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PA1 II 

APPENDIX A 

STRUCTURAL SEISMIC DESIGN CRITERIA 

METRO RAIL PROJECT 

1.0 INTRODUCTION 

1.1 Purpose 

This Appendix provides structural-seismic design criteria for the Southern 

California Rapid Transit Metro Rail Project. Geotechnical information has 

been synthesized from the Geotechnical Investigation Report so that the 

project structural engineers can utilize this document as an independent 

source of seismic criteria. 

The basic structural design criteria for the project are provided in the SCRTD 

Criteria Document, (Reference A.1). This Appendix, however, provides special 

seismic design criteria for the project which supplement and supplant corre- 

sponding provisions of the criteria provided in the SCRTD document. In other 
wr,rri' r' r rri r,,r,i (i nrr'ri'nrr' fnr r'.: r.F - ------ -- -. r-- 

design and qualification. 

...... 
Special seismic criteria are requi red for the Metro Rail Project because of 

the relatively high exposure of the public to slynificant earthquake hazards. 

The hazards are manifested by the potential vulnerability of large numbers of 

passengers in this extensive system. 

Three terms which are used throughout this appendix are "District,' "Project" 

and uEngineer.hI "District" is used to mean the Southern California Rapid 

Transit District (SCRTD). "Project" is the Metro Rail Project. "Engineer' is 

used to mean the engineers contracted with by the District to perform the 

detailed structural design and to be in responsible charge of this work. 

1.2 Scope and Coverage 

The Metro Rail Project is a high-speed transit subway system planned for the 

greater Los Angeles Metropolitan Area. In particular, the starter portion is 

intended to connect downtown Los Angeles with Hollywood and then extend to the 

North Hollywood area of the San Fernando Valley. The latter leg would run in 

the direction of and generally parallel to the Cahuenga Pass. See Figure A-I 

for Project location of the starter portion. 
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As stated above, this Appendix serves as a stand-alone structural-seismic . design criteria document. Though not a completely detailed design specifi- 

cation, sufficient detail and guidelines are presented so that uniformity can 

be provided in the seismic design of the project. This, in turn, will provide 

for appropriate levels of seismic safety for the project facilities. The 

criteria herein are intended to supplement the general structural criteria 

provided in the SCRTD document (Reference A.1) and provide major changes in 

the seismic criteria area. 

This Appendix includes four major chapters. Chapter 1 provides introductory 

and background information. Chapter 2 provides general discussion on the 

seismic design approach and philosophy. Also, seismicclasses are defined in 

Chapter 2. Seismic classes are to be assigned to all project structures, 

systems, equipment and components. Seismic classification is based on item 

criticality with respect to public safety. Design requirements related to 

seismic class are then provided. Requirements for Seismic Class B and C items 

are given in Chapter 3; this chapter is quite brief as the seismic reuuire- 

ments citeu are Dasical y those of the referenced standard codes. Chapter 4 

provides the detailed structural design requirements for Seismic Class A 

items. These requirements are divided into two basic types: seismic design 

and seismic qualification. Further, requirements for structures are separated 

with respect to type and location: buried line structures, partially buried 

and above-grade facilities, and aerial facilities. Additional special 

requirements are ited for structures at or adjacent to major fault 

crossi ngs. 

1.3 Alternate Criteria 

Alternate criteria to that provided herein may be used by the Engineer for 

seismic design and qualification only on the foLlowing bases: 

a. The Engineer submits the alternate criteria in writing to 
the District with appropriate substantiating data. 

b. The District, upon review, agrees in writing to accept the 
alternate. 

c. The circumstances and limits of use of the alternate are 
specified and approved. 
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2.0 DESIGN PHILOSOPHY 

2.1 General Approach 

The Metro Rail Project is a large-scale public project in an area highly 

susceptible to major earthquakes. Further, earthquake-initiated failures of 

selected structures and systems could lead to large scale loss of life. For 

this reason the District has developed special earthquake protection criteria 

for the project. These special criteria exceed minimum code provisions which 

would otherwise be utilized. Such code provisions are considered to provide 

only minimum though satisfactory levels of protection for normal usage build- 

ings and facilities. 

The guiding philosophy of earthquake design for the project is to provide a 

high level of assurance that the overall ystem will continue operating during 

and after an Operating Design Earthquake (ODE). Further, the system design 

will provide a high level of assurance that public safety will be maintained 

during and after a Maximum Design Earthquake (MOE). The definition of ODE and 

MOE lve1s Sectirs 2.2 an 4.3. 

2.2 Risk Criteria 

This section provides the basic philosophy related to defining levels of risk 

for the Metro Rail Project. Seismic classification is described in Section 

2.3. However, fr purposes of outlining risk criteria, Seismic Class A-i and 

A-2 items of the Project are those with a primary function required to main- 

tain public safety. Items in Seismic Classes B and C are those whose loss of 

function will not significantly impact public safety. 

The level of seismic risk for the Project thus is established by assigning the 

level of earthquake to which critical items (Seismic Classes A-i and A-2) are 

to be designed or qualified. Design and/or qualification indicates that a 

high degree of assurance is provided that such items will maintain their 

requi red function. 

Two levels of earthquake are considered for design of critical items. The 

Operating Design Earthquake (ODE) defines, for any point on the subway system, 

the level of ground shaking at which critical items maintain function so that 

the overall system will continue to operate normally. The 1aximum Design 

. 
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Earthquake (MOE) defines the level of ground shaking, for any point in the 

subway system, at which critical items continue the function required to 

maintain public safety, preventing catastrophic failure and loss of life. 

The ODE is defined as the earthquake event which has a return period of 

several hundred years. Such an event can reasonably be expected to occur 

during the 100-year facility design life. The probability of exceedance of 

this level of event is on the order of 40 percent during the facility life. 

The MOE is defined as the earthquake event which has a return period of 

several thousand years. Such an event has a small probability of exceedance 

during the facility life. This probability is on the order of five percent or 

1 ess. 

The risk criteria as given above are only completely defined by assigning 

appropriate parameters relating the level of ground shaking to each earthquake 

event, ODE and MDE. These design criteria are given in Section 4.3. Also 

relevant to the çtlidi ivi of risk is the design ani analYsis approach and 

performance requirements for items designed to the assigned levels of ground 

shaking. These criteria are provided in Section 4.5 and thereafter. 

Part of the basic criteria regarding risk and overall system performance 

relates to general Seismic Categories and definitions of failure (Reference 

A.2). These are defined below: 

Seismic Categories for System Performance 

Cateqory I - structures, components and systems which perform a vital 

safety-related function. Category I structures, components and systems 

shall be designed to avoid catastrophic failures and perform their vital 

safety-related function during and following the upper level design 

earthquake. 

Category II - structures, components and systems (not in Category I) which 

are required to maintain safe and reliable system operation. Category II 

structures, components and systems shall be dosigned to avoid catastrophic 

and critical failures during and following the upper level design earth- 

quake and remain operational during and after the lower level design earth- 

quake. 

Cateory III - structures, components and systems (not in Categories I or 

II) which are required for normal system operation. Category III struc- 

tures, components and systems snail be designed according to appropriate 

code provisions. 
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Definitions of Failure 

Ctstroph1c F1lure - a fl1ure that would result In loss or ii ro and/or 

system. In this case the system is one that is required for' reasons of 

safety to remain operational both during and following an earthquake. 

Critical Failure - a failure that would result in severe injuries, severe 

occupational illness and/or major systerrr damage. Major system damage 

resulting from an earthquake as defined should not cause loss of life. 

Marginal Failure - a failure that would result in minor injury, minor 

occupational illness and/or minor system damage. Minor system damage 

resulting from an earthquake as defined should not significantly affect 

system operations, or induce Injury. 

Negligible Failure - a failure that would not result in injury, occupa- 

tional illness and/or system damage. 

2.3 Seismic Classes for Design 

The definitions of seismic categories and failures given above are provided 

for overall hazard consideration and are consistent with the District's 

philosophy of minimizing risk to the public. For purposes of facilitating 

design, the above definitions are extended into seismic classes defined below. 

The oefinition of seismic class more directly relates to the seismic desin 

process and will be used as a basis for assignment of corresponding require- 

ments throughout the remainder of this document. Also, a definition of fail- 

ure specifically related to Seismic Classes A-i and A-2 is given. 

During the design phase of the project, the Engineer shall prepare a detailed 

list providing seismic classes for all items of the project. This list shall 

be maintained, updated and submitted for review and approval to the District 

on a periodic basis. 

2.3.i Definition 

In order to satisfy the seismic risk philosophy given above, all items 

shall be assigned to one of three seismic classes. Seismic class is a 

measure of criticality of each item as determined by the consequences 

of its failure. Refer to Table A-i. The terms 'items" and "failure" 

are defined in Subsection 2.3.3. 
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TABLE A-i 

DEFINITION OF SEISMIC CLASS 

SEISMIC CLASS CONSEQUENCES TO PUBLIC OF FAILURE 

SC A Major Injuries or Fatalities 

SC B Minor or Moderate Injuries 

SC C No Injuries 

Further, SC A items are to be classified into two subgroups for con- 

venience in assigning qualification requirements. SC A-i items are 

those whose required performance under MOE conditions is primarily 

structural. See "function 1" in Subsection 2.3.3. Also, SC A-i items, 

as appropriate, are required to remain operational during an ODE. This 

requirement primarily relates to equipment, for example, an elevator 

which is not required to remain operational after an MOE. SC A-2 items 

are those whose required performance involves continuing operation dur- 

ing and after an MOE. See 'functions 2, 3 and 4' in Subsection 2.3.3. 

IL uu_ uc.iuu uc.'.ui, uii iii 

systems that would fall into Seismic Categories I and II. Seismic 

Category III items are to be incorporated into Seismic Classes B and C. 

2.3.2 Design Requirements 

The understanding of Seismic Class is broadened by inclusion of a brief 

summary of design and performance requirements associated with each 

Class. 

SC B and SC C items are to be designed to meet Building or other 

applicable Codes. Importance factors I (Reference A.3), of 1.5 and 1.0 

are included for SC B and SC C items, respectively. Requirements for 

SC B and C items are further amplified in Chapter 3. 

SC A items are to meet earthquake design and qualification require- 

ments given in Chapter 4. Requirements include consideration of three 

orthogonal components of earthquake ground motions which occur con- 

currently. 

. 
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Sc A-i items are those whose critical function is structural. SC A-i 

items shall be designed to perform elastically during and after an ODE. 

SC A-i items shall be checked to assure adequate structural capability 

including acceptable damage levels and prevention of collapse when 

subjected to an MOE. 

SC A-2 items are those whose critical function is operational. SC A-2 

items shall be designed or shown by qualification to be capable of per- 

forming their required function or functions during and after an MOE 

level event. SC A-2 structural items, for example, critical equipment 

supports, shall be designed to perform elastically during the MOE level 

event. 

Trmc 

For purposes of seismic design and qualification the terms "item" and 

"failure" are defined herein. 

T',,., e. F 4,, ,+4rr .,+h '1 m't, ,,,, 4,, -ko ,-r, 4'. ' .J'. d 4 4.. d VY 4 * 

text of seismic design or qualification shall mean any system, subsys- 

tem, or component as applicable to the. case in consideration. Items 

refer to systems, subsystems, or components whose function is struc- 

tural , mechanical, electrical, controls, piping, vessels, architec- 

tural., heating, ventilating and air conditioning (HVAC), or any 

combination thereof. 

"Failure" for purposes of this criteria is defined as the discontin- 

uance of capability of an item to perform a required function. The 

required function may be one or more of the following: 

1. A level of structural performance to maintain an item's position 
and/or to provide support for itself or other items in Seismic 
Class A-i. 

2. A level of structural performance to maintain an item's position 
.nd/or to provide direct support for items in Seismic Class A-2. 

3. A level of structural performance needed to maintain confinement of 
critical fluids or gases. 

4. A level of operability such as continuing or minimally interrrupted 
operation of an item of mechanical , electrical, hydraulic or other 
similar function. 

S 
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Failure or failures of items and their consequences must be assessed on 

an item by item basis as part of the seismic classification process. 

2.4 Summary of Seismological and Geotechnical Investigation 

This section provides a brief summary of the seismological and geotechnical 

data presented in detail in the main body of this report. The purpose of the 

summary is to provide background for the correlation between the basic geo- 

technical data and the input design parameters given in Section 4.3. In order 

to avoid possible confusion, it should be noted that the basic seismological 

and g'otechnical parameters described in this section for background purposes 

differ from the design earthquake parameters given in Section 2.2 and in 

Chapter 4. In particular, note that the return periods discussed in the main 

body and in this section differ from the period ranges which are defined in 

Section 2.2 for the design earthquakes. 

