 

be approximated by: 

H(a) = Ka", 
(C-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, AIs the ratio of the Increase in 

ground motion corresponding to a ten-fold reduction In exceedance probability. AR Is 

related to k. by: 

1 (C-4) 
log(A,) 

The Basis for Seismic Provisions of DOE-STD-1020 (Ref. C-20) presents estimates of 

seismic hazard curve slope ratios Afor typical U.S. sites over the annual probability range 

of 10`to 10". For eastern U.S. sites, Atypically falls within the range of 2 to 4 although 

A.values as large as 6 have been estimatedL For California and other high seismic sites 

near tectonic plate boundaries with seismicity dominated by close active faults with high 

recurrence rates, Atypically ranges from 1.5 to 22-5. For other western sites with 

seismicity not dominated by close active faults with high recurrence rates such as INEL, 

LANL, and Hanford, A,,typlcally ranges from 1.75 to 3.0. Therefore, seismic designieva

luatlon 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 probability of exceeding accept
able behavior limits can be evaluated by convolution of seismic hazard and selsmic fragility 

curvee. Seismic fragility curves describe the probabli• y of un acceptabl performance 

versus ground motion level The fraglty curve Is defined as being lognormally distibuted
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and is expressed in terms of two parameters: a median capacity level, C50, and a loga
rithmic standard deviation, p3. 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, PH, it is shown in Ref. C-20 that the risk reduction ratio, Rt, between the 
annual probability of exceeding the DBE and the annual probability of unacceptable per
formance is given by: 

2 (C-5) 
RR - (Cso/DBE)kie2(HI3) 

where C. and 13 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 .SSF)" ke[ 2H2 

Equation (C-6) demonstrates the risk reduction ratio achieved by DOE seismic criteria 
as a function of hazard curve slope, uncertainty. 13, 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, Rjis 10 and for Performance Category 3, the hazard probability is 5 x 10' 
and the performance goal is I x I0Wsuch that the target risk reduction ratio, R. Is S. The 
actual risk reduction ratios from Equation (C-6) versus slope coefficient A are plotted In 
Figures C-3 and C-4 for Performance categories 3 and 4. respectie. 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 a from 0.3 to 0.6 
has been considered. For the hazard curves considered by DOE-STD-1024-92 (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 associated with PC 4. More recent seismic hazard studies (Ref. C-6) 
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 a result, Figure C-3 Includes a 
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.
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Figure C-3 demonstrates that for SF = 1.0, risk reduction ratios between about 3 
and 10 are achieved over the Ajrange from 2 to 6. These risk reduction ratios support 
achieving performance goals between about 2xlO4to 5x10V. In the primary region of 
interest of A9 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 3xlO•to 5x106. In the primary region of interest of Af 
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. In 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 Rover 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%.  
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Figure C-6 Varable IU Seismic Scala 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 lxi0 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 probability of exceedance is Illustrated 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 designlevaluatlon 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 log scale, the middle spectrum Is on what Is 
termed a tripartite plot where spectral velocities and displacements as well as accelerations 

are shown, and the bottom spectrum has spectral accaslrtion plotted against natural 
period on a linear scale.  

It should be understood that the spectra shown in Figure C-8 repreeemt inerUal 
effects. They do not Include relative or differential support motins of structures, equip

meit, or distribution systems supported at two or more points typically referred to as seu 
mni anchor motion (SAM While SAM Is not usually appl•o ale to building design. f migtd 
have a signficant effect on seismi adequacy of equipment or distr•ution 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 
design/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 modem 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-1024-92 (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, It 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 modern site-specific seismic hazard assessment 
becomes available. DBE ground motion levels for Performance Categories 3 and 4 based 

on UCRL-53582 are also provided In Section C.3.29 

Minimum values of the DBE ae provided In Section 2.3 to assure a minimum level of 

seismic design at all DOE sites. Such a minimum level of seismic design Is believed to be 
necessMay due to the considerable uncertainty about future earthquake potential In the 

lower seismicity regions of the United States where most DOE sites am located.
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C.3.1 Earthquake Hazard Annual Exceedance Probabilities 

Historically. non-Federal Government General Use and Essential or Low Hazard facili

ties located In California, Nevada. and Washington have been designed for the seismic taz

ard defined In the Uniform Building Code. Other regions of the U.S. have used the UBC 

seisfm hazard defintion, other building code requirements, or have Ignored seismic design.  
Past UBC seismic provisions (1985 and earlier) are based upon the largest earthquake 

Intensity that has occurred In a given region during about the past 200 years. These provi

sions do not consider the probability of occurrence of such an earthquake 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 resulted. 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 10a. 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 2x10W. The Canadian building code used 1 xl0as 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 lx10-2 annual exceedance fre

quency, and they should not fall for a seismic hazard which has about a 10 percent fre

quency of exceedance In 100 years or about lxi0"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 Indicated that for nuclear plants In the 

eastern U. S., the design SSE level generally corresponds to an estimated annual frequency 

of exceedance of between 0.1xl0 4and 10xl0"as Is Illustrated In Figure C-9. The proba

bility level of SSE design spectra (between 5 and 10 hz) at the 69 eastern U.S. nuclear 

power plants considered by Ref. C-6 fall within the above stated range. Figure C-9 also 

demonstrates that for 213 of these plants the SSE spectre corresponds to probabilities 

between about OAxl0snd 2.5x0OW. Hence, the specified hazard probability level of 

lxlOi4 n this standard is consistent with SSE levels.  

These seismic hazard definitions specified in this standard am appropriate as long as 

the seismic design or evaluation of the SSCs for these earthquake levels is conservatvey 

performed. The level of conservatism of the evaluation fothese hazards should incease
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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.  
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 underlain 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 concerning 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. Unless 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 accelera

tion (PGA) or peak ground velocity (PGV), the mean estimate for a given hazard excee

dance probability tends to be unstable between different predictors and tends to be driven 

by extreme upper bound models. Mean estimates should be used only when such 

estimates are stable. Mean estimates outside the range of 1.3 to 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 deslgntevaluatlon 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 seconds) 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.  

in 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 fundamental 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 building response evaluation. Alter

nately, the actual spectrum may be used for all modes If there Is high confidence in the 

frequency evaluation and F, is taken to be unity. The actual spectrum at 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 threefold: (1) to avoid being unconservasth 

when using constant response reduction coefficlents, RF. or itelastic energy absorption 
fectors. F,: (2) to account for the fact that stiff structuwes may not be as stiff as idealized 

in dynamic models; and (3) earthquakes In the eastern U.S. may have amplification extend

Ing to lower periods or higher frequencies than standard median design response spectra.  

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) Indicate that the Wasticay computed demand cannot safely exceed 
the capacity as much In the low period region as compared to larger periods. This means 

tha loMw knieatic energy absorption factors must be used for low period response the 

actual spectra are used (Le., the kIeat energy absorption factors am frequency depen
dent). Since constant Inelastic energy absorption factors ae used herein increased speo-
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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 

elastic response.  
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Figure C-11 Spectra - in the 14gh Fnquency Region 

for an Example Design/Evaluadon Ground Response Spectum 

C.3.2.2 DBE Response Spectra Based on Generic Seismic Data 

Spectral amplification depends strongly on site condibons. For this reason. it is gen

stay required that response speca to be used for the desgn or evaluation of hazrdous 

DOE fac•lites (Performance Category 3 and higher SSCs) be evaluated from sit•r-specfic 

eo*echnica evaluations. Development of response spectra from site-spOcific evalutio
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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 should 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

vals from the DOE.  

If median stae-specitic spectral amplificatons are available for these sites, tey may 

be scaled by the peak ground accelerations in Table C-5 to establish the DBE response 

spectra. Alternately. a rmedian 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 reasonably consistent with or conservative f ox the si condit•ons.
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Table C-4 DBE Ground Motion (g) from UBC

LUBC Znan
______________ F Y.

2 Peak ZC @ f, ZC(2 hzi

Kansas City 2A 0.15 0.41 @ 3.3 0.30 

LANL 28 0.2 0.55 @ 3.3 0.40 

Mound 1 0.075 0.21 @ 3.3 0.15 

Pantex Plant IS= 1.2) 1 0.075 0.21 @2.5 0.18 

Rocky Flats 1 0.075 0.21 @ 3.3 0.15 

Sandia, Albuquerque 28 0.2 0.55 @ 3.3 0.40 

Sandia, Iivermore iS, -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 0 3.3 0.40 

Brookhaven (S - 1.2) 2A 0.15 0.41 @2.5 0.36 

Princeton iS- 1.2) 2A 0.15 0.41 @ 2.5 0.36 

INEL 28 0.2 0.55 @ 3.3 0.40 

Feed Materials 1 0.075 0.21 0 3.3 0.15 

Oak Ridge 2A 0.15 0.4103.3 0.30 

Paducah IS,-1.2) 2A 0.1O 0.41 @2.5 0.36 

Portsmouth 1 0.075 0.21 0 3.3 0.15 

Nevada Test t IS- 1.2) 3 0.3 0.8302.5 0.72 

Hanford 28 0.2 0.56 0 3.3 0.40 

LBL 4 0.4 1.1003.3 0.95 

LLNLIS, =1.21 4 0.4 1.1002.5 0.79 

LLNL 300-854 4 0.4 1.1003.3 0.79 

LLNL. 300-834 & 836 4 0.4 1.1003.3 0.79 

ETEC 4 0.4 1.1003.3 0.79 

SLAC (S,, 1.2) 4 0.4 1.1002.5 0.95 

Savannah Rrver (Sw1.21 2A 0.16 0.41 0.2.5 0.36
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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 

OESite PC1- PC2- PC3- PC4- References 
2x10"3  1x10-3  5x10-4 lx10-4 

Kansa.08 .10 .13 .21 UCRL 
Los Alamo&Average} .12 .16 .21 .37 Woodward-Xde,1993 
Los Alamos (ibge) .10-.14 .14-.19 .17.25 .31-.43 Woodw d-Clyde,1993 
Mound Laboratory .12 .15 .18 .30 ,CRL-53582 
Pantex Plant .08 .10 .13 .21 : UCRL-53582 
Rocky Flats Plants- .13 .15 .17 .24 / UCRL-53582 
Sandia, Albuquerque .'*7 .22 .28 .47 UCRL-53582 
Pinellas Plant, Florida .04 .05 .06 1 UCRL-53582 
Argonne-East .09 N .12 .15 .26 UCRL-53582 
Argonne-West .12 .14 .17 .24 UCRL-53582 
Brookhaven .12 X .30 UCRL-53582 
Princeton .13 .16 /.20 .33 UCRL-53582 
WI.E .12 .14 .17 .24 UCRL-53582 
Fed Materials .10 .1 . 6 .24 UCRL.53582 
Oak Ridge, Rock .08 . .19 *Risk Er. Inc.. 1992 
Paducah. Rock .20 .30 .42 * DOE Memo 
Paua Soi .20 .2s .35 DOE e 
Potmuh RockX .06 .10 Risk En '92 &, WES "93 
Portsmouth. Sod0.15 .19 RiskEng'92&WES'93 
Nevada Tt Sa t.30(UBC) .30(UBC) .34 .46 NUC. UCRL-53582 
H anford 200 Waea .10 .14 .20 .39 d eomeoCa. 1993 N,,•od 200 EAj'Ar, .09 .13 .19 .37 Gepatn,= 1993 

-.arofo4A Are .0 .12 ., .32 G.ww.-.•. 3 
M 6 100 K At" .10 .14 .20 .40 Cloomatum. 19•J 

,,Xlvannh Prve Momn .10 .13 .18 .32 U.NL 1993. Draf N 

" Vakis not av"" and rii be fetemine for Pedonfoance Category 4 $$Cs at Vones M 
"bedrock slopes at Rocky Flats. This vaue a surface waeeation at an average soW epth at this sm.  "This tabe a for dkietratson orvy. to show variabilty wnaong DOE faclties for perWormance categones.  
Desogn values tot swecific sites ard tacaltes must be established m accordance with reaureent 
in DOZ.STD-1 023-96.
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Table C-5b Maximum Horizontal Ground Surface Accelerations (g) 
at DOE Sites Located near Tectonic Plate Boundaries

DOE Site PC I PC 2 &PC 3 PC 4 Reference 
2x10-3  lx10-3  2x10-4 

Sandia. Livermore. Ca .47 .57 .82 Geomatrix, 1990 

Lawrence Berkeley Laboratory .55 .64 * UCRL-53582 

Lawrence Livermore Nat'l Lab. ILLNL) .47 .57 .82 Geomatrix, 1990 

LLNL, Site 300 .47 .57 .82 Geomatnx, 1990 

Energy Technology & Engineering Center .53 .59 T UCRL-53582 

Stanford Linear Accelerator Center .45 .59 U UCRL-53582 
Value not available 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 conserve

tism on an individual facility basis, following 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

ues of peak instrumental acceleration, have sustained much less damage than would be 

expected considering the acceleration level. In these cases, the differences in measured 

ground motion, design levels, and observed behavior were so great that It could not be 

reconciled by considering typical safety factors associated with seismic design. The prob

lem with instrumental acceleration a that a limited number of high frequency spikes of high 

acceleration are not significant to structural response. Instead, It can be more approprate 

to utilize a lower acceleration value that has more repeatable peaks and is withn the fre

quency range of structures. Such a value, called effective peak acceleration, has been 

evaluated by many Investigators who believe it to be a good measure of earthquake ground 

motion arnllptude related to performance of structures Reference C-24 contains a sug

gested approach for defining the effective peak acceleraton However. this approach

C-26



DOE-STD-1020-94

would require the development of representative ground motion time histories appropriate 

for the earthquake magnitudes and epicentral 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 a 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,. Elasticaltly 

computed seismic response is reduced by Rvalues 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 seisrmc response is 

combined with non-seismic concurrent loads and then compared to code allowable 

response limits (or code ultimate lirmts combined wth code specified load factors). Nor

mally, relatie seismic anchor motion (SAM) is not considered explicitly by model building 

code seismic provisions.
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DOE-STD-1020 Specified Hazard Probability of Exceedance 

Natural Phenomena to Get Peak Acceleration and Response Spectrum 
Hazards 

Design & Evaluation 
critEril tore Deterministic Evaluation of Response and 

DOE Facilities 

1996 Capacity with Controlled Level of Conservatism 

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

C80OD 

Tri-Service Manual 
Uniformfor Seiswic Design SUnitorm e 

Buildieg 
*m digs 

h• 1986 

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 

model building codes. The Interagency Committee on Seismic Safety in Construction 

(ICSSC) has concluded that the following seismic provisions are substantially equivalent:

1) 
2) 

3) 
4)

1994 Uniform Building Code (Ref. C-2) 
1991 NEHRP Recommended Provisions (Ref. C-3) 

1993 BOCA National Building Code (Ref. C-28) 

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 manner 

described in this document for the UBC.  