2.4.1 Seismic Exposure 

As part of the seismological investigation, 15 significant (regional) 

seismogenic faults were studied. Reference is made to Chapter 3 of the 

r111 r " 
' crnr Th 1 f1tz 

tial sources of strong ground motion that could affect the Metro Rai.l . Project. Major nearby regional faults include the Malibu-Santa Monica, 

Hollywood, Raymond and Newport-Inglewood. The most significant dis- 

tant structure is the San Andreas. Maximum Richter Magnitude was esti- 

mated for each fault. The estimates were based on postulted fault 

rupture length. 

In addition to seismic shaking, fault rupture is also a potential 
hazard. The proposed starter portion of the Metro Rail alignment 

crosses at least 12 faults. Of the 12 faults, only the Hollywood and 

Santa Monica are considered to have the potential for this hazard. 

In order to estimate potential strong ground motion along the route, a 

statistical analysis was conducted taking into consideration regional 

seismogenic faults, geologic evidence for fault activity and historic 

seismic activity. Results of the analysis indicate that any one of 

nine regional faults within 30 miles of the proposed alignment is 
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considered capable of generating an average 100-year peak horizontal 
acceleration of 0.22g. Major faults that are considered of prime 

importance in developing probable 100-year ground motions are the 

Newport-Inglewood, Sierra Madre and San Andreas. 

Upper or limiting ground motion parameters were also estimated. Limit- 

ing values are generally considered independent of time and are based 

on estimates of Maximum Credible Earthquakes (MCE) for each of the 15 

regional faults. The limiting peak horizontal acceleration of 0.70g 

from an MCE of magnftude 7 is related to the Malibu-Santa Monica fault 
zone. 

2.4.2 Geotechnical Considerations 

As part of the geotechnical investigation (report main body), data were 

collected and are presented on the performance of tunnels during 

earthquakes. Information is also provided on a method of calculating 

shearing, axial, bending and hoop stresses. Potential liquefaction 

zones were investigated, and methods are cut i ned for ni ti gati on of 

this hazard. In addition, lateral earth pressuresand dynamic bearing 

capacities are discussed. 

Past performance of tunnels during seismic events indicates that damage 

may result from primary or secondary effects of earthquakes which 

include: (1) strong ground motions, (2) fault rupture; (3), regional 

tectonic movements, (4) landslides, (5) liquefaction and (6) differ- 

ential compaction or consolidation of sediments. instances of complete 

tunnel closure were associated with combined primary and secondary 

effects of earthquakes such a fault rupture and slope failure. How- 

ever, in general, tunnels are safer than above-ground structures for a ,-__ 

given level of shaking. 

A correlation is noted between free field or ground surface accelera- 

tion levels and tunnel damage. Specifically, little damage is noted in 

rock tunnels for surface accelerations less than 0.4g, and no tunnel 

collapse has occurred for surface acceleratIons less than 0.5g. Other 

C 
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important factors which contribute to tunnel damage are: (1) increase 

in the lateral forces from the surrounding soil backfill in. cut-and- 

cover structures, and (2) the duration of strong ground motion. 

A major contribution to deformations and corresponding stresses in long 

linear structures such as tunnels is traveling seismic waves. In a 

simplified manner, traveling wave effects can be accounted for by 

assuming that the tunnel and surrounding soil move together as the wave .<-._ 

passes, and that motion from point to point along the route follows the 

wave pattern and differs from point to point only due to a time lag. 

Liquefaction is the transfrmation of a solid (saturated cohesionless 

soil) into a liquid state as a result of strong ground motion. The 

vibratory motion results in build-up of pore water pressures with 

resulting soil failure which can have significant effects on engi- 

neered structures. These effects can include loss of bearing capacity, 

increased active pressures and decreased passive pressure, differential 

settlements, significant lateral displacements, and increased uplift 

forces. Soils in a liquefied state do not conform to standard solid . soil mechanical behavior and, therefore, require special design con- 

siderations. Refer to Section 4.5. 
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3.0 DESIGN REQUIREMENTS FOR SEISMIC CLASS B AND C ITEMS 

3.1 Applicable Documents 

Except as otherwise provided in Chapter 3 herein, structural design of Seis- 
mic Class B and C items of the Metro Rail Project shall. be governed by the 
standard SCRTD criteria (Reference A.l) and all specifications, codes, and 
documents incorporated thereto. The criteria given in this chapter, in fact, 
are essentially the same for seismic design as those given in the standard 
SCRID criteria and supporting documents. The few changes are relatively 
simple in application. 

For this project any Seismic Class B or C buildings or building structural 
components shall be governed by the provisions of the City of Los Angeles 
Building Code, Reference A.3, except as modified in Section 3.2 and 3.3 below. 
The Los Angeles County Code shall not be utlilized. 

3.2 Requirements for SC B Items 

All Seismic Class B items shall be designed according to the seismic 
requirncntz f the appiicabi+4 rocuments cited Sction I xct th n 
Importance Factor, I = 1.5 shall be used in all cases for determining lateral 
forces. 

3.3 Requirements for SC C Items 

\ll Seismic Class C items shall be designed according to the seismic require- 
nents of the applicable documents cited in Section 3.1 above without 
?xcept ion. 

. 
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4.0 REQUIREMENTS FOR Sc A STRUCTURES AND EQUIPMENT 

4.1 General 

This chapter provides criteria for structural/seismic design as well as 
seismic qualification of SC A items. 

The design requirements are applicable to the usual design process. In this 
process a structural system is first sized and a configuration selected. This 
trial system is checked in the design process, and modified until a satisfac- 
tory design is achieved. The design process consists of determining struc- 
tural response under loads For a successful design the response must be 

limited to prescribed levels of structural resistance or capacity. 

The criteria necessary to fulfill the design process are given in subsections 
below. Included are definitions of seismic input and loading conditions, 
acceptable analysis procedures for determining seismic response, and 
acceptance criteria in the form of structural response limits for loading 
combinations to be considered. Additional criteria in the form of structural 
mrtrii c',cm ii r::.fl+ 

'.4.J 'J, U. 

.The 
seismic qualification process is one in which an existing item, previously 

engineered or designed, is reviewed to determine if it fulfills the appro- - 
priate acceptance criteria. If not, the item must be retrofitted to bring it 

up to appropriate standards. 

The qualification process may be fulfilled by response analysis in some cases. 
Often, however, testing is required to assess adequate performance. This is 

especially true for items whose operation must be assured during and/or after 
a prescribed seismic event. 

The qualification process is generally for application to pre-engineered 
hardware and components as contrasted to application of the design process to 

structural systems. The criteria for seismic qualification are similar to the 
design criteria. The system to be qualified must be shown to meet the appro- 

priate response limits under seismic loading conditions. Thus much of the 
criteria for seismic qualification are the same as for design. 

. 
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4.2 Applicable Documents 

Except as otherwise provided in this Appendix, structural design of Seismic 

Class A items of the Metro Rail Project shall be governed by the standard 

SCRTD criteria (Reference A.1) and all specifications, codes, and documents 

incorporated thereto. Structural design unrelated to earthquake effects is 

not covered herein. The criteria given in these chapters, however, provide 

almost total revision to the code-like earthquake design provisions which are 

specified in the standard SCRTD criteria and its supporting documents. 

4.3 Seismic Environment 

This section provides criteria for earthquake-related environment including 

design ground motion input and special loading considerations. The criteria 

are either directly defined herein as for design ground motions or included by 

reference to other sections or other documents, as for some special loading 

consi derati ons. 

4.3.1 Design Ground Motion 

4.31.l fliqn rr1Hnti Motjo, Pr rc - T d grgui 
values given in Table A-2 are to be used for all locations of 
the Project. The design ground motion parameters are to be 
used as input or to define input for the following cases: 

(a) Traveling wave effects on line structures (tunnels) or 
other relatively long buried structures of foundations 

The design particle motions are to be used for determin- 
ing ground motion wave-induced stresses as specified in 
Subsection 4.4.6. 

(b) Vibratory motion response of buried st.ructures 

The design ground accelerations (dga's) given are to be 
used for determining peak inertial forces in buried 
structures or for defining dynamic analysis of items 
supported on buried structures. 

(c) Vibratory motion response of partially buried, above- 
grade, and aerial structures - 

The design ground accelerations (dgas) given shall be 
utilized to define input for calculation of amplified 
dynamic response; in such cases dgas are to be used (1) 
to define coefficients for simplified analysis, (2) to 
set roll-off (high frequency ulanchorL value) accelera- 
tion levels for criteria ground motion design spectra, 
and (3) to establish appropriate values for scaling time 
histories of ground motion. 

. 
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TABLE A-2 

DE.SIGN EARTHQUAKE PARAMETERS 

DESIGN GROUND MOTION PARAMETERS 
ACCELERATION VELOCITY DISPLACEMENT 

DESIGN FOUNDATION (g) (ft/sec) (ft) 
EARTHQUAKE CONDITION Hor. Vert. Hor. Vert. Hor. Vert. 

ODE Soil 0.30 0.20 1.4 1.0 1.6 1.0 

Rock 0.30 0.20 0.8 0.6 0.5 0.3 

MOE Soil 0.60 0.40 3.2 ) 2.1 3.3 2.2 

Rock 0.60 0.40 / 1.9 1.3 1.0 0.7 

Duration of strong motion --i, 

ODE= 15-2Osec. 
MDE = 25 sec (nearby faults); 30+ sec (San Andreas Fault). 

4.3.1.2 Design Spectra - Elastic free field design spectra for use as 
input in seismic analysis of structural response are given in 
Figures A-2 and A-3 for a horizontal direction. These spectra 
apply to both soil and rock foundation conditions. Several 
curves are provided corresponding to selected levels of struc- 
tural dampinq. Appropriate dampi n levels for- various anal y- 
sis conditions are given in Paragraph 4.4.3.7. Horizontal 
design spectra for damping values not shown can be con- 
structed. The two high. frequency break points between which 
straight lines are drawn connecting the design level accelera- 
tion with the spectral accelerations are 8 Hz and 33.3 Hz. 
(Refer to Figures 1-2 and A-3). Design spectral bounds Sa, 
St,, and Sd can be computed for the ODE using the following 
equations, respectively: 

Similarly for the MOE: 

1.04 - 0.22 znD 
3.14 - 0.62 £nD 
4.29 - 0.56 £nD 

2.11 - 0.45 LnD 
6.98 - 1.38 £nD 
9.29 - 1.21 LnD 

In the above equations "0" is the selected fr-action of 
critical damping. Sa and 5d will plot on logarithmic 
coordinates as 

450 straight lines. Connecting 5a and Sd 
will be the horizontal line representing S. 

For any given value of damping, the vertical design spectra 
shall equal two-thirds the horizontal design spectra for fre- 
quencies of engineering interest. Vertical design accelera- 
tions and response spectra are to be adjusted for near-fault 
locations. Refer to Paragraph 4.5.4.9 

. 
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Under some circumstances inelastic response may be calculated 
by the inelastic response spectra approach (Reference A.4). 
See Subsection 4.4.3. In such cases inelastic response spec- 
tra may be developed from corresponding elastic response 
spectra as illustrated in Figure A-4. 

4.3.1.3 Time-History Input Motions - Where time-history type of 
analysis is to be used the District will provide appropriate 
digitized records in the form of computer tapes or decks for 
ODE and MOE level events. If a time-history for a magnitude 8 
event on the San Andreas fault is required, a special record 
will be developed by the District. Development of this record 
will be based on the approach outlined in Reference A.5. 

Time-history input motions may be utilized for generating 
in-structure (floor) response spectra to be used in modal 
spectral analysis of structure-supported items, or such 
accelograms may be used for analysis of complex above-grade or 
aerial structures. 

4.3.1.4 Depth Dependence - Analysis utilizing simple one dimensional 
shear beam models usually predicts attenuation of peak 
accelerations with depth, especially if there are no abrupt 
variations in soil stiffness with depth. For a layered pro- 
file, some of the layers may be excited by certain frequencies 
of ground motion. As such, the general trend of attenuation 
may no longer be valid, and motions may vary from one depth to 
tie otner. based on tnis and other observations, the design 
values in 4.3.1 shall be used for all depths of interest for 
the Metro Rail Project. 

4.3.2 in-Structure Response Spectra 

In-Structure Response Spectra (1SS) may be required to define seismic 

environment for items supported on major structural systems or compo- 

nents. In such cases the Engineer shall develop ISRS as specified in 

Subsection 4.4,5. Where ground motions are required as input for gen- 

eration of 1SRS, design response spectra or time-histories defined in 

Subsection 4.3.1 shallbe used as input. 

4.3.3 Special Loading Considerations 

There are several special primary and secondary sei scnic loading condi - 

tions which occur and are to be defined for structural design purposes. 

Such conditions include, but are not limited to, the following: 

(a) Traveling wave related effects. 

(b) Relative displacements which may occur at fault crossings or those 
related to seismically induced slope failures. 