For Performance Category 3 and 4 SSCs. the seimnic design and evaluation cntena 

specify that seismic evaluation be accomplished by dynamic anatyss (se Table C-6). The 
recommended approach is to perform an elastic response spectrum dynamic analysis to 

evaluate elastic seismic demand on SSCs. However. inelastc energy absorption capabilty 

i recognized by permitting hm"led inelastic behavior. By these provisors, inelastic energy 

absorp•on capacity of stuctures is accounted for by the Parwneter. F, WEsbcat ceOR

puted sosnic response is reduced by F. va•ues ranMn from 1 to 3 as a means of eccoum
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ing for inelastic energy absorption capability for more hazardous facilities. F. values are 

much lower than Rwvalues increasing the risk reduction ratio, R". By these provisions, 
only the element forces due to earthquake loading are reduced by F,. 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 F. values are specified for both Performance Categories of 
3 and 4. In order to achieve different risk reduction ratios, RA, 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 
from 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 goal 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 SSCa 

0 Generally fn1t - DOO MarM. oseavwc Deas 
Use Ubc prowu Gudenses for Eserom SWjdWrV& 

Z IC I' * P•iaim , ynaffac anawysis consi" Ow mess , V -
Rw $ffwn dWV*~ae Of Vis asu~wtxa 

Z fmm samm hazard cumes gemit .- sd a w am 6104OWWev. 1Bastc smim 
C a niisfucatn facw from 5% aaped espai is re&" byd Viae I acw. F, W oltam 

media resense so=ectra *ieastic setsmn O nd. Expicty account fai 
rejabve •sicwii eflects. wier leppcabe.  

C.4.1 Dynamic Seismic Analysis 

As mentioned previously. omrplex irregular structures cannot be evaluated by the 
equivalent static force method because the sumple formulas for distnbut~on of sesmic 
forces throughout the structure would not be appkable. 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 stiffness of the structure between nodal point locations.  
Nodal points are free to move (called degrees of freedomn) or are constrained from move

ment at support locations. Equationts of motion equal to the total number of degrees of 

freedom can be developed from the mathematical model. Response to any dynamic 

forcing function such as earthquake ground motion can be evaluated by direct integration 

of these equations. However, dynamnc anafyses are more commonly performed by cons

enng the modal properties of the structure.  

For each degree of freedom of the structure, there are natural modes of vibration.  

each of which responds at a parbcuLar natural penod in a particular pattern of deformation 

(mode shape). There are many methods available for co•muting natural penods and asso

ciated mode shapes of vibraton. Utilzing these modal properties, the equations of moton 

can be wntten as a nunrTer of single degree-of-freedom equations by which modal 

responses to dynamic forcing tunctions such as earthquake motion can be evaiuated ide

pendently. Total response can then be determined by superpositio of modal responses
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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 single 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 (stiff
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 affect 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 stiffness distribution. More complex 
structures require a more ngorous approach to determine the distribution of seismic forces 
throughout the structure, as described in Section C.6.  

Key elements of equivalent static force seismic evaluation methods are formulas that 
provide (1) total base shear. (2) fundamental penod of vibration; (3) distrbution of seismic 
forces with height of the structure; and (4) distnbution of story forces to individual 
resisting elements including torsoal considerations. These formulas are based on the 
response of structures with regular distribution of mass and stiffness over height in the 
fundamental mode of vibration. The UBC provisions (Reference C-2) include, in their equer 
bon for total base shear, terms cormesponding to maxmum ground acceleraton, spectral 
amplificabon as a function of natural penod, a factor of conservatism based on the 
.Tponance of the facility, and a reducti•on 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 (SSI), including 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 SSI be considered for major structures for all sites with a median soil stiff

ness at the foundation base slab interface corresponding to a shear wave velocity, v., of 
3500 tps or Bower. For very stiff structures (i.e., fixed base fundamental frequency of 

about 12 hz). the effects of SSl may be significant at shear wave velocities in excess of 

3500 tps. In such a case, a fixed base support would not be appropriate.  

Vanous aspects of soil-structure interaction (SSl) result in reduced motion of the 

foundation basemat of a structure from that recorded by an instrument on a small pad.  

Such reductions are conclusively shown in Reference C-37 and the references cited 

therein. These reductions are due to vertical spatial vanation of the ground motion, hon

zontal spatal vanaton of the ground motion (basemat averaging effects), wave scattenng 

effects, and radiation of energy back into the ground from the structure (radiation 

damping). These effects always result in a reduction of the foundation motion. This 

reduction tends to increase with increasing mass, increasing stiffness, wicreasing founda

bon plan dimnsions, and incrmeasng ernedment depth. Sod-structure interaction also 
nnelts i a frequency shfil, pnmarty 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) Characterization of the site including evaluation of local soiVrock 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.  

(ii) 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.  

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

(iv) 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.  

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

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

Acceptable methods for considering SSI include multi-step impedance function 

approaches and single step direct methods as described in Sections 3.3.3 and 3.3.4 of 

ASCE 4 (Ref. C-16). SSI is further addressed in Wolf, 1985. 1988 (Refs. C-31 and C-32) 

SSI analysis methods and computer programs commvnly used inciude: 

(i) Soll spring or koniped parameter methods representing foundation rnpedanoes by 
soa spnngs and dashpots (see Table C-7) and using a two step solution procedure 
consitg of Wnpedance analysis and SS1 response analysis, 

(i) CLASSI computer program (Ref. C-33) empl&ying 3-D continuum-half space model 
and multiple step analysis technique consisti of fixed base structure modal 
extraction analyss., foundation impedance and scattering anlses, and SSI 
response analyss; 

(i) SASSI computer program (Ref. C-34) employing a 3-0 finde element foundation 
model and Mu"tpe step analysis tdcn:que consisting foundation w'ipedance anal
yan and combined scattering and SS response analysis.- ad
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(iv) 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): 

Fundamental Frequency of the Soil-Structure System Reduction Factor 
(Hz) I

5I 1.0 

10 0.9

25 1 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 a 75-foot dimension and 0.8 at 
10 Hz for a 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. Unless a severely atypical condition is identified, a rigid 

base slab 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 disDlacement 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 cient 

Rectangular Footing Circular Footing 

Horizontal k,= k,2(1 -v)G131-L kx= k, 32(1 -v)GR c,= c,k, (static)RJi•P' 
7-8v 

Rocking G 8GR1 c.= c , k,(static)R 5_1G k .- 14 j--•,B 2 L k,,- k13t '--' 
_V 3(1 -v) 

Vertical k.= kG PC . B'L k . k 4GR c,='C3k,(sLactic)RFP1' 

Torsion _ __6 c-, ck,(sta-tac)R 'RP 
k.- ,LR 3 

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 to the plane of honzontai excitation, and 

k,. k, .A.. = frequency dependent coeffwents modi Ufe stac stffness or danpng (Refs. C-39.  
C I.C2.C3.C4 C-40. C-Al).

3

N 

h..  
0 
o

1.5 

1.0 

0.5•

'0 
10

B/L 

Constants 1,. s.. and i, for a rectangukw foundtbon
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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 eccentricity of 5 percent can be 

implemented to incorporate possible effects 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 models shall be compatible with the 

design earthquake specified at the finished grade in the free-field. The motions 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 establish boundary 
motions shall be performed using mathematical models and procedures compatible with 
those used in the SSI analysis. The design earthquake 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 material 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 equivalent-linear analyses include: shear modulus, damp

ing ratio, Poisson's ratio, and total unit weight. The shear modulus and material damping 

ratio used to evaluate foundation impedance shall be values compatible with the shear 

strain level induced in the foundation medium during earthquake excitation. The she"a 
modulus decrease and damping increase with increasing shea strain in soils shall be 

accounted for when performing an SSI analysis. The behavior of soil, though recognized 

to be nonlinear with varying soil shear strain, can often be approximated by linear tech
niques. Nonlinear soil behavior may be accounted for by: (1) using equivalent linear soil 

material properties typically determinmd from an iterative linear analysis of the free-fiel so 
deposit; or (2) performing an iterative Inear analysis of the coupled soil-structure system.  

The variation in shear modulus and damping as a function of shear strain for sands, grav

elly soils, and saturated clays can be found in References C42. C-43. and C-44. At vwy 

small strains tS 1o0" percent), the material (hysteretic) domping ratio shall not exceed 2% of 

critical. In no case should the material damping ratio exceed 15% of crtical (Ref. C-301.  

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 soil 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 artificial 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 significanrty affected or a transmitting bound

ary below the model could be used. Soil 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 lateral soil support of the structure 

due to tensile separation of the soil and foundation should be consideod when accounting 

for embedment effects. One method to comply with this requirement (Section 3.3.1.9 of 

ASCE 4-86) Is to assume no connectivity between structure and lateral soUl over the upper 
half of the embedment or 20 feet, whchever Is less. However, full connecttvty may be 

assumed If adjacent structures founded at a higher elevation produce a surcharge equiva

lent to at least 20 feet of soiL For shallow embedments (depth-o-equivalet-radius ratio 

less than 0.3), the effect of embedment may be neglected In obtaining the impedance 
function, provided the soil profile and properties below the baeemat elevation m used for 

the 6mp nce 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 SSl 
analysis. Therefore, a relatively wide variation of soil 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 given In ASCE 4-86 Section 3.3.1,7, Is 
that the soil shear modulus shall be varied between the best estimate value times( I C,)) 
and the best estimate value divided by (I + C,) , where C, is a coefficient of variation. In 
general, a C value of about 1.0 covers uncertainties in soil properties. If there are suffi
cient site soils data, It is permissible to evaluate soil property uncertainty by probabilistic 
techniques. The minimum value 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
•or 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 linear range of response of structures 
and equipment to dynamic loading. Damping is a term utilized to account for various 
mechanisms of energy dissipation during seismic response such as cracking of concrete, 
slippage at bolted connections, and slippage between structural and nonstructural ele
mnts Damping is pr ly afcted by* 

1. Type of construction and metartais 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 shorw 

formula taken from Reference C-2. In this case, It Is recommended that the 5 percent 

damped spectra be used for all Performance Category 2 and lower SSCs to be consistent 

with building code evaluation methods. The spectral amplification factor In model building 

codes is based upon 5 percent damped spectral amnplifcation.  

The Response Level I and 2 damping values given in Chapter 2 are to be used to 

evaluate In-structure response spectra or displacements to be used In seismic Interaction 

evaluations. In these cases, Nt is Important to use damping which is consistent with stress 

levels reached in the majority of the laterl force resisting system so as to not be unconser

vative In the evaluation of Input to structure-supported components or Input fo 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 yield 
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. Spectal 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-seismlic member forces and compared to 
ultimate/fimit-state level stresses to determine structural adequacy.  

2. Inelastkc energy absorpton 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 inelastic demand. The inelastic demand Is 
combined with concurrent non-selsmic demand and the resulting total demand is 
compared to the capacity determined from member forces at ultimatsAlimit-state 
stress level to determine structural adequacy.  

The spectral reduction factors and inelastic energy absorption factors are evaluated 
based upon the permissible Inelastic: behavior lve4 which depends on the materials and 
type of constuction. For ductile steel moment frames, relativety large reduction factors or 

Inelastic energy absorption factors are used. For less ductile shea 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.  

a. Shear force-distortion for concrete wall test (Ref. C-18)

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 evaluation 

of Performance Category 3 and higher SSCa by these crIterila. This approach is recom

mended In the DOD manual for seismic design of essential buildings (Rof. C-5) inelastic 

energy absorption factors are called F. in these criteria. Inelastic enerov abscrofinn fartnru 
have the advantage over spectral reduction factors In that different values may be spec-
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fled 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 Rby the UBC provisions. Rjis 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 F,.  

The code reduction coefficients, Ft. by the UBC approach and Inelastic energy 

absorption factors, F,, by the DOD approach differ in the procedures that define permissi

ble Inelastic response under extreme earthquake loading. By the UBC approach, only the 

element forces due to earthquake loads are reduced by the reduction coefficient. Ft. in 

evaluating demand; while by the DOD approach, element forces due to both earthquake 

and dead and five loads are reduced by the inelastic energy absorption factor. F, in evakl

atsng demand. The effect of this difference is that the DOD approach may be less conser

vative for beam or brace metmbers heavily loaded by dead and live loads. As a result, the 

criteria presented in this document utilize F, in a manner more simiar to the UBC in that 

only the elastically computed seismic response is reduced. This approach is more conals

tent with common seismic designfevaluation practice.  

In addition, the approach for permitting Inelastic behavor In columns subjected to 

both axial forces and bending moments differs between the UBC and DO) provisions. By 

the UBC approach, seismic axial forces and moments are both reduced by R., and then 

combined with forces and mxnt due to dead and live lads, 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 

energy absorption factor, F,, is related to the amount of inelastic deformation that Is per

missible for each type of structural elemenL Less inelastic behavior Is permitted in less 

ductile elements such as columns or masonry walls than in very ductile beams of specially 

detailed moment frames. In addition, by permitting less Inelastic behavior for Performance 

Categories 3 and higher as compared to the larger Rfactors 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 probability of damage is reduced In accordance 

with the performance goals. Note that the F, values are employed with acceptance crite

ria based on ultimate stress limits with unity load factors while the Rkvalues are employed 

with acceptance criteria based on either ultimate stress limits compared with response 

Including load factors or allowable itress limits.  

The Inelastic energy absorption factor Is defined as the amount that the elastic

computed seismic demand may exceed the capacity of a component without Impairing the 

performance of the component. Thus, the elastic-computed seismic demand 0. may be 

divided by an Inelastic energy absorption factor F. to obtain an inelastic seismic demand 

Do. This inelastic energy absorption factor F, should be defined by: 

F- 0% (C-7) 

where F,s, is the estimated inelastic energy absorption factor associated with a permisible 

level of inelastic distortions specified at about the 5% failure probablity level.  

If practical, it would be preferable to perform nonlinsr analysis on the structure or 

component being evaluated in order to estimate F.,, for use in Equation C-7 to define F..  