(c) Increased soil pressure due to soil-structure interaction or sta- 
bility related effects such as liquefaction. 
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(d) Abrupt changes in soil stiffness which may induce forces or 

stresses into below-ground structures. 

. 
With regard to traveling wave effects, the design ground motions given 

in Table A-2 are to be used for calculating applied loadings and 

induced stresses. The use of design motions for such calculations is 

defined in Subsection 4.4.6 on analysis of below-ground structures. 

Relative displacements due to fault slip which must be accounted for in 

design at fault crossings are provided in Table A-3. Design for fault 

displacement is required only for MOE conditions. 

The design fault parameters (Table A-3) are based on current informa- 

tion on the geologic characteristics of the two faults, the seismo- 

logical character of a magnitude 6.5 and 7 event, and fault slip 

information obtained from the Kern County earthquake of 1952 and the_ 

San Fernando earthquake of 1971. However, as additional data is 

collected on the Hollywood and Malibu-Santa Monica Fault Systems during 

the later phases 01' this project, the above values will be reviewed and 

revised as appropriate. 

Design approaches which may be used to account for special loading 

conditions, for example, conditions 'a' through "d" cited above, are 

discussed in Sections 4.4 and 4.5. 

TABLE A-3 

DESIGN FAULT PARAMETERS 

PARAMETER SANTA MONICA HOLLYWOOD 

MOE MAGNITUDE 7 6.5 

Total slip (average) 2.0 m 1.5 in 

dip slip (vertil) 1.5 m 1.12 m 

strike slip (horizontal) 1.3 m 1.0 ni 

Dip of fault plane (assumed) 600 N 45° N 

Angle of intersection of fault plane 65° 90° 
and route alignment 

Horizontal crustal shortening 1.5 in 1.0 m 
normal to strike 

Width of zone of faulting or disruption 20 - 600 m 20 - 300 in 
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4.4 Determi nati on of Seismic Response 

This section covers the requirements for determining the seismic response for 

SC A items under criteria earthquake loading (input) conditions. As pre- 

viously noted, Section 4.3 provides input criteria, while Section 4.5 covers 
response limits and acceptance criteria under various loading conditions and 

cornbi nations including seismic. 

4.4.1 Selection of Analysis Type 

This subsection provides criteria for selection of the method for 

determination of dynamic response of structural systems. In this case 

analysis as described in Subsections 4.4.2 through 4.4.5 is for 

earthquake-generated ground or support structure motions. Criteria for 

analysis of traveling wave effects and other special earthquake loading 
conditions are covered in Subsection 4.4.6. 

Three general dynamic analysis procedures are described: 

(1) Simplified Dynamic Analysis (SDA) - Subsection 4.4.2 
Modal Spectral Analysis (MSA) - Subsection 4.4.3 

-aon ;riy1 u.se.or: 

The following paragraphs provide conditions to be fulfilled for selec- 
tion of one of the three dynamic analysis procedures under specific 

circumstances. These conditions are summarized in Table A-4. 

(a) A Simplified Dynamic Analysis (SDA) may be utilized when the 
dynamic response of the structure is mainly in one dynamic mode 
for the given direction of ground motion considered, and effec- 
tively no coupling occurs between responses in each of the three 
ground motion input directions. In order to fulfill this criteria 
it must be effectively demonstrated that at leas.t 90% of the 
structure mass participates in the primary response mode for a 

given direction of excitation. Also, in order to qualify for SDA, 
the structure must have a relatively simple framing system and be 

regular. See "Regularity Class No. 1", Table A-5. 

(b) Regardless of other factors, dynamic response of a structure may 
be analyzed by SDA procedures if the structure is rigid. A 

structure is considered to be rigid if its first mode natural 
period is equal to or less than 0.05 seconds. 

(c) The dynamic response of SC A structures that do not qualify for 
SDA, as described above, must be analyzed by MSA or TRA methods. 
MSA is acceptable for all cases in which TRA is not required. 
Non-rigid structures which are irregular, as determined by Table 
A-5, require TRA analysis. 
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4.4.2 The Simplified Dynamic Analysis Procedure (SDA) - Peak dynamic force 

(F) on the Item or structure shall he determined by the following 

formula considering a given orthogonal direction of input motion: 

F = 1.5 CW (a) 

In this case C is the peak response acceleration (in units of 11g") 

determined from the design response spectra defining earthquake motions 

for the given input direction. The first or dominant mode natural 

period of the structure shall be calculated and used to obtain the peak 

acceleration value from the design response spectra. W is the total 

weight of the structure which may participate in the structural 

response for the direction considered. 

Where the first or dominant mode of the structure has a natural freq- 

uency of 20 hertz or more, the force (F) may be estimated on the basis 

of the following formula: 

F = 1.2 CW (b) 

Y 1.- 4- 4.k, . c - .,i, I 
le mncalIllq Oi uiuOi, . me . c.muiu a, .... 

TABLE A-4 . 
SELECTION OF DYNAMIC ANALYSIS PROCEDURE 

PROCEDURE SELECTION REQUIREMENTS FOR DYNAMIC ANALYSIS PROCEDURE 
ANALYSIS IN PARTICULAR RESPONSE DIRECTION 

SIMPLIFIED DYNAMIC (SDA)* 1. Structural framing system must be rela- 
tively simple. 

2. Structure must be regular (see Table A-5). 

3. At least 90% of mass must participate in 
the dynamic response mode considered. 

4. No significant coupling between response 
in the three orthogonal input directions 
occurs. 

MODAL SPECTRAL DYNAMIC (MSA) May use in all cases where time-history 
response analysis (TRA) is not required 

TIME-HISTORY RESPONSE (TRA) Must use if structure is irregular and not 
rigid 

*SDA is applicable in all cases where the structure is rigid, and, in this 
case, the four requirements tabulated are waived. See text for definition. 
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REGULARITY 

No. Class 

1 Regular 

2 Slightly Irregular 

3 Irregular 

TABLE A-5 

STRUCTURAL REGULARITY CLASSIFICATION 

IRRI:GuLARITY FEATURESa 

Stiffness Ratiob 
Mass Ratiob Between 

Level to Level Vertical Sections 
Ifloor to floor) (story to stoy 

Within 20% Within 20% 

Within 50% Within 25% 

Over 50% Over 25% 

Continuity ofC 

Lateral Force 
Resisting System 

Continuous 

Continuous 

Non-continuous 

lion zontal de 

Effective 
Eccentricity 

Within 10% 

Within 15% 

Over 15% 

Project ion 

Beyond Vertical 
Resisting System 

Within 0/5 

Within 0/4 

Over 0/4 

a A structure shall be assigned the highest Regularity Classification number for which it has one or more qualify- 
ing irregular features. 

b The mass and stiffness ratios refer to the presence of a dEcrease or increase in one of these quantities in a 
story of a structure relative to a story immediately above. 

C A continuous Lateral Force Resisting System is defined as one with no changes of basic material or framing sys- 
tem, without offsets or changes in the earthquake load path, and with no change in basic geometry. 

d The effective eccentricity at any level is the total torsioNli moment divided by the total shear at that level. 
For structures to have Regularity Class Nos. 1 and 2, the major lateral load resisting elements must be parallel 
to the major orthogonal axes and the horizontal eccentricil;y between the center of rigidity and the georret'ic 
center at any level shall be no greater than 15%. 

e Percentage of eccentricity shall be based on the lateral frce resisting system dimension perpendicular to the 
direction of applied force. 

f 13" is (lefi ned as the mi nimuin hon zontal bui liii og or structi re dimension at the level tinder consi derat i on. Ade- 
quate di aphragn stiffness shall be provided by design for each level including that for projecting porti OIlS. 
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In either of the above cases, the structure may be made uo of a number 

of masses at different locations. When this occurs the total force F 

shall be distributed proportionately at each mass location for pur- 

poses or static nlys1s to determIne respon.es such 4S inetiiber forces, 

stresses, deformation or deflection. 

Damping values, and ductility factors if appropriate, shall be selected 

for defining the design response spectra as specified for modal spec- 

tral analysis in Subsection 4.4.3 belor. 

Input motions and corresponding structural response values for the 

structure or any component shall be considered to occur non- 

..oncurrently for each major input direction. Structural response on 

the structure as a whole and on each component as determined from the 

procedure described herein shall not be combined with response to other 

input directions. Design of each component shall be on a worst case 

basis corisiderir.g all three orthogonal input directions and resulting 

response. 

The factor of 1.5 in the force formula is provided to conservatively 

account for effects not otherwise included in the response. These 

effects include directional coupling, higher mode response and the 

possible unconservatisms relative to period computations. 

4.4.3 The Modal Spectral Response Analysis Procedure (MSA) 

This section describes criteria for performing seismic structural 

response analysis by the modal spectral method. As seen from the 

selection rules given in Subsection 4.4.1, Modal Spectral Analysis 

(MSA) is the norm or standard for determining seismic response of SC A 

items. Simpliied Dynamic Analysis (SDA) is an exception for determin- 

ing response of relatively simple structures, and Time-History Response 

Analysis (TRA) is an exception for highly complex and irregular struc- 

tures. 

The general method of Modal Spectral Analysis required is described in 

detail in standard texts on structural dynamics; for example, see 

Reference A.5. Generally, any computer approach used shall incorporate 

S 
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finite element methods utilizing the matrix-displacement method of 

structural mechanics. Examples of acceptable computer codes are: SAP 

IV, NASTRAN, ANSYS, STRUOL, STARDYNE and EASE 2. See References A..7 

through A.12, respectively. These and other similar computer codes, 

meeting the requirements given in this section, may be utilized for 

performing MSA. 

Design response spectra representing seismic ground motions shall be as 

described in Section 4.3. Input for uncoupled structure supported 

items to be analyzed shall be developed as described in Subsection 

4.4.5. Also, see Paragraphs 4.4.3.2 and 4.4.3.3 below. 

4.4.3.1 Mathematical Modeling - The extent and detail of mathematical 

models shall be consistent with obtaining realistic structural 

response of Items to be analyzed within an engineering degree 

of accuracy. 

Mathematical modeling of items shall be conducted to the 

detail required to assure obtaining the actual response and 

consistent with the method of analysis being used. For 

dynamic analysis the mathematical model shall be, as a mini- 

mum. a lumped-mass system interconnected by elastic elements. 

Modal damping may be assumed in the case of damped structural 

systems and/or components where the damping level does not 

exceed 10% of critical. 

The models must adequately represent the physical charac- 

teristics of structures, systems, and components and their 

corresponding response to seismic excitations. Where it is 

difficult to model various structures, systems, and com- 

ponents, parametric studies may be required to determine 

sensitivity of the model to various parameter changes; e.g., 

mass, stiffness, material properties, etc. Upgrading must 

then be made to reflect the more accurate parameter repre- 

sentation as determined by the studies. 

All physically connected structures, systems and components 

shall be represented as a combined single mathematical model 

unless such connected structures, systems and components are 

permitted to be uncoupled according to Paragraph 4.4.3.3. 

When uncoupling is justified, the subdivided structures, sys- 

tems and components shall be modeled in a consistent manner. 

When structur- systems, and components are subdivided and, 

as a result, become supported structures, care must be taken 

in providing the input motion that is representative of the 

seismic response of the supporting structure. Refer to Sub- 

section 4.4.5 and also Paragraph 4.4.3.2. 

For efficient modeling, geometric, mass and reflective 

symmetry may be utilized to reduce the number of degrees-of- 

freedom; however, care must be taken to assure that 
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significant translational and rotational degrees-of-freedom 
are considered at mass points. In addition, consideration 
must be given to the coupling effects which may occur between 
the translational and rotational degrees-of-freedom where the 
center of mass and center of resistance (for either torsional 
nd bending efrects) do not coincide. 

At foundations or points of support, the rocking degrees-of- 
freedom should be considered in the mathematical model. 
Although, in some cases such degrees-of-freedom are insignifi- 
cant, care should be utilized to justify their elimination. 

Discontinuities that may exist in a structure, system, or com- 
ponent (e.g., drastic changes in stiffness, gaps, or clear- 
ances) that become part of the mathematical model, may require 
special consideration. It may be necessary to treat gap or 
clearance discontinuities as non-linearities, and such dis- 
continuities may be subject to impact forces. An appropriate 
mathematical procedure for representing the response of such 
gaps or clearances shall be used in determining the impact 
forces for design purposes. In addition, at points of rapid 
changes in stiffness, attention should be focused on stress 
risers. 

When modeling equipment, the mathematical model should repre- 
sent the equipment in its operational modo if it must rorrain 

in operation to maintain its required tunction. 

4.4.3.2 Special Considerations in Modeling Supported 
following special considerations are applicable to items sup- 
ported by other structures rather than being directly sup- 

ported on ground. 