Some guidance on estimating F,,, 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 elements 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 evaluate dia
phragm elements, footings, pile foundations, etc.: (1) F. of 3.0 may be used for a steel 

special moment resisting 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 if they were designed 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 result, Fvalues 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 (Le., F~af unlty.  
To arrive at reduced F~factors (i.eL, between the full value and unity) requires judgment 

and care by the engineer performing the evaluation. It is suggested that ATC-14, "Evaluat
ing the Seismic Resistance of Existing Buildings- (Ref. C-46) and ATC-22. -A Handbook for 

Seismic Evaluation of Existing Buildings" (Ref. C-47) be reviewed for guidance on this 

subjct.  

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 accepW
able wall performance. If a lesser amount of wall cracking is required, then Fashould be 
1.0.  

The Fvalues for ductile failure modes (Le.. greater than 1.0) assume that steel 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 embrittled at some time during the service life, F, should be 1.0.  

In some cases, reinforcement details In older facilities do not satisfy the development 

length 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 failure modes such as axial compression or shear in concrete walls 

or columns and wall-to-diaphragm, wall-to-column, or column-to-base 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 ductile 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 failure mode significantly In excess of Its required 

capacity, Inelastic distortions In this ductile failure mode will likely limit the scaled Inelastic 

seismic demand Din the low-ductility failure modes. Since greater conservatism exists In 

code capacities Cfor low-ductility failure modes than for ductile failure modes, the failure 

will be controlled by the ductile failure mode so long as the low-ductility failure mode code 

capacity Is at least equal to the ductile failure mode capacity. Thus, for low-ductility fall

ure modes, the factored seismic demand Dcan be limited to the lesser of the following: 

1) Dogiven by dividing elastic demand by F,, or 

2) D , a Cc- D.conputed for the ductile failure mode, where C Is the ductile 
failure mode capacity.  

Therefore, for example, connectkwo do not have to be designed to have code capacl

ties C, greter than the code capacities C, Of the members being connected, or the total 

factored demand D. whichever is less. Similarly, the code sheer capacity of a wall does 

not have to exceed the total sheer load which can be supported by the wall at the code 

flexural capacity of the walL Finally, the horizontal essmc-lnduced axial force In a
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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 Fvalues 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 Fvalues 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 absorption factors that are 
consistent with the Intent of these criteria.  

C.4.4.3 Guidance on Estimating the Inelastic 

Energy Absorption Factor F, 

Introduction - it 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 treating 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 

equipment at respons levels above yield Is the use of an elastic energy absorption factor 

F based on a ductility modified Inelastic response spectrum approach (References 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 ow-dise concrete 

shear wall or concentic braced frame stuctum a permissible total story distortion of 

0.4% of the story height for in-plane drift would provide an adequately low proba•luty of 

"severe structural dist•r&e and thus would result In an adequately 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 multiple 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 ultimate) 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.  

Altemately, 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: 

Z W6, (c-8) 
SI_/,6&i 

where V, is the inertial weight applied at each story of the structure. 6,,is the total 

displacement relative to the base of each story corresponding to the permissible total 

distortion occurring in the critical story, and 6,, is the elastic displacement relative to the 

base corresponding to a unit value of the ratio of the elastic demand to the capacity for the 

critical story. For a single story, Equation C-8 simplifies down to a story ductility, p., of: 

(C-9) 

where br is the total permissible story displacement end 6, is the yeld dfsplacement 

er4msnd/Capacity equals unity). However. for multistory structures. A from Equation C-9 

Is always 1lss than p.from Equation C-9 except when the nonlinear distortions are spread 

throughout the structure which is very unlikely. The following equation can be used to 

relate p to p.:
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V.- I+ Fk(I. - 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, Fkwll 

typically range from 0.5 to 0.75. In these cases, Equation C-10 may be used with a 

conservatively estimated Fof 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, eLal. (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

ferred.  

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 Illustration, 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 stlffnesses, 

K, and the ultimate capacities, V., for the walls between story levels. This structure has a 

fundamental frequency f of 8.25 tz.  

Assuming a damping parameter 13 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: 

SAC 1 ()- 1.869 (C-11) 

and the elastic response of this structure is given in Table C-&. For this reference 

spectrum response, the ratio of the elastic demand to the capacity ranges from 1.02 for 

the first story wall to 1.32 for the second story. Thus yielding will Initially occur In the 

first story wall, and the elastic displaced shape at the onset of yielding Is given by a. In 

Table C-& Note In Table C-8 that the minimum velue of V/V.(L.., 1.02) Is used to 

calculate G.since this corresponds to the first element which reaches yield (i.e.. level 1).
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W3 = 6300 kips 

h = 21 ft k 3 = 1.4 x 105 kips/inch 3 VU3 = 16,600 kips 

W2 = 6300 kips 
5 

h 2= 12 ft k 2 = 2.6 x 10 kips/inch 
VU2 = 21.700 kips 

WW= 6300 kips 

h 22 ft = 1.3 x 10 kips/inch VUl= 19,200 kips 

frequency = 8.25 Hz 
damping = 7% 

Figure C-14 Three Story Shear Wall Structure 

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

Demand 

Displacement Shear Caacity/Demand Yield Displacement 
6, V, Vt/Ve 6. -6,(V/V,).  

Level (inch) (kips) (inch) finchl 
3 0.304 13,400 1.24 0.309 

2 0.208 16.400 1.32 0.211 

1 0.145 18,900 1.02 0.147 

Computation of System Ductility . In accordance with the given above a 
pefrnissble total story distortion of 0.4% of the total story height will be selected for the 
critical first story. Thus: 

6T - 0-004(22 ft)(12 inch/fl)- 1.06 inch (C-12)
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and the story ductility lz.from Equation C-9 is: 

1.06 (C-13) 
s =0147 = 7.2 

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

iL - 4.1 to5.6 (C-14) 

However, a more accurate estimate of g 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 same differential drifts as given by6.in Table C-B.  
Thus: 

6r, = 1.06 inch 

6,T= 1.12 inch 

6r, = 1.22 inch 

and from Equation C-8: 

6300 (1 .22)+ 2100 (1 .12)÷ 2500( 1.06) (C-15) 

6 3 0 0 (0. 3 0 9 ) * 2lO0(0.221 ), 2500(0. 14 7 ) 4.6 

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

U.//) - -/9 1 /4.6 - 0.466 (-S 

Then, the effective frequency Is given by.  

(f/.f)- (U1- A). A(fC/e )
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where: 

A - C[ 1 - (f1/f)] < 0.85 

For ground motions with strong durations greater than one second, C/ may be approxi
mated as 2.3. Thus, for (f,/1) less than or equal to 0.63 one may take A equal to 0.85.  
For this example: 

(f/f) S. 15+ 0.85(0.466) - 0.546 (C-18) 

o- 0.546(8.25Hz) - 4.SHz 
The effective damping 13. may be estimated from: 

1,°. (f,/If) 2 [[ + PI] (C-19) 

where 13 is the elastic damping (7% in this case) and 13m is the pinched hysteretic damping 

which can be approximated by: 

PH - I I%[ 1 - (/,f)] - 11 %(.534)- 5.9% (C-20) 

for strong durations greater than one second. Thus, for this example: 

[3. ( .466)2[1 9 9(C-21) 

.546 2[ 12.9%] - 9.4% 

For the reference I.Og NUREG/CR-0098 spectrum, at 1. equal to 4.5 Hz and 0. equal tc 
9.4%. the spectral acceleration is given by:.  

SA, r-. Pe) - 1.68g (C-22) 

and the inelastic energy absorption factor is given by: 

F [ ,] 2  SA(13) r .5466 2  1.8 -1 (C-23) 
18 S,.I A .46 - 1 1 1.6
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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 
facility. 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 (i.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 Coto 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, Jincluded as specified in Chapter 26 of the UBC (Ref. C-2) are used. Also.  

ACI-318 (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 I ) 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 used so 

long as the specified criteria are met. The plastic design strengths can be taken as I.A 

times the allowable shear stress for members and bolts and 1.7 times other allowable 

strem specified In Refs. C-52 or C-63 unless another factor is defined In the specified
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code. For ASME Section III 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 ACI 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 ductile 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 (I. e., 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 forc.-resisting systems are at least as important as the 
earthquake load level used for design or evaluation. These characteristics include redun
dancy; ductility; tying elements together to behave as a unit (to provide redundancy and to 
reduce potential for differential displacement); adequate equipment anchorage; 

non-uniform, non-.ymmetrical configuration of structures or equipment; detailing of con
nectons and reinforced concrete elements; and the quality of design, materials, and con

struction. The level of earthquake ground shaking to be experienced by any facility In the 
future Is highly uncertain. As a result, it 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 earthquake saf•y of facilities 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) detailing 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
cerned 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 should be encouraged for new designs, and 
existing irregular structures should be scrutinized very closely. Irregularities such as large 
reentrant corners create stress concentrations which produce high local forces. Other plan 
Irregularities can result in substantial torsional response during an earthquake. These 
include Irregular distribution of mass or vertical seismic resisting elements or differences In 
stiffness between portions of a diaphragm. These also Include Imbalance in strength and 
failure mechanisms even If elastic stlffnesses and messes are balanced In plan. Vertical 
Irregularitles can produce large local forces during an earthquake, These Include large dif
ferences or eccentricities in stiffness or mass In adjacent levels or significant horizontal off
sfts 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 frame construction on upper floors 
(e.g., Olive View Hospital, San Frnando, CA earthquake, 1971 and ImpefIl 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 falls, 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. It 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 It 

deforms under lateral seismic loads. To ensure that It is adequately designed, the vertical 

load carrying system should be evaluated for compatibility with the deformations resulting 

from an earthquake. Similarly, gravity loads should be combined with earthquake loads In 

the evaluation of the lateral force resisting system.  

Detailing For Ductile Behavior - In general, for earthquakes 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 equipment In 

a manner that avoids low ductility response and premature unexpected failure such th 

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 detailing to develop sufficient energy absorption 

capacity to limit damage to permissible levels.

C-55



DOE-STD-1020-94

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 controlled 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 
failures 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 walls must 
be adequately reinforced and anchored to floors and roofs.  

A general recommendation for good seismic detailing is to proportion steel members 

and to reinforce concrete members such that they can behave in a ductile 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 excessive or unacceptable damage.  

Tying Elements Together. One of the most important attributes of an earthquake-resistant 
structural system is that It is tied together to act as a unit. This attribute not only aids 
earthquake resistance; It also helps to resist high winds, floods, explosions, progresive 
failure, and foundation settlement Different parts of building primary structural systems 
should be Iu1.Zcownulwd. Beams and girders should be adequately tied to columns, and 
columns should be adequately tied to footings. Concrete and masonry walls should be 
anchored to all floors and roofs for out-of-pane lateral support. Di•phragms that distribut 
lateral loads to vertical resisting elements must be adequately tied to thee, elements. Col
lector or drag bars should be provided to collect shear fores arn 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 lifelines to perform their safety-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 earthquake if there is a significant potential for 
seaismic-induced fire. Normal off-site power and water supplies have been vulnerable dur
Ing past earthquakes. Emergency on-site power and water supplies may be required foW-.  
lowing an earthquake. Uquid fuels or other flammables may leak from broken lines.  
Electrical short circuits may occur. Hence, earhquake4sistant design considerations 
extend beyond the dynamic response of structures and equipment to Include functioning of 
systems that prevent unacceptable facility damage or destruction due to fires or explo

skis.
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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 stiffness properties 
should be modeled along with the structure model.  

4. Many equipment Items are Inherently rugged and can survive large ground 
motion if they are adequately anchored.  

5. Many equipment Items are common to many industrial facilities throughout the 
world. As a result, there is much experience data available on equipment from 
past earthquakes and from qualification testing. Equipment which has per
formed well, based on experience, does not require additional seismic analysis or 
testing If It could be shown to be adequately anchored and representative of the 
experience data.  

6. The presence of property engineered anchorage is the most important single Item 
affecting seismic performance of equipment. Them are numerous examples of 
equipment sliding or overturning in earthquakes due to lack of anchorage or inad
equate anchorage. These deficiencies can also threaten adjacent s y related 
Items 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 regardless 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 generally 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 

seismic 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 Implementation Procedure (GIP) for Seismic Verification of Nuclear Plant Equipment 

(Refeence 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 

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.
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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 called 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 seismic adequacy of equipment 
requires considerable engineering judgemenL 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 total 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 r that seismic evaluation of existing equipment and dis
tuibutlons systems be based on experience data whenever possible.  

C.6.2 Seismic Interaction 

During the occurrence of an earthquake, it is possible for the seismic response of one 
strcure, 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) shell 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 should 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.  
there may not be potential for any significant damage such that seiasric Interaction would 
not result in design measures being mplemented. An example of this is that 1 Inch 
diameter pipe cannot damage a 12 Inch diameter pipe irregardless of the separation dis
tan©e. The designerlevaluator shall Justify and document these cases.  

Design measures for preventing adverse performance from strctural falling and fail
ing and proxkmity seismic interaction modes knclude: (1) strength and stmffness; (2) *epor 
tion distance; 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 will 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-46) and ATC-22, "A Handbook for Seismic Evaluation of Existing Buildings" (Ref. C-47).  

In addition, guidelines for upgrading and strengthening equipment are presented in Refer

ence C-56. Also, guidance for evaluation of existing equipment by experience data Is pro
vided In Reference C-61. 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 evaluation of 

existing facilities are presented briefly below.
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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 facilities 
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 avail
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 detailing to the desired level 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, detailed seismic evaluation and/or upgrading of the facility as neces
sary can be undertaken. Obvious deficiencies that can be readily Improved should be 
remedied as soon as possible. Seismic evaluation for existing facllitles would be similar to 
evaluations performed for new designs except that a single as,-s configuration is evaluated 

instead of several configurations In an Iterative 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. If 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 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 seismic 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 cons-dersteons discussed Otus far address recom
mended engineering practice that maximizes earthquake 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 earthquake design or evaluation considerations include: 

a. Is the SSC constructed of known quality materials that meet design plans and 
specifications for strngth and stiffness? 

b. Have the design detailing measures, as described above, been Implemented In 
the construction of the SSC? 

The remainder of this section discusses earthquake engineering quality assurance, peer 
review, and construction Inspection requiremnts.



DOE-STD-1020-94

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.  
c. 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

/fabrication 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 evaluation calculations.  

"o 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 calculations, the engineer who checked 
numerical accuracy, and the engineer who checked theory and assumptions. If 
the calculations Include work performed on a computer, the responsible engineer 
should sign the first page of the output, describe the model used, and identity 
those values Input or calculated by the computer. The accuracy of the computer 
program and the analysis results must be verffled 

"* For new construction, the engineer of record should specify a material testing 
and construction inspection program. In addition, the engineer should review all 
testing and Inspection reports and make sift visits periodically to observe com
pliance with plans and specif1atons. For certain circurstances, such as the 
pacenment of rebar and concrete for specil ductile frame constucton, the 
engineer of ecord should amrange to provide a specially qualified inspector to 
continuously Inspect the construction and to certify compliance with the design.  