Where a supported item has two or more response frequencies 
that exist within the broadened resonant frequency band of the 
supporting point response spectrum (Subsection 4.4.5), the 
spectrum may be modified in the analysis to prevent unneces- 
sary conservatism. Since the supporting structure, system, or 

component can have only one resonant frequency, the broadened 
spectrum is modified such that its peak corresponds to one of 
the supported substructures, subsystem, or subcomponent fre- 
quencies within the broadened range as depicted in Figure A-5 
(Reference A.13). The supported substructure, subsystem, or 
subcomponent is analyzed using the supporting spectrum modi- 

fied as shown once for each frequency in the broadened band. 
For example: if three frequencies of the supported substruc- 
ture, subsystem, or subcomponent were in the broadened band, 
there would be three analyses, and the analysis producing the 
largest total response would be used for the design. 

For the condition where a substructure, subsystem, or SuD- 
component is supported by more than one supporting structure, 
system, or component there will be differing response spectra 
at various support points. These support point spectra shall 

. 
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be superimposed on each other, and the design spectrum for the 
substructure, subsystem, or subcomponent taken as the upper 
bound envelope of the support point spectra considered. 

4.4.3.3 Conditions for Uncoupling of Structural Models - All physi- 
cally connected structures, systems, and components are 
coupled to some degree and should be modeled accordingly. 
However, for purposes of simplicity and economy in many cases 
it is desirable and sufficiently accurate to separate models 
of structural systems into two or more individual parts. 
Models of structural systems may be uncoupled according to the 
following general guidelines. 

There are two distinct types of coupling conditions: 

(1) where structures, systems, or components are coupled 
together but supported independently, the coupled point 
may be considered as additional support point, and 

(2) where the structures, systems, or components are physi- 
cally coupled and physically support one or another 
through the coupling point, one being the primary sup- 
port. 

All other coupling conditions are combinations of these two. 

S1v ::rr,-,c.r be justified :hro thu,ul uf cn 
subsystem or subcomponent is developed to account for inter- 
action effects at interfaces; or where it is shown that the 
dynamic response of subsystems and subcomponents is inde- 
pendent as modeled. 

Table A-6 provides conservative guidelines which are to be 
used as a basis for uncoupling models of structural systems. 
This table was developed on the basis of past studies which 
have been conducted to examine the effects of mass and 
stiffnecs relationships between various systems and their 
resulting interaction. See Reference A.14. 

4.4.3.4 Number and Combination of Modes - In performing cynamic anal- 

ysis using modal spectral methods, sufficient modes shall be 
included to accurately represent the response of the struc- 
ture. To assure this accurate response determination, in 
general, the number of natural modes included in calculating 
the reponse shall be such that at least 90% of the modal mass 
is accoured for within the modes considered for a given 
orthogonal response direction. 

In order to calculate the maximum of any response quantity, 
the responses from each normal mode shall be combined using 
'the square root of the sum of the squares" approach. For 
closely spaced modes - modes whose frequencies are within 10% 
of each other - the response shall be combined using "the sum 
of absolute values' criterion. The combined effects of the 
closely spaced modes shall then be combined with all oter 
modes using the "the square root of the sum of the square' 
approach. 
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TABLE A-6 

GUIDELINES FOR UNCOUPLING 

CASE SUPPORId 
No. felfsb Me/M5C CONDITION 

1A <0.5 <0.20 U 

2A 0.5 to 2.0 <o.00ie u 

3A >2.0 <0.20 U 

18 <0.5 >0.20 C 

2B 0.5 to 2.0 >0.001 C 

38 >2.0 >0.20 C 

a Based on Reference A.14. 

b 
e and f5 = natural frequencies of significant modes of 

the supported and supporting items, respectively. e is 
the particular significant modal frequency which is closest 
in vdiue to F. 

C M and M5 = total mass of the supported and supporting 
items, respectively. 

d Modeling Conditi q LQncoupl ed): 

Supporting Role - Model as uncoupled, neglecting effects to 
supporting item, but including mass of sup- 
ported item. 

Supported Role - Model as uncoupled, using as input at sup- 
port points the dynamic response calculated 
for supporting item. 

Modeling Condition C (Coupled): 

Model as coupled (total) system or use 
acceptable procedure to account for inter- 
action effects. 

e Mass of supported item may be neglected. 

., 
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The above approach for combining of modes is described in 
addi ti anal detail In Regulatory Guide 1 .92 (k' Frence A. 1 G). 
Two ztcceptdble lterri4te iiiethods ror combining closely spaced 
modes are also described in Reference A.15. 

4.4.3.5 Directional Considerations - Dynamic analysis by the MSA shall 
be performed considering the seismic excitation in the two 
orthogonal horizontal axes and the vertical axis that coincide 
most nearly with the principal axes of the structural model. 

If the analyses are performed either concurrently or indepen- 
dently in each of the two horizontal directions and the ver- 
tical direction, the resulting maximum response (for example: 
maximum displacement, acceleration, moment, stress, etc.) far 
any element or at any point in any direction obtained for each 
of the three directions shall be combined individually by the 
square root of the sum of the squares. When usi ng the i nde- 
pendent direction input analysis approach, care must be exer- 
cised to assure that significant coupling effects are not 
unjustly neglected. 

As an alternate method of combining responses induced by three 
orthogonal components of earthquake motion acting concurrently 
on a structure or element, the responses to seismic input 
consisting of 100% of the maximum in any given principal 
direction shall be directly superimposed with corr'epondinq 
responses induced by 4U% of the maximum input for each of the 
other two orthogonal directions. In this method, the peak 
response considered must be examined to assure worst case from 
all three possible (100-40-40) input conditions. Response 
components which are contributed by input from a given direc- 
tion and demonstrated to be less than 5% of the total combined 
response may be neglected. 

4.4.3.6 Torsional Effects - Models shall be developed to account for 
torsional effects due to significant eccentricity between 
centers of mass and rigidity in analyzing seismic response of 
the structure. Analysis shall account for traveling wave 
effects (i.e., accidental torsion), for structures with rela- 
tively large extent and plan dimension aspect ratios. 

For buildings, building-like structures, towers, and plat- 
forms, an equivalent static accidental torsional moment shall 
be added to torsional moments related to actual eccentricity 
for inclusion in design forces. Torsional moments shall be 
distributed to structural resisting elements at each level of 
the structure by standard analytical methods. The accidental 
torsion added at each level shall be the product of the design 
seismic acceleration at the given level and an assumed 
eccentricity of the story mass and actual center of rigidity 
at the level. The assumed eccentricity shall be taken as 5% 
of the largest building plan dimension at the given level. 

4.4.3.7 Selection of Damping Values - Damping values for use in MSA 
analysis are provded in Table A-7. These conservative values 
are cited by material, type of construction, and stress 



. . 
['I\MPiNG VALUES 

. 

DAMPING VALUESa,b 

Opertting Design Earthquake Maximum Design Earthquake 

STRUCTURE, SYSTEM OR COMPONENT Stresses Ranging From 1/2 Yield Stresses At or Near (4/5) Yield 

To Working Stress (2/3 Yield) To Full Yield Stress 
(percent) (percent) 

Equl pment and Piping Systems 1 to 2 2 to 3 

Steel Structures Welded 2 to 3 4 to 1 

- Bolted 4 to 1 7 to 10 

Reinforced Concrete Structures 3 to 5 7 to 10 

Prestressed Concrete Structures 2 to 3 5 to 10 

Wood Structures Nailed or Bolted 5 to 1 10 to 15 

Foundation Systems for StructuresC 

on rock - C5 > 6000 fps 2 

on firm soil C5 > 2000 fps 5 1 

on soft soil C5 < 2000 fps 1 10 

Tanks 
Sloshing Response (water or oil) 0.1 0.1 

Overall Tank Responsed 3 5 

Damping values represent percent of critical damping. 

b Where a range of values is sped fied, the enjineer should select the most appropriate value within tLit 

range for the item(s) being analyzed. If deemed necessary, damping values less than those specified nay 

be used. Refer to discussion in text on relative conservatism. 

C Where C = Shear Wave velocity n the material. Values listed are rock/soil material damping valu-s. 

( For tank structure and liquid moving with tank. 
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levels, and are based on References A.16, A.17 and A.18. In 

particulir, the lower and upper vilues of damping cited For 

edch desi yri earthquake level In [u Ic A-! corresporuJ respec- 

tively to the lower and upper stress levels cited in each 

heading. The lower damping levels of each pair are highly 

conservative design values, nearly lower bounds. The upper 

levels of each pair are average or moderately conservative 

design values. 

In lieu of the values given, values based on the results of 

rigorous testing or analysis may be used where proper docu- 

mentation is provided. Similarly, higher elastic response 

damping ratios may be used, provided justification is shown 

that such higher values are appropriate. For example, con- 

sideration of the effects of radiation damping may allow large 

damping values to be used for foundation materials. For those 

structures, systems, and components which are subjected only 

to low stress levels, appropriately reduced damping values 

should be used when computing displacements. For inelastic 

analysis, the higher damping values of Table A-7 should be 

used. Further, energy losses should be considered due to 

inelastic deformation. The values shown in Table A-7 are 

equivalent viscous damping ratios and are given as percent of 

critical damping. For special structures, systems, and 

components that have been designed to have high structural 

dampinq values testing should be conducted in the frequency 

rarg of the earzhquae to van fy such da;;p ny. Sui :LH al 
damping values shown are conservative guidelines for the 

overall structural rocking mode. Soil radiation damping 

values to be used may be calculated by standard procedures 

considering the mass, stiffness and geometry of the particular 

foundation to be designed. See Paragraph 4.4.3.9. 

4.4.3.8 Analysis Considerations for Nonlinear Response - The design 

criter3a given permits structures in Seismic Class A-i to per- 

form in the inelastic range under MDE loading conditions. 

Special design considerations must be followed in this case as 

specified in Section 4.5 

The general approach in the Metro Rail System for evaluating 

nonlinear structural/seismic response under MDE input motions 

is by the inelastic rrdal spectral method developed by Newmark 

and Hall (Reference A.19). 

This approach is applicable to simple and moderately complex 

structures. For irregular and highly complex structures, 

inelastic response must be determined by direct integration 

Time-History Response Analysis (TRA) as delineated in Sub- 

section 4.4.4. 

The inelastic MSA is an approximate method whose use should be 

applied judiciously. Guidelines for use of this method and 

appropriate limitations for its use are treated in References 

A.20 and A.21, respectively. 

. 
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Nonlinear design spectra for 1nelstic anilysis ire provided 
by criteria given in Section 4.3. Appropriate damping values 
are cited in Paragraph 4.4.3.7. Limiting values of ductility 
which may be used are given in Table A-8. Where values of 
ductility above 2 are used, analytical studies demonstrating 
that the ductility capacity of the system is at least as great 
as that assumed shall be performed and provided to the Dis- 
trict for review and approval. 

4.4.3.9 Soil-Structure Interaction (SSI) - For the analysis and design 
of Seismic Class A items supported by ground, the effects of 
soil-structure interaction (foundation compliance effects) 
shall be evaluated. The evaluation may be made solely on the 
basis of engi neeri ny judgement depending on the type of struc- 
ture and foundation system; in more complex cases, the evalu- 
ation shall be based on the guidelines or analysis procedures 
discussed or referenced in this paragraph. 

Where the structures, systems, or components are relatively 
lightweight and their foundations (concrete supports) are 
shallow, soil-structure interaction may be judged to be 
negligible. Where soil-structure interaction is negligible, 
the design response spectra specified in Section 4.3 shall be 
used directly as input. 

More detailed guidelines for determining the necessity of 
including soil-structure interaction in tre seismic analysis 
of a structure are given in Reference A.22. In addition, the . methods outlined below may be used expeditiously to assess the 
need for further detailed consideration of SSI effects in 
analytical models. 

Where soil-structure interaction effects must be included in 
the analysis, the basic approach utilizes lumped parameter 
analysis models based on elastic half-space theory. This 
approach is described in detail in Chapters 7 and 10 of Refer- 
ence A.23. In this method, the foundation is considered to be 
essentially rigid, and equivalent soil springs and dash-pots 
are developed for each mode of rigid body response to model 
the effective soil compliance and energy dissipation. The 
footings are considered to be resting on the surface of a half 
space. The effects of embedment may be assessed in an approx- 
imate manner. See, for example, References A.24, A.25, and 
A.26. Finite element analysis may be required to assess SSI 
effects in special cases. 

A general model for dynamic analysis of structural framing 
systems, to include soil-structure interaction effects, con- 
sists of a planar frame model which includes one principal 
horizontal and the vertical direction of motion. Each column 
footing location will include up to three soil springs: one 
vertical , one horizontal , and one rotational spring. Para- 
metric studies of dynamic response with a rance of soil spring 
and damping values are to be made, and where the response is 
insensitive to variations in soil properties, the foundation 
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TABLE A-8 

MAXIMUM SYSTEM DUCTILITY VALUES* 
FOR SC A-i ITEMS 

MAX IMUM 
DUCTILITY 

ITEM VALUE 
Equipment 

2.0 

Piping 
3.0 

Steel Structural Systems 
Rigid Fr.rnes 
or 

5.0 
Individual Elements Loaded Primarily in Tension or Flexure 

Braced Frames 
or 

2.0 
Individual Elements Loaded Primarily in Compression 

Concrete Structural Systems 
Ductile Rigid Frames 
or 

4.0 
Individual Elements Loaded Primarily in Flexure 

flt$1 '-r tJ.11 n 

* The ductility values specified are the maximum values that may be used 
under any condition. It may be more appropriate to use values less than 
those specified, depending on the details of the item under considera- 
tion. See discussion in text. 