Performance Categories 2, 3, and 4 

* All aspects of the seismic design or evaluation must include indepndent peer 
review. The seismic design or evaluation review should Include design phloso
phy, structural system, construction matarils, design/evaluation criteria used, 
and other factors pertinent to the senic capacity of the fachlty. The review 
need not provide a detailed check but ratmer n overviw to help Ikdmtfy over
sights. error conceptual deficencies, and ote po- problems that mgh 
afect facility performance during an earthquaks. The pew oeview is to 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 civil/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 1991 edition, contains regulations for the 
design of seismic isolated structures. Efforts are currently underway to determine how 

these regulations can be adopted within the DOE. Without specific guidance or criteria for 
the use of seismic base Isolation in the DOE. it is recommended that the regulations in the 
UBC be carefully followed with the same considerations as outlined in Chapter 2. As dis
cussed In Chapter 2, the UBC provisions are appropriate for Performance Category 2 and

C-66



DOE-STD-1020-94

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 tornado hazard probabilities at the 10-5 , 10"6 , and 10 -7 levels on a 
regional basis, was not adopted by the Natural Phenomena Hazards Panel for the following 

reasons: 

(a) The document is intended for siting of commercial nuclear power plants.  

Criteria are not necessarily appropriate for DOE SSCs.  

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

(c) Although published in 1983, the ANSI/ANS 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 uniform approach to wind design is proposed 
herein, which is based on procedures of ASCE 7. The ASCE 7 document is widely accepted as 
the most technologically sound consensus wind load standard in the U.S.  

The unmform approach to design for wind loads treats Vie types of w'"dstorms (straight.  
hurricane and tornado) the same. Since ASCE 7 already treats straight winds and humcanes 

the same, al tht remains is to demonstrate the applicabiity of the approach to tornado 
resstant design. The procedure of ASCE 7 is applied for detormifnng wtid 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 models 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 lx10-7 was 

adopted circa 1960 when very little was known about tornado effects from an engineering 

perspective. Much has been learned since 1960, which suggests that larger exceedance 

probabilities could be adopted. Some increase over the lx10"7 is justified, especially for 

facilities that pose substantially smaller risks than commercial nuclear plants. However, two 

factors make t possible and desirable to use relatively low tornado hazard probabilities: 1) 
straight and hurricane winds control the criteria for probabilties down to about lx 104 and 2) 

additional construction costs to achieve low tornado probabilities are relatively small when 

compared to earthquake design costs For these reasons, the tornado hazard probabilities 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 collapses Mobile home, Big Spring, A-frame, Hurricane Diana Metal building, Lubbock 
inward Texas 1973 1984 Texas 1970 

Leeward wall or side wall Warehouse, Big Spring, Commercial building, Warehouse, Lubbock, 
collapses outward Texas 1973 Hurricane Celia 1970 Texas 1970 

Roof Warehouse Joplin, Motel, Hurricane Frederick School, Wichita Falls, 
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 building, Irvine, Flagship Motel, Hurricane Manufacturing building, 
California 1977 Ahcia 1983 Wichita FallsrTexas 19%79 

Internal pressure Not applicable Two-story office building, High 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 tornado 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 , tornadoes are a viable threat at the site. If the exceedance probability is less than 

2xi0-5 , straight winds control the design or evaluation criteria. The concept is illustrated in 

Figure D-1. Straight wind and tornado 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 tornadoes are not a viable 

threat at the California site. On the other hand, the intersection of the ORNL curves is at 6x1 05 

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 rabos of hazard probabilities to performance goal probabilities (risk reductxon factor) 

for the Performance Categories in Table D-2 are an approximate measure of the conservatism 

required in the design to achieve the performanoe goal. The ratio is largest for SSC
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Performance Categories I 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 Allowable 

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 tornado design and evaluation of DOE 

SSCs are given in Table D-3.  

17 -e7 

Tornado Region 

6

10 : Wi-TnaWi do O-Toa 10

Transition 

Tornado Reg•on" 

0 

tl 

0 tO1soS0 

- S~ch.4 W €,•e 1-U, .  

I01 -101

mades@"(-a 

M9Mw a-I Straight Wind wid Tornado Regions of *Wi Kmrwd Cuwve

D-4



DOE-STD-1020-94

Table D-2 Ratio of Hazard Probabilities to Performance Goal Probabilities 

Performance Ratio of Hazard to 
Category Performance Goals Hazard Probability Performance Probabiitty 

1 10- 2x10-2 20 

2 5x10-4  10-2(1) 20 
3 10' 10J 10 

4 10- 10-4 10 

3 104 2x10-s 15 

4 10-S 2x10 4  1,5 

(1) 2 x O"2 wil I= 1. Cy7 1'

Table D-3 Recommended Tornado Load Combinations 

for Performance Categories 3 and 4

ASO u Allowable Strength Design 
Us" alowable wm eppro pnmt for ~Iing 

so Strs 0DOomgn 
ULse toem aropri. for bud*o g ineut,' 

0 a DeW 1"dd 
L Lh.e Ioal

L' a Roof Ive loa 

W , Straightwid kload 

A a Tornao load. Including APC it eppropriat 
T a Temperatume loed

The 16 denominator represents the factor of safety for materIal allowable sres effectivly removin thI 

unneeded conservatism. The 1.3 and 1.5 factors negate the 0.75 and 0.6 factors permittd In ASO.  

ASD is typically used for the design of steel, Umber and masonry conruction.  

Allowable stresses for the material and the type of loading (axial, shear, bending, etc.) ae 

determined from applicable codes and specif The specifMed load combinations for ASO 

for Performance Categories I and 2 should be taUn from the applicable matMri 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 smaller 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 tornadoes are consistent with 
recommendations for commercial nuclear power plants as given in ACI 349 (Ref. D-6) for 
concrete and ANSVAISC N690-1 984 (Ref. D-7) for steel.  

D.4 Windbome Missiles 

Windbome missile criteria specified herein are based on windstorm damage 
documentation and computer simulation of missiles observed in the field. Reference D-8 
documents the occurrence of classes of missiles that are picked up and transported by straight 

winds and tornadoes. Computer simulation of tornado missiles is accomplished using a 
methodology developed at Texas Tech University. The method is similar to one published in 

Reference D-9.  

The timber plank missile is typical of a class of missiles that are frequently found in the 
windstorm debris. The 2x4 timber plank weighing 15 tis is typical of the debris from damaged
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or destroyed residences, office trailers and storage shacks. It can be carried to heights up to 
200 ft in 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-1 0, D-1 1, and D-1 2.  
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 sufficiently strong, as wel 
as sufficiently ductile, to resist the seismic-induced torces and deformations. The effects 

of earthquake shaking on structures and equipment depend not only on the earthquake 
motion to which they are subected, but also on the properties of the structure or equip

ment. Among the more important structural properties are the ability to absorb 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
be* of the supporting "ol. The amplitude and frequency of the response of massive, stiff 
structures founded or embedded in a soil media can be significantly 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 vulnerable 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 rigidity 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 to torsion. Hence. a minimum torsional loading should be con

sidered in design or evaluation.  

Earthquake ground shaking causes hmtted energy transient loading. Structures have 

energy absorption capacity through material darmping and hysteretic behavor 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 
example, to develop ductile behavior of inelastic elements. it is necessary to prevent pre

mature abrupt failure of connections. For reinforced concrete members, design is based on 

ductile steel rmnforcement in which steel ratios are hrnited such that renforcing steel yelds 
before concrete crushes, abrupt bond or shear failure is prevented. and compression rein-
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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 
damage/failure modes to be addressed during seismic design or evaluation. Examples 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 fluids 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 ae SSCs in a facility. 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 turn could 
overflow a retention bermn and/or flood adjacent SSCs. The effects of this large quantity of 
tank contents on SSCs must be considered.  

Earthquake ground shaking also affects building contents and nonstructural features 
such as windows, facades, and hanging lights. It is common for the structure to survive 
an earthquake without serious structural damage but to have significant and expenswv 
damage of contents. This damage could be caused by overturned equipment or shelves.  
fallen lights or ceilings, broken glass, and failed mfl walls. Glass and architectural finishes 
may be brittle relative to the main structure, and they can tail well before structural dam
age occurs. Windows and cladding must be specialty 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 items, 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 excitation for structure-supported compo
nents is the response motion of the structure (which can be amplified from the ground 
motion) - =I 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 differential seismic 
motions may be induced on components which are supported at mulirple 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 global 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 
full-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 tornado 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 It (10 meters) above ground in Rfat 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 profiles and relationships between averaging 

times.  

Tornado wind speeds cannot be measured easily by conventonal anemometers.  
Instead tornado wind speeds are estimated from appearance of damage in the storm path 
The Fujita Scale (F-Scale) classificabon is generally accepted as the standard for estmatg 
tornado wind speeds (Reference E-2). Table E-1 lIsts the *wd speed ranges and describes 
the damage associated with each category. The wind speeds assocated with the FuLpta 
Scale are considered to be peak gusts (2-3 second averagirng bme). The tornado hazard 
assessments used in this document are based on F-Scale wind speeft 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:

Vfm = 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 hollow insides break or fall; sign boards damaged.  

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

73 mph is the beginning of hurricane wind speed. Peels 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 or 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 wafls badly damaged.  

(F3) SEVERE DAMAGE 158-206 mph (peak gust wind speed) 

Roots and some walls torn off well-constucted frame houses, some rural buildings completely demol
ished or flattened; trains overturned; steel framed hanger-warehouse type structures torn; cars hfted 
off the ground and may roll some distance; most trees m a forest uprooted. snapped, or leveled; 
block structures often leveed.  

(F4) DEVASTATING DAMAGE 207-260 mph (peak gust wind speed) 

Welt-constructed frame houses leveled. lravng poles of den, - structure with weak foundaton lited.  
torn. and blown off some distance trees deOalkIed by smal frying debns. sand so& eroded and gravest 
fly in hig winds: cars thrown some distances or rel•ed conimdeable dsAnce finaly to diintegrate, 
larg missiles generated.  

(15) INCREDIBLE DAMAGE 261-3186 nh (peak gust wind speed) 

Strong frame houses Irted clewr off foundastion and carred consierable distance to disinerWaie.  
steel-reinorced concrete structures bec~y damaged. automobale-ezed massades carrid & distance of 
100 "ad or more, trees dabwkWe compltel. incedible phernoena can eo= 

E.2.1 Wind Pressures 

Wind pressures on structures (builngs) can be classified as external or internal.  
External pressures develop as aJr flows over and around enclosed structures. The aur 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 flow 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 external 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. Internal 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 sensitive 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 
engulfs the entire SSC has a greater dynamic effect on the SSC than a small gust that only 
partially covers the SSC. In any event, wind loads may be treated as quass-static loads by 
including an approprate gust response factor m calculating 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 permit 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 external wind 
pressures. The magnitude of APC is a function of the tangential wind speed of the tor

nado. However, the maximum tornado wind speed and the maximum APC do not occur at 

the same location within the tornado vortex. The lowest APC occurs at the center of the 

tornado 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, internal pressure need not be considered. The rate of APC is a 
function of the tomado's translational speed, which can vary from 5 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 tornadoes pick up and transport vanous pieces of debris, including 
roof gravel, pieces of sheet metal, timber planks, plastic pipes and other objects that have 

high surface area to weight ratos. These objects can be carned to heights up to 200 feet 
in strong tornadoes. Steel pipes, posts, hght-weight beam sections and open web steel 

joists having smaller area-to-weight ratios are transported by tornado winds, but occur less 
ftreuendly and normally do not reach heights above 100 ft Aultomrobiles. 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 

concern 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 overloaded. 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. girls or columns. Cladding may be an integral part of shear wall construction. If the 

cladding or Its anchorage fails, this lateral support ta lost, leaving the elements with a 

reduced load-carrymg capacity.  

Most cladding failures result from failure of the fasteners or the material in the vimi

ity of the fastener. Cladding failures initiate at locations of high local wind pressures such 

as wall corners, eaves, ridges. and roof corners. Wind tunnel studes and damage 

investigations reveal that local pressures can be one to five times 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 thie 
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 vulnerable to wind than earthquake forces, but can be damaged if exposed to fly
ing debris.  

E.3 Effects 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 flood

kig 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, th princpal hazard of interest is submergence or 

iundation. However, the damage potential of a flood as increased if there are impact or 

dynamic forces, hydrostatic forces, water-borne debris, etc. Table E-2 lists the various 

sources or causes of flooding that can occur and the parbcular 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 nver can occur due to dam or levee failure or to precpitaton.  

In most cases, flood hazards are charactenzed m terms of the depth of flooding 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 sates experience significant damage due to wave action
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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 melt, debris Inundation, dynamic forces, wave action, sedimentation, ice 
jams, Ice jams loads 

Dam failure/earthquake, flood, landslide, static Inundation, erosion, dynamic loads, sedimentation 
failure (e.g., Internal erosion, failure of outlet 
works) 

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

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

Tsunami/earthquake Inundation, dynamic loads 

Selche/earthquake, wind Inundation, dynamic loads 

Storm surge, usually accompanied by wave Inundation, dynamic loads 
action/hurricane, tropical storm, squall line 

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 effec
tively utilize warning 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 tornadoes.  

The damage to buildings and the threat to public health vary depending on the type 

of flood hazard. In general, structural and nonstructural damage occur if a site is inun

dated. Depending on the dynamic intensity of on-rvte flooding, severe structural damage 
and complete destruction of buildings can result In many cases, structural failure may be 

less of a concern than the damaging effects of inundation on building contents and the 

possible transport of hazardous or radioactive materials.
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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. Flood 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 flooding 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 flood-protection devices that vanous 

flood hazards can cause.  

Table E-3 Flood Damage Summary 

Hazard Damage 
Submergence Water damage to buddigicontenU. IOs Of electic power aW coriponrwit tunc

bon. eeVtemeni of dc, A. levees, levee ovetoppreng 

Hy&actatc loeds Cralung m wafls and toundation damage. PenOdng on roots vwa can cauee co€
_ apse. ladrte ol levees a"d dikms due to hydrostatbc pressure and leamage 

Dynamic Wads Erosion ol entankments and rdewmm of *eawafh Hah dynamc•loads can 
cause severe st tural damage and erosion of Isve
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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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