Ductility values of 1.0 only are permitted for SC A-2 items. 

. 

. 
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may e considered fixed in the yiven direction or directions 

of 

are 

response; that is to say, 

negligible. Models shall 

SSI effects for this direction 

include all contributing mass 

and inertia of the footing and supported structure or equip- 

ment. No equivalent soil mass is to be included in the analy- 

sis (Reference A.23). 

Where soil-structure interaction is shown to have a si gni fi - 

cant impact on the structure or equipment design, verification 

analyses may be performed by finite element methods. In this 

method, a two-dimensional (one horizontal and vertical) analy- 

sis representation which includes a finite element model of 

the equipment or structure and foundation and the adjacent 

soil shall be developed. Similar models may be used to assess 

special effects, such as those from wave propagation on long 

foundations or buried structures and bc-al soil effects on 

free field earthquake motions. 

For tunnel and basement floors and walls, interaction effects 

are to be included generally by adding a seismic surcharge, 

that is an increment of dynamic soil pressure, when designing 

walls and floors for lateral and vertical loadings. The 

dynamic surcharge loading is discussed in Paragraph 4.5.4.5. 

Figure A-6 indicates the spring constants which correspond to 

various rigid body modes of response for footings resting on 

half-spaces. These constants are independent of footing-soil 

system frequency and depend only on footing dimensions, the 

soil shear modulus, G, and Poisson's ratio, u. Representa- 

tive values for the upper soil strata are given in Table A-9. 

TABLE A-9 

MATERIAL PROPERTIES 

COMPRESSION 
WAVE SHEAR CONSTRAINED 

TUNNELING VELOCITY POISSON'S MODULUSG MODULUS Ec 

CONDITION (ft/sec) RATIO (osi) (psi) 

Soil * 3 
* 

Soft Rock * .25 
* * 

Hard Rock * .2 800,000 2,400,000 

*To be determined and provided by the District. 

Radiation damping for the analysis models may be estimated 

using formulas developed for the half-space theory (Reference 

A.23) given in Table A-lU. In these formulas, p is the soil 

mass density and m is the supported mass of foundation and 

S 
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TABLE A-1O 

SOIL DAMPING 

(After' Richart, Hall, and Woods; Ref. A.23) 

EQUIVALENT RADIATION DAMPING FOR RIGID CIRCULAR FOOTINGS* 

MODE OF DAMPING RATIO 
VIBRATION MASS (or INERTIA) RATIO D 

(1 - u) in 0.425 
Vertical Bz = - Dz = 4pr. \rr 

(7 - 8u) in 0.288 
Sliding B = - Dx = 

.32(1 - u) pr 

3(1 - u) I 0.15 
Rocking B* = ________ ....! 0* = 

8 pr (1 + B)\fi 

Torsional 

t 

pro 

*or for rectangular footings with the equivalent radius, r0 as follows: 

/- 

For translation: r = - 0 

For rocking: r0 
/ 

/l6Cd(C2 + d2) 
For torsion: ro 

6ir 

in which 

2c = width of the foundation (along axis of rotation for the case of rocking) 

2d = l2ngth of the foundation (in the plane of rotation for rocking). 

NOTE: u = Poisson's Ratio 

in = contributing mass of foundation and structure or equipment 

I = mass moment of inertia about appropriate axis of foundation and structure 

S or equipment 

p = mass density of soil 



structure or equipment. The B factor-s are so-called mass 
ratios for each mode of response. The parameter r is the 
radius of a circular footing. Equivalent radii r0) for 
rectangular footings are developed based on the formulas also 
provided in Table A-1O. Note that the equivalent radii are 
different for each mode of response. 

The soil radiation damping values calculated as described 
above are based on half-space models considering motions 
(energy source) generated at or adjacent to the foundation 
under consideration. For seismic disturbances where energy is 
supplied somewhat continuously from an external source, the 
effect of radiation damping must be included in the model. 

Damping related to SSI should also include the effect of soil 
material damping. Conservative or lower bound material damp- 
ing values for SSI effects are listed in Table A-7. Overall 
damping values for seismic analysis of project structures and 
systems will be conservatively estimated between the values 
estimated for SSI effects and the system structural damping. 
It is noted that structural damping in itself has the lowest 
value, as SSI effects are not included therein. 

A typical structure footing is illustrated in Figure A-7. In 
seismic analysis models including SSI springs and dashpots, 
the vertical and horizontal springs generally oroide for SSi 
coupled riorizontal and rocking response. Rotational springs 
can be included to provide a measure of column base fixity 
under dynamic loading conditions. 

In considering SSI effects the springs obtained from the 
methods outlined above may be introduced directly into the 
dynamic analysis model. Where the stiffness of the soil 
spring is high relative to the structure (five or more times 
as stiff) for a given mode or direction, SSI effects can be 
neglected and the spring omitted from the model. 

Damping can be modeled by a discrete dashpot element or inodi- 
fi cation to the overal 1 modal damping in the structural model 
The values given relate to discrete damping elements. Soil 
damping effects generally will not induce large damping into 
the overall structural system. Large soil damping values also 
indicate when SSI effects can be neglected and structures 
assumed fixed at soil interfaces. Figure A-S provides correc- 
tion factors for soil spring and damping values as a function 
of foundation embedment. Also, suggested upper bounds to cal- 
culated values of soil damping are tabulated. 

4.4.3.10 Consideration of Relative Displacements - Structure supported 
items, especially di stri Duti ye systems such as piping and 
conduit, may be subjected to relative support displacements. 
Relative support displacements are determined in the MSA of 
the supporting structure. Determination of response effects 
on items to relative support displacements shall be made by 
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standard static structural analysis methods with peak rela- tve displacements as input. The inclusion of this effect with other loading conditions, including dynamic vibratory response, shall be as covered under Section 4.5. 

4.4.3.11 Documentation Requirement for Analysis - All design calcula- tions including manual and computer analysis for determining seismic response and additional calculations to verify that response levels are within acceptable limits must be performed and independently checked by responsible design professionals 
appropriately experienced in structural and earthquake engi- neeri ng. 

The calculations shall document all key results, formulas 
utilized, related assumptions, and criteria used. Sketches 
shall be provided to depict key dimensions and details for 
each structure. Calculations shall be sufficiently complete 
and detailed to be clear when subjected to an independent review by SCRTO engineers or consultants. A complete repro- ducible copy of engineering calculations shall be submttted to the District for each structure when its design is finalized and ready for construction. 

Where computer calculations are performed, copies of computer input and output, descriptions of computational methods, and 
verification of program accuracy shall be included in the 
analysis documentation. A dimensioned pictorial description of computer models shall also be included. Descripton of corn- puter programs and verification of their accuracy shall be 
accomplished by reference to an unmodified published and yen- fi program (e.g.. SAP or 3TRUDL'; wflere used, or a complete 
description and verification shall be provided for unpublished 
computer programs were used. 

4.4 Time-History Response Analysis Procedure (TRA) 

Except as otherwise provided herein, requirements for IRA shall be the 
same as those for MSA as given in Subsection 4.4.3. 

TRA is only required for design or review of items having relatively 
complex response behavior which can only be adequately calculated in 

this manner. Such complex response behavior may result from one or 
more of the following characteristics of a given structure: 

(a) complexity of structural geometry 

(b) high degree of structural irregularity in geometry, load path, or 
eccentricity of mass and stiffness 

(c) significant nonlinear geometric effects due to large deformation 
or displacements 

(d) nonlinear material behavior which cannot be reasonably assessed by more approximate means. 
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Time-history modal response methods may be utilized for elastic analy- 
sis of irregular structures. Where detailed nonlinear response is 

required, the direct-integration-of-equations-of-motion approach must 
be utilized. 

4.4.4.1 Approval - As TRA is generally costly and sensitive to various 
input, modeling, and material criteria, models and approaches 
for calculating response in this manner shall be submitted to the District or their representatives for approval prior to 
initiating the analyses. 

4.4.4.2 Modeling and Other Analytical Considerations - In addition to 
the analysis considerations discussed in Subsection 4.4.3, 
engineering judgement and care must be applied to limit models 
to a size consistent with determining response of interest. 

Also, judgement as to model geometry, realistic material 
characteristics and validity of results is more critical for 
nonlinear analysis. Special care must be taken in selecting 
appropriate material properties where soils or rock are 
included in the analytical model. 

Time-steps must be selected with respect to model element type 
and size, input definition and pulse rise times, and response 
refi nement requi red. 

4.4.4.3 Computer Codes - Verified published versions of time-history 
and/or nonlinear response codes which may be applicable 4r,-1A QD T\I MpcTrM SYS ... II 

(References A.7, A.8, A.9, A.27, A.28 and A.29, respectively). 
Documentation and calculations shall conform to provisions 
cited in Paragraph 4.4.3.11. 

4.4.5 Generation of In-Structure Response Spectra - ISRS 

Design in-structure resprrse spectra (floor spectra) are required as 
input for structure supported items such as substructures, equipment 
or piping. Such ISRS shall be developed by one of two methods: Time- 
History or Modified Singh. Requirements for the methods are described 
bel ow. 

Raw ISRS developed for locations shall be smoothed and peaks broadened 
according to procedures described in Regulatory Guide 1.122 (Reference 
A.30). 

In order to limit the number of ISRS required for design or qualifica- 
tion of supported items, it is appropriate to envelope spectra gener- 
ated from various response point locations to create design ISRS. See 
also Paragraph 4.4.3.2. 
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. When generating ISRS, care must be taken to include response contribu- 

tion from all input directions. Combination of components shall be in 

accordance with Paragraph 4.4.3.5. 

In generating ISRS for MOE conditions commensurate adjustments of input 

or the analysis approach must be made to account for nonlinear support 

motions. 

4.4.5.1 Time-History Generation of ISRS - This method is essentially a 

modal time-history response analysis with appropriate models 
to accurately develop time-history response at key support 
point locations. The analysis shall follow the requirements 
given in Subsections 4.4.3 and 4.4.4. The support motions 
are then to be used for generation of raw spectra which are 
then enveloped, smoothed and broadened to make ISRS (or floor 
spectra) suitable for design purposes. The generation of raw 
spectra shall utilize an acceptable response spectrum genera- 

tion method similar to that used for generation of ground 
spectra; for example, the Nigam-Jennings method (Reference 
A.31). ISRS generation and development shall meet the general 
requirements of the Regulatory Guide (Reference A.30). 

4.4.5.2 Generation of ISRS by the Modified Sinh Approach - The gen- 

eral Singh dpproacfl has been modified and furcner deeloped 
for user convenience and cost effectiveness. See Reference 
A.32. In this method ISRS are generated directly from design 
spectra which provide input criteria for supporting struc- 
tures. Requirea envelopng, smoothing and broadenn; must 
conform to criteria of the Regulatory Guide (Reference A.30). 

4.4.6 Criteria for Determining Response of Buried Structures 

4.4.6.1 General - Deep buried structures are defined as those with 
ground cover (above the top of structure) of at least one-half 
the structures width or diameter. 

Deep buried structures shall be designed for response due to 
both vibratory inertial loading effects and traveling wave 
effects. The response for inertial effects shall be deter- 
mined on the basis of criteria given in Subsections 4.4.1 
through 4.4.5. These criteria also apply to determination of 

inertial loading on shallow-buried and partially buried as 

well as above ground and aerial structures. 

This Subsection covers the response which is related to 

traveling waves. Such response is applicable to line1 or 

tunnel-type deep buried structures. These responses are cal- 

culated as stresses in structures which conform. to the cround 
seismic wave shapes. Formulas for such peak responses are 

given in Paragraph 4.4.6.2 below and are based on peak ground 
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motion parameters. Such formulas are developed from one- 

dimensional wave theory. Stresses induced include those due 

to overall bending and shear about both horizontal and 

vertical axes of the line structure as well as longitudi nal 

(axial) components. Design of below grade walls to resist 

localized lateral earth pressures caused by traveling waves is 

covered in Paragraph 4.5.4.5. 

The formulas given in Paragraph 4.4.6.2 provide conservative 

estimates of stresses. . The inclusion of soil-structure- 

interaction (331) effects on deep-buried line structures due 

to traveling waves can, in many cases, reduce stresses 

calculated by these formulas. When stresses calculated by 

the formulas have a major impact on the design, parametric 

studies shall be conducted to assess the siQnificance of SSI 

effects. Where significant, detailed finite element analyses 

shall be performed to calculate the traveling wave induced 331 

stresses. However, the District may supply simplified formu- 

las during the design phase of the project. These formulas, 

to approximate the effects of 351, may be used in some cases 

in lieu of the detailed finite element analyses. 

The combining of responses such as stresses induced by various 

input sources including vibratory motions and traveling waves 

are covered under Section 4.5. Material properties which are 

applicable for use in calculating wave propagation stresses in 

underground structures are the applicable values for the 

selected structural materials. In addition, an apparent wave 

propagation velocity (C) through ground or rock is required 

for such calculations. C shall be taken to be 3600, 4800, and 

15000 ft/sec for oroject site soil, soft rock, and hard rock, 

rpeCti vCij. 

4.4.6.2 TravelinQ Wave Induced Stresses in Tunnel-Like Structures 

Stresses due to travehng seismic waves acting on deep-buried 

tunnels or other line structures shall be calculated from 

induced axial forces, shears and moments utilizing the 

appropriate classical equations of structural mechanics: 

= 'A f = VQ/It, b 
= MC/1. 

Refer to any standard text on mechanics of materials, for 

example Reference A.33. 

The stresses induced by propagating waves in tunnels or other 

linear (line) structures are affected y the type of seismic 

wave, its direction of propagation relative to the structure, 

and interaction of these effects. Wave types include com- 

pression, Love, Rayleigh and shear. As earthquake-generated 

shear waves generally are associated with the largest ground 

particle accelerations and velocities, the stress calculations 

are based on shear waves. A conservative criterion for the 

design condition is that induced axial and bending stresses 

occur concurrently; and that the shear wave horizontal angle 

of incidence is 45 degrees and zero degrees with the tunnel 

longitudinal axis for calculating axial (longitudinal) and 
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bendng (transverse) stresses, respectively. Refer to the 

discussion in this regard in Reference A.34, The equations 

given in the following subparagraphs for determining induced 

axial forces, shears, and moments are based on the above cited 

cr1 ten on. 

The maximum axial force, P, acting on straight sections taken 

normal to the longitudinal tunnel axis shall be calculated as 

follows: 

.VmaxAD 

2C 

with an upper bound limit of P = fA/4 

where 

Vmax is the maximum horizontal ground particle velocity 

as given in Subsection 4.3.1 

A is the net cross-sectional area of the tunnel 

C is the apparent horizontal wave propagation velocity 

f is the friction force per unit length between struc- 

ture and soil 

and 

) is the apparent wave length 

D is the structural rigidity such that 

D= 

(1+u) (1-2u) 

E is the elastic modulus of the tunnel structure 

u is Poisson's ratio for the tunnel structural mate- 

rial. 

The axial force in the tunnel, as indicated by the upper 

bound, is limited to the value at which slip may occur between 

the tunnel and the surrounding soil (Reference A.34). 

shear forces, V (horizontal or vertical), acting on a cross 

section taken normal to the longitudinal tunnel axis shall be 

calculated as follows: 

Vmax AG 
V= 

C 

. 
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where 

Vmax is the maximum ground particle velocity as given in 
Subsection 4.3.1 (horizontal or vertical) 

C is the apparent horizontal wave propagation velocity 

A is the cross sectional 'shear area" of the tunnel 
taken normal to the longitudinal axis (horizontal or 
vertical 

G is the shear modulus of the tunnel structural mate- 
rial 

Nioments, M, (horizontal or vertical) acting on sections taken 
normal to the longitudinal tunnel axis shall be determined as 

fol 1 ows: 

M 
Amax E I 

C2 

where 

Amax is the maximum ground particle acceleration as given 
in Subsection 4.3.1 (horizontal or vertical) 

C is the apparent horizontal wave propagation velocity 

E is the elastic modulus for the tunnel structural m*r'i (l4rr,n\ 

I is the moment of inertia of the structure about the 
principle axis (horizontal or vertical). 

Shears or peak 'moments occur about both the horizontal (trans- 

verse) axis and about the vertical axis at any point along 
the tunnel. The shears and moments, horizontal or vertical, 
must be calculated utilizing corresponding ground motion 
directional components and structural cross-sectional areas or 
moments of inertia, horizontal or vertical, as ifldicated 
above. Units for use in each formula may be in any system but 
must be internally consistent within each formula. 

4.5 Design Requirements 

As noted in Chapter 2, the design process involves layout and sizing of sys- 

tems so that response to selected input falls within acceptable limits based 

on system resistance characteristics. 

This section provides such limits or so-called acceptance criteria for SC A 

items. Also provided in this section are miscellaneous design details and 

cesign criteria not included elsewhere in this document. 



-169- 

ks provided in Subsection 2.3.2, the general approach for SC A-i items 

involves detailed design for elastic performance under load combinations 

including ODE conditions. SC A-i items shall be checked for satisfactory 

inelastic performance including damage limits, stability and drift limits as 

iell as selected internal force and stress limits under loading combinations 

ihich include MOE conditions. 

C A-2 items generally must perform elastically under MOE conditions, Addi- 

:ional criteria with regard to performance levels are given in the subsections 

dch follow. 

.5.1 Load Combinations 

This subsection defines various design loads and required load combina- 

tions including seismic. The use of these combinations in the design 

process is also specified. 

For purposes of consideration hereafter, loadings are divided into four 

possible broad categories: operating (OL), normal environmental (NELl. 

upset condition (UCL) and extreme environmental (EEL). Seismic ODE 

loadings fall into the category of 'normal environmental' while 

rs 1 ro th ctcgcry of "extreme envi ronenta1 

Operating loads on an item are normally defined as dad, live, thermal, 

hydraulic and other loads induced by or under f3cility operation. 

Normal environmental loads include those related to wind or seismic 

events as they affect the facility. Such loadings have a moderate to 

high possibility of occurrence during the design life of the facility. 

Extreme environmental loads include only events such as an MOE which 

have a small probability of occurrence during the facility life. 

Upset concitions include loadings which happen due to accidental occur- 

rences such as thermal transients, pipe rupture, explosions, failures 

of other items which induce loads, and other abnormal, non-operating 

events. 

S 
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The following load combinations shall be included in the design 

process: 

(1) OL 
(2) OL + NEL 

(3) OL + UCL 
(4) OL + EEL 

All possible operating loadings which may act concurrently on an item 

under consideration shall be placed in Load Combination 1 (LC 1). If 

alternate nonconcurrent operating loadings can occur which require 

evaluation, Load Combination 1 may be subdivided thus: 

LC 1A, LC 1B, ... etc. 

For purposes of design, the worst case (most critical) combination or 

combinations considering all loadings and combinations shall govern the 

design of all items and their components. Limits on application or 

concurrency for Load Combinations 2, 3 and 4 are discussed below. 

With respect to Load Combination 2 all possible operating loads shall 

be considered as described above, but only one environmental load shall 

be nsiered at a time, fcr exampie: 

LC2A=OLtL. 
LC2BOL+OEL 

where 

WL = Normal wind loading 

OEL = Operating design earthquake loading. 

When considering ODE loadings, effects from vibratory motion and 

traveling wave effects shall be presumed to occur concurrently on 

buried structures. 

Support displacements resulting from ODE caused vibratory motions may 

induce stresses in items, especially distributive systems such as 

piping. ODE support displacements shall be included as applicable but 

shall not be corsidered to occur concurrently with other vibratory 

(inertial) ODE effects. 
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With respect to Load Combinations 3 and 4, all appropriate operating 

loads shall be consider-ed to be applied concurrently or in groups as 

discussed above. However, only one UCL or one EEL loading shall be 

considered to occur at a time for purposes of design or item evalu- 

ati on. 

4.5.2 Allowable Stresses In design (or qualification of items), when con- 

sidering Load Combinations 1 and 2, allowable stresses for working 

stress design, and load factors for ultimate strength design, shall 

be in accordance with the appropriate RID codes and standards (Refer- 

ence A.1). In particular for LC 1, normal allowable stresses and load 

factors, as applicable, shall be the acceptance criteria. For LC 2 

the same applies, except increases in allowable stress values (gener- 

ally 1/3) for combinations with environmental loads (wind and seismic) 

permitted by the codes and standards shall apply. Correspondingly, 

decreases in load factors for strength design also apply. 

in v udiI tre effects of ioading conudcri LC 3 a:d LO 4 on an 

item, full yield stresses for steel structures and ultimate stresses 

for reinforced concrete structures may be developed in conjunction with 

ductility factors as applicable. Note that for SC A-2 items, only a 

ductility factor of unity is permitted. For design of other types of 

structural systems and materials, 1.5 times normal allowable stresses 

or yield, whichever is less, may be developed with ductility factors as 

applicable. 

Where the District standards do not include allowable stress or load 

factor criteria for a particular material or item, the District or its 

consultants will provide such criteria as required. Similarly, the 

District will provide yield criteria where not otherwise covered. 

Anchor bolts shall be designed to develop their full capacity by 

methods indicated in Reference A.35. 

Table A-il provides a general summary of stress/force acceptance 

criteria for the defined load combinations. Additional criteria are 

given in subsections below for piping, vessels, equipment, machinery 

and other non-structural items. 
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TABLE A-il 

ACCEPTANCE CRITERIA FOR REQUIRED LOAD COML3INATIONS 

LOAD COMBINATION 

1. OL 

2. DL + NEL2 

3. OL+UCL 
or 

4. OL + EEL4 

STRESS/FORCE ACCEPTANCE CRITERIA1 

Normal Code Allowable Stress (Fa) 

Code Allowable with Normal Increase3 

Structural Steel5 

1.67 Fa but less than yield 

Reinforced Concretes 

All load factors and strength reduction factors 
shall be 1.0 

Other Materials5 

Allowable Stress = 1.5 Fa 

1The acceptance criteria given herein are general. Additional criteria 
are given in Subsections 4.5.2.1, 4.5.2.2, 4.5.2.3, and 4.5.3. 

2NEL includes only ODE or code prescribed wind loading. 

3For example: 1.33 Fa for steel or appropriate decrease in load fac- 
tors for concrete. 

4EEL indicates MDE or other extreme environmental loads. 

i.itliiz.tion Qf duct'iy is permitted only for SC A-i items 

4.5.2.1 Soecial Considerations for Piping Systems - The basic design 

criteria, including that for stress, from ANSI B31.3 (Refer- 

ence A.36) are applicable to design of piping systems, except 

as modified/supplemented herein. 

The stress under LC 1 shall be limited to 5h and those under 

LC 2 shall be limited to 1.33 Sh, where Sh is the basic 

(allowable) hot stress. Other allowables in application of 

this load shall be consistent with this approach. 

For Load Combinations 3 and 4, the allowable stress shall be 

determined as follows: 

Sa = f[1.25 (5c + Sh) 5LJ 

where 

Sa is the allowable stress 

S is the permittable cold stress 

Sh is the permittable hot stress 

SL is the actual stress under structural load conditions 

f is the stress range reduction factor. 

. 
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4.5.2.2 Special Considerations for Vessels Sjstems - The basic design . criteria, Including that for stress, from ASME Code LJC-23 
(Referencc A.37) Is opplicciblo to SC A vecsols. Stress limits 
are given In Table A-12. 

4.5.2.3 Allowable Stresses on Equipment, Machinery and Other Nan- 
Structural items - This paragraph covers general requirements 
for allowable stresses under seismic loading conditions for 
mechanical systems, equipment and components. 

Permittable stress under Load Combinations 1 and 2 shall be 
based on the criteria for structural systems cited above and 
when not otherwise addressed shall be based on applicable 
recognized codes and standards for the material to be evalu- 
ated. 

Consideration of stresses under Load Combinations 3 and 4 
shall be based on appropriate allowables using a similar 
approach to that used for piping or vessels, as applicable. 
See Paragraphs 4.5.2.1 and 4.5.2.2. 

Forces on equipment at flanges and nozzles due to piping 
stress and anchorage shall be considered in design of the 
equipment. Seismic forces shall be based on a piping seismic 
analysis or appropriate limiting values. Allowable flanae and 
:zl trccs hii bc based on ppiicable codes or secifi- 
cations of API9 ASME, NEMA and similar codes for items of 
various materials as appropriate. Load combinations and . stress allowables shall be considered in a similar manner to 
piping systems and piping components as specified herein. 

TABLE A-12 

STRESS LIMITS UNDER SEISMIC LOADING COMBINATIONS 
FOR PRESSURE VESSELS 

ALLOWABLE STkESSES 
FOR SEISMIC LOAD CONDITIONS 

ODE Load MDE Load 
COMPONENT AND LOADING CONDITIONS Combinations Combinations 

a. Maximum general primary membrane stress* Sa -53a 

o. Combined maximum general primary membrane l.SSa 2S? 
Stress plus primary bending stress across 
the thickness 

c. Localized discontinuity stresses and 35a 35a 
secondary stresses as defined in ASME 
Code Section VIII, Division 2, combined 
with maximum general primary membrane 
stress 

*S differs for Tension (ASME Code UG-23a) and Longitudinal Compression 
(ASME Code UG-23b) 
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.5.3 Other Acceptance Criteria 

Where performance of an item can be affected by relative displacement 

or drift, limiting criteria shall be established on a case by case 

basis except as provided below. 

Building-like structures, stations, towers, and other structures 

deslyned with 1aterl force resisting systems comprised prIiiirily ol 

moment resisting frames shall be designed to limit story to story drift 

and total lateral displacements under seismic loading as follows: 

where 

0DE < 0.010 H 

MDE 0.020 DF H 

is the relative lateral displacement or drift between any two 

locations a vertical distance, H, apart on the structure under 

consideration. is caused by ODE and MDE motions, resec- 

tively. 

is the ductility factor permitted and utilized in design for 

SC-Al 'tps. Fr SC-A2 items Dr is limited to 1.0. 

In the above equations the left side represents the drift calculated on 

the basis of seismic-dynamic analysis of the structure which is to be 

limited to a maximum value prescribed by the right-hand side of the 

equipment for the ODE and MDE, respectively. 

4.5.4 Additional Design Considerations 

4.5.4.1 Connections - All structural connections (including attach- 

ments and anchorages) for SC A items shall be designed to 

withstand forces based on either of the two following limits: 

(a) 1.25 times the computed force which would otherwise con- 

trol the connection design 

(b) the greatest capacity of all members which frame into or 

though the connection. 

4.5.4.2 Stability and P-Delta Effects - Structures and other items 

shall be designed to remain stable under all loading condi- 

tions. When ductility is permitted in design, P-delta effects 

which account for the maximum inelastic deformation shall be 

evaluated and included in assessing stresses and structural 

stability. 

n 
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4.5.4.3 Overturnina Effects - Items designed to resist lateral force 
shall be positively anchored to supporting structurc!s or foin- 

dations when considering earthquake loading conditions. This 

provision is applicable to items under ODE and MDE conditions 

except as follows: 

At the interface of major structure foundations with soil 

anchorage to prevent uplift need not be provided if the pri- 

mary structure has a natural period greater than 0.05 seconds. 

In other cases stability ratios for overturning (and sliding) 

shall be no less than. 1.5 and 1.0 for ODE and MDE conditions, 
respectively. The stability ratio for overturning is defined 

as the applicable total dead load resisting moment divided by 

the maximum value of earthquake induced overturning moment 

statically applied on the structure. The sliding stability 

ratio is defined as the applicable resisting forces divided by 

te maximum horizontal earthquake forces applied to the struc- 
ture in a given direction. 

4.5,4.4 Ductile Detailing - In designing SC A items, especially pri- 

mary structures, detailing and arrangements shall provide for 

maximum structural ductility. 

All steel and concrete structures shall be designed with duc- 

tile detailing as applicable to the highest seismic zone. 

Steel frames shall be designed to provide details, width to 

thickness ratios, bracing and lateral support as required by 

AISC Specification, Part 2 (Reference A.38) or the Los Angeles 
City Buildina Code, Division 26 (Reference A.39). whichever is 

more stringent. 

Concrete frames and shear wall structures shall be designed to 

provide ductility according to the most stringent requirements 
of Ad, Appendix A, (Reference A.40) or the Los Angeles City 
Building Code, Division 26 (Reference A.41). 

4.5.4.5 Static and Dynamic Soil Pressures - In the design of below 
grade walls whic?i resist lateral earth pressures, the design 

shall provide for a seismic increment of pressure in addition 

to the normally considered dry or saturated lateral earth 

pressures. Such so-called dynamic pressures are included to 

allow for soil-structure interaction effects which may occur. 

Because cohesionless soil is to be used to backfill foundation 

walls and tunnels, and because the assumption of cohesioniess 
soil tends toward derivation of conservative lateral pressures 

for design, the assumption of cohesionless material with rela- 

tively low values of angle-cf-internal friction is made. A 

representative angle for typical materials for the project 

(36) is used. In lieu of this criteria, structural walls for 

natural soils and bedrock conditions may be designed for load- 

ings determined from properly substantiated data upon approval 

by the District. 

. 
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The calculation of seismic loading on walls is based on the 

well known Monobe-Okabe formulation (References A.42 and A.43) 

which is further developed and explained by Kapilla (Reference 

A.44), Seed and Whitman (Reference A.45), and Dowrick (Refer- 

ence A.46). Figure A-9 depicts the basis for determining the 

dynamic soil pressures, AE The Monobe-Okabe formulation 

as shown in Figure A-9 represents the sum of the normal active 

static pressures (PA) and the dynamic soil pressure incre- 

ment (i AE) However, the point of application of the 

resultant load (RAE = A + RAE) must be determined from the 

individual components A and APAE. Thus both components of 

soil pressure must be calculated and superimposed for design 

purposes (See Figure A-lU). Figure A-iD and Table A-13 are 

derived for frequently encountered design conditions, i.e., 

zero values of friction angle of wall ô, slope angle of back 

of wall , and slope of backfill w. As with static load- 

ings, the dynamic effects of submergence and surcharge are 

included, and similar simplifying assumptions are made as to 

cohesion and wall friction. Note that the dynamic pressure 

increments under seismic conditions are not considered to be a 

function of wall stiffness, in contrast to the static case. 

The ground water seismic incremental pressure is assumed to be 

parabolically distributed with the coefficients as shown in 

Figure A-b. The basis of this assumption is given by Wester- 

uddrd (Reference A.47). Soil material properties iited in 

Table A-13 are based on data from the main body ot this report 

and the static/dynamic soil pressure values are based on the 

criteria, formulations and design conditions discussed above. 
For different design conditions, careful consideration should 

be given to the applicability of Figure A-b and Table -13. 

Modifications as necessary shall be made by referring to Ref- 

erences A.42 - A.47 as applicable. 

Under high values of ground acceleration, the Monobe-Ckabe 

dynamic pressure increments become overly conservative 

(See Reference A.48). This conservatism occurs when the 

angle (E) defining the failure plane of the sliding soil 

wedge fails below 30 degrees. Therefore, for any design con- 

ditions, AE shall not be taken less than 30 degrees when 

calculating dynamic pressures. 

4.5.4.5 Design for Special Hazards - Underground Structures - This 
section provides guidelines regarding the following potential 

hazards: 

(a) Fault rupture; 

(b) Abrupt changes in foundation material rigidity; 

(c) Soil or rock failures and dynamic settlements; 

(d) Liquefaction and related soil failures; and 

(e) Intersection or joining points of relatively rigid buried 
structures. 

. 
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TABLE A-13 

DESIGN VALUES FOR LATERAL SOIL IRESSURE PARAMETERS 

(SEE PARAGRAPh 4.5.4.5 F0B APPLICATION) 

DESIGN VALUES 

PARAMETER SYMBOL UNITS Static ODE MOE 

Seismic Coefficient I 
I I 

- Uorizontal K - .30 .60 

- Vertical Ky - .20 .40 

Tan 
0 Degrees - 20.6 45.0 

1 K 

Angle of Internal Friction of Soil Degrees 36 36 36 

Friction Angle of Wall Degrees 
I 

0 0 0 

Slope Angle 
of Backfill to Degrees 0 0 0 

of Back of Wall Degrees 0 0 0 

Pressure Coefficient 
Active KA - .26 - 

At Rest K0 - .42 - 

Angle of Assumed Failure Plane* I AE Degrees 63 43.5 30 

Unit Weight of Soil (Total ) I 
I 

#/ft3 120 120 120 

Buoyant Unit Weight of Soil I Ibuoy I 
h/ft3 66 66 66 

Unit Weight 
of Water Yw /ft3 62.4 62.4 62.4 

of Equivalent Surcharge Ysur /ft3 varies varies varies 

*Nefer to discussion in text on value of angle for MOE conditions. 



TABLE A-11 
(continued) 

PARAMETER 
I 

SYMBOL ITS Static ODE MDE 

Height 
of Equivalent Surcharge 11 

I 
ft varies varies varies 

of Soil Above Water Table 
I 

Hi ft varies varies varies 

of Soil Below Water Table 
I I 

ft varies varies varies 

of the Wall 
I 

H 
I 

ft 
I 

varies varies varies 

Distance Down 
from Top of Wall y ft varies varies varies 

from Water Level ft varies varies varies 

Distance Up 
from Bottom of Wall h 

I 
ft 

I 

varies varies varies 

Static Pressure 
- Flexible Wall YIIIKA I 

N/ft2 
I 

31.2Hj - 

Static Force 
- Flexible Wall i/2yHK 

I 
N 

I 

15,61112 - 

Static Pressure 
Rigid Wall yH1K0 

I 
11/ft2 

I 

5O.z1lI - - 

Static Force 
- Rigid Wall 1/2yH12K0 

I 
N 25.21112 - 

Static Pressure - 

- Flexible Wall** YbuoyIiKA 
I 

N/ft2 11.211 

Static Force - 

Flexible Wal1** 1/2Ybtjoy1I2IA 
I 

N 
I 

86H2t - 

**Below ground water level. 

tPlus 31.2 H, II. See Figure 10. 

cx 
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PARAMETER 

Static Pressure 
- Rigid Wall** 

Static Force 
- Rigid Wall ** 

Hydrostatic Pressure** 

Hydrostatic Force** 

Static Surcharge Pressure 
- Flexible Wall 

Static Surcharge Force 
Flexible Wall 

Static Surcharge Pressure 
- Rigid Wall 

Static Surcharge Force 
- Rigid Wall 

Dynamic Pressure 

Dynaiisic Force 

Dynamic Pressure** 

Dynamic Force** 

Ilydrodynainic Pressure** 

ground water level. 
IPlus 50.4 H, H. See Figure 10. 

EABLE A-13 
(continued) 

DESIGN VALUES 
SYMBOL UNITS Static ODE MDE 

IYbuoyHKo 
I 

#/tt2 
I 

21./It II # 
I 

13.9H2t 

I Yw1 I 
I/ft2 62.411 

I 1/21w112 
( 

I 
I 

31.2112 

IIsurIl'KA #/1t2 
I 

I1surHIA 
I 

I 
I 

IysurHKo 
I 

#/ft2 
I 

IYsur1110 I I 

I YIIKIICOTaAE fl/ft2 - 

I 1/2YIIJKIICOTQAE[I1+I1] 
I 

I 
I 

I YbuoyHKflCOI14\E 
I 

fl/ft2 

I l/2YbUoyIl2KIiCOTI*AE 
I 

# 1 

I 1/8yIlKii 
I 

fl/ft2 
I 

3/.311 124.111 

18.1111[H+HJ 62.4H1[H+II) 

20.511 68.611 

1O.3H2 343112 

16.411 32.811 



PARAMETER 
I 

SYMBOL 

Ilydrodynaniic Force** 
I 

7/l?1WII2KF 

Dynamic Surcharge Pressure 
I Ysurtl1KiI 

Dynamic Surcharge Force 
I YsurflhIKF 

**Below ground water level. 

TAULL l\-,Ii 

'continued) 

ULSILiN VALUL 

UNITS Static ODE MOE 

I 
# 

I 

- 10.9112 21.8112 

I 
N/ft2 

I 301sur1' 6OYsurH' 

I 

I 
V 

J 

)fl ifljl 

'Ysur'"' 
II 

.UUYSurIlrl 

I-. 

N) 

. . . 
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The purpose of this subsection is to note the existence of 
potential significant seismic hazards within the Metro Rail 
route. This highlights the need in selected circumstances for 
special and very detailed design solutions to mitigate the 
potential hazards. 

In such cases general guidelines are provided herein. 
Detailed design solutions shall be developed on a case by case 
basis as additional information is obtained on each local area 
of the Metro Rail system and its surrounding geoseismic 
envi ronment. 

General locations where potential hazards a to c above could 
occur can be obtained by reviewing data in the main body of 
this report. Additional data on this subject is required for 
design and will be provided during the design phases of the 
project by the District's Gectechnical Consultant. 

If a significant earthquake occurs on either the Hollywood 
fault or the Santa Monica-Malibu fault, structures and other 
items crossing the fault zones potentially will be subjected 
to oblique displacement (i.e. a significant component of dis- 
placement in both the vertical and horizontal directions)as 
well as possibly significant horizontal crustal shortening 
across the fault zone (Item a above). Refer to Table A-3. 
The potential for shearing and compression of structures at 
fault crossings will require detailed design solutions such as 
providing appropriate degrees of articulation and flexibility 
for tunnel structures, connections and systems within tunnels. 
Similar solutions may be required for hazard Item b above. 

cf oi ui ruk failures, 
excessive dynamic settlements may require 
ical items to more stable locations. If 
practical, soil or slope stabilization or 
design measures may be required. 

irstab ii ty and/or 
elocation f crit- 
relocation is not 
special foundation 

As stated in Subsection 2.4.2, liquefaction induced soil 
deformations, loss of soil strength and development of high 
excess pore water pressures can have a significant effect on 
enyineered structures. Effects can include: 

loss of structure/foundation support 

increased uplift forces 

increased loadings 

significant and difficult to predict differential vertical 
and horizontal displacements. 

. 
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Mitigation measures include but are not limited to: 

route realignment 

relocation of critical structures along the route 

removal and/or recornpaction of liquefiable soils 

designing special drainage systems 

installing deep foundations 

providing structures designed to accommodate large differ- 

ential settlements. 

Large potential lateral displacement may require design 

measures similar to those at fault crossings. 

4.5.4.7 Design for Soecial Hazards - Aerial Structures - Bridge-like 

structures of relatively long spans are susceptible to effects 

of relative displacements between supports due to earthquake 

motions. The Engineer shall include provisions for relative 

displacements in design of such aerial structures. Either 

apprnpriate restraints between supports and structural members 

siii be ruviUti bearing iengtns shall be adqut. 
provide for relative displacements with a factor of safety. 

Relative displacements to be accounted for shall be determined 

by analysis of traveling wave effects on the structures and 

supports. 

4.5.4.8 Non-Structural Elements - Provisions by design or by qualifi- 

cation of SC A-2 items to retain operability and function 

during seismic events are cited in other parts of these cri- 

teria. In addition, non-structural elements which are part 

of or attached to SC A items shall be designed and constructed 

to accommodate the structural seismic displacements which may 

occur. The design consideration shall mitigate dislocation 

and damage of such nonessential but related items by appro- 

priate detailing of connections and by insuriny adequate 

flexibility to allow for the support movements. 

4.5.4.9 Vertical Design Motions Near Faults - This paragraph provides 

special vertical design input motion criteria for near-fault 

locations. These criteria are applicable only to SC 1-2 items 

which are potentially sensitive to vertical acclerations. For 

purposes of limiting these criteria, "near-fault locations 

shall be taken as Starter Portion locationswithin 2.5 miles 

of the Malibu-Santa Monica and Hollywood faults. 

For purposes and at locations indicated above design vertical 

ground accelerations shall be taken to be equal to horizontal 

design accelerations for ODE and MOE, respectively. Si mi - 

larly, vertical design response spectra shall e taken to be 

equal to horizontal. 
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4.6 SEISMIC QUALIFICATION OF SC A ITEMS 

this 
section provides criteria for verifying performanace of previously 

iesigned SC A items. All of the criteria for design of SC A items given in 
ections 4.1 through 4.5 are In force with regard to seismic qualification 
inless otherwise specified in this section. Any item which does not meet 
uaiification requirements must be modified or redesigned until the required 
erformance for qualification is obtained. 

ualification may be obtained by analysis or test or combination of both. 
nalytical methods shall be in accord with Sections 4.3 through 4.5 herein. 
sting shall conform to Subsection 4.6.1. Qualification by historical 
Dproach is a means whereby complete documentation of previous design or 
alification efforts is provided to demonstrate meeting the requirements fot 
iput, analysis, testing, arid acceptance specifed herein. A qualification 
?port must include data from the original qualification or design plus all 
iditional information to demonstrate meeting criteria of this document, and 
iall conform to the requirements of Subsection 4.6.3. 

alification may be performed by the Structural Engineers who are responsible 

ir the structural-seismic design of the facility, or it may be performed by 
dependent manufacturers or suppliers of equipment with appropriate consul- 
,;;. in zh attr case, tne Structurol Engineer must develop a detailed 
alification specification to provide suppliers/consultants with the complete 

id specific qualification criteria on an item by item basis. 

6.1 Testing Requirements 

4.6.1.1 Input - Free field ground motion input for seismic qualifica- tion testing shall be based or the criteria given in Section 4.3 herein with modifications indicated in this subsection (4.6.1) as applicable. Directional considerations shall com- ply with Paragraph 4.4.3.5 except as modified herein. 

Support motions to be used as input shall comply with Subsec- tion 4.3.2 and 4.4.3 as applicable and except as modified herein. 

Input in general shall consist of time history acceleration 
records or response spectra which are appropriately utilized by testing apparatus incorporating transducers to generate time dependent table motions of proper definition. 

. 
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Qualification test input requirements are specified entirely 
or in part in the form of response spectra. It is required 
that each response spectrum of the test input motion be shown 
to envelope the specified spectrum, and that the peak zero 
period input acceleration level is equal to or greater than 
the zero period acceleration value of the required spectrum. 
Test motions shall be monitored and analyzed with a shock 
spectrum analyzer, or equivalent, to verify that input motions 
to the equipment being tested are actually above the specified 
level. 

4.6.1.2 Test Plan - A complete test plan shall be developed for 
approval by the District prior to actual testing. The plan 
shall outline the approach to testing which is to be used in 
sufficient detail to demonstrate compliance with requirements 
given in this document. 

4.6.1.3 General Testing Approach - Except as otherwise provided 
herein, testing required for mechanical, electrical and other 
equipment and hardware shall comply with the applicable pro- 
visions of Reference A.49, the IEEE Standard 344-1975. In 
addition, testing which involves assurance of the function 
of electrical relays or contacts shall be performed according 
to applicable provisions of Reference A.50, IEEE Standard 
501-1978. 

Seismic tests shall be 
vibratory motion which conservatively simulates that required 
at the equipment mounting. The details of the test prncpdre 
qiven eiow consttute the more common ones presently in 
but do not preclude others if acceptable to the District. The 
test program may be based upon selectively testing a represen- 
tative number of mechanical or electrical components according 
to type, load level, size, etc., on a prototype basis. 

The equipment shall be tested in such a manner as to demon- 
strate its ability to perform its intended function, and 
suffi ci ent monitoring equi pment shal 1 be used to eval uate 
performance before, during and following the test. 

The external and internal operati onal loads and functions 
(including energized circuitry) to which the equipment is 
normally subjected shall be applied or simulated. The equip- 
ment to be tested shall be mounted in a manner that simulates 
the intended service mounting. Proof of correct operating 
performance may require recording and data logging of mon- 
itored parameters and events during and following the shake 
tests. For example: for mechancial equipment or mechanical 
components, typical monitored parameters may be pressure drop, 
valve closure, shaft rpm, etc. For electrical equipment or 
electrical components, typical monitored parameters may be 
contact closure, voltage and current levels, etc. 

Four major procedures corresponding to four levels of testing 
are specified herein. In general, the complexity of the test 
item and the testng increases from Level 1 to Level A. 



4.6.1.4 

-187- 

The testinq levels considered are as follows: 

Level 1 Resonant Search 

Level 2 Single Frequency Test 

Level 3 Single Axis Multiple Frequency Test 

Level 4 Multiple Axis Multiple Frequency Test. 

Directional Considerations - The qualification tests should be 

performed with test input motion applied in the direction of 

each of the three orthogonal major axes of the equipment 

simultaneously. However, alternative procedures may be 

allowed under conditions outlined below. 

Single axis tests may be allowed if the equipment being tested 

can be shown to respond independently in each of the three 

orthogonal axes. This is the case if the coupling is zero or 

very low. For example: if an item is normally mounted on a 

panel that amplifies motion in one direction, single axis 

testing of the item may be adequate. Similarly, if an item is 

restrained to motion in one direction, single axis testing is 

appropriate and may be used. Single axis testing may also be 

used for multiple axis dynamically coupled equipment if the 

input accleration level is increased to account for the 

coupling, and the effects of all possible axes of vibration 

tsted. if the above considerations do not apply. 

multiple axis testing shall be used. The minimum is biaxia' 

testing with simultaneous inputs in a horizontal and vertical 

S axis. Independent random inputs are preferred but if in-phase 

inputs are used (such as with single frequency tests) four 

tests shall be run as follows: 

First - with the inputs in phase 

Next - with one input 1800 out of phase 

Next - with the equipment rotated 900 horizontally 

and the inputs in phase 

Finally - with the same equipment orientation but wit 
one input 1800 out of phase. 

4.6.1.5 Selection of Multiple or Sinale Frequency Testina - Seismic 

excitation generally nas a broad frequency content. Mutliple 

frequency vibration input motion should therefore be used for 

seismic qualification. However, single frequency input, such 

as sine beats, may be applicable provided one, or more, of the 

following three conditions is met: 

(a) When the seismic ground motion has been filtered due to 

one predominate structural mode, the resulting floor 

motion may consist of one predominate frequency. This is 

characterized by a sharp, narrow-banded response spectra. 

. 
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(b) When it can be demonstrated that the anticipated response 
of the equipment is adequately represented by one mode of 
vibration. 

(c) The input has sufficient intensity and duration to excite 

all modes to the required magnitude, such that the test- 

ing response spectra will envelope the corresponding 
response spectra of the individual modes. 

4.6.1.6 Resonant Search Test (Level 1) - This test shall be used to 

determine natural frequencies, mode shapes and internal damp- 

ing of a particular system or equipment item or a selected 

component. The test may be utilized to provide information 

for analysis. This type test, even when not referred to by 

level, is to be automatically incorporated under the Level 2, 

3, or 4 tests described below, as resonant search is always 

required prior to performance testing. 

When performed to support analysis, the methods of testing may 

be either low amplitude shaker tests with small energy shakers 

mounted on the equipment, or shake table tests. In either 

case the test shall be utilized to determine damping, fre- 

Quencies, and modes of vibration of the item. Pull back tests 

may bc auns dcrcd i to-nat ;uthod. Th pi oratory 

tests shall be in the form of a single axis continuous sweep 

frequency search using a sinusoidal steady-state input at the 

lowest possible are 

capable of determining resonance. The search shall be 

performed in each principal axis direction and shall include a 

minimum of two continuous sweeps from 1 to 35 to 1 Hz at a 

frequency sweep rate of no greater than 1 octave per mi nute. 

All resonant frequencies of the equipment shall be recorded 

for the testing of flexible equipment as specified below. 

Structural coupling data may also be obtained to provide 

justification for deviation from the multiple axis input 

requi rement. 

4.6.1.7 Single Frequency Tests (Level 2) - This test generally 

requires utilization of a shake table with single axis input, 

one frequency at a time, at prescribed acceleration levels up 

to a given maximum. 

If no resonances are located within the range of 1 to 35 Hz or 

if the criteria of Paragraph 4.6.1.5 are met, then single fre- 

quency testing may be acceptable. 

Where called for or accepted as an alternate, single frequency 

testing shall be performed at appropriate frequencies, but as 

a minimum at the following frequencies: 5, 8, 13, 20 and 33 

Hz. The tests shall also include resonant frequencies, if 

known, of the support structure as indicated by peaks in the 

applicable response spectra. In any case, single frequency 

tests shall be made at a minimum of five frequencies. The 

equipment shall be tested a minimum of two times at each 

frequency. 
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. Single frequency tests shall consist of either sine beat tests 

or continuous sine tests as specified below: 

(a) Sine Beat Test. A test at any frequency shall consist of 

the application of sine beats whose peak acceleration 

produces equipment response equal to the specified test 

spectrum at the test frequency. The duration of the beat 

shall be a minimum of 10 cycles unless it can be shown 

that a lower number of cycles is sufficient to exceed or 

duplicate the required response of the equipment. The 

time of the pause between beats shall be long enough to 

allow the equipment to come to rest but no longer than 5 

minutes. A minimum of five beats is required. 

(b) Continous Sine Test. A test at the frequency of interest 

shall consist of the application of a continuous sinu- 

soidal motion corresponding to the acceleration at which 

the equipment is to be qualified for an appropriate 

length of time. A time duration shall be selected which 

is conservatively consistent with the uses for which the 

device is being qualifed, A time duration of 20 to 30 

seconds is commonly used for the test of the equipment. 

For single frequency testing, the test frequencies shall 

be at the five frequencies specified above. Any building 

frequencies indicated by peaks in the response spectrum, 

and any equipment resonances noted during exploratory . tests within 1 to 30 Hz must also be included as test 
frequencies. 

518 Sinle Axis Multie Fenjenry Ttc (tvl 3) - Multiple fre- 

quency tests snail be required to verify performance of rela- 

tively complex equipment under a seismic event. 

For the general case where equipment is found to have resonant 

frequencies in the range of 1 to 35 Hz and the seismic ground 

motion has not been strongly filtered, the support motion 

retains broad band characteristics, and multiple frequency 

testinj is applicable. Though equipment is defined to be 

rigid at or above frequencies of 30 Hz, the range for testing 

is broadened to allow for test support interaction. 

The testing procedure shall be that which most nearly simu- 

lates field situtations and clearly demonstrates the equip- 

ments capability to perfon during and after the specified 

earthquake events. The equipment shall be subjected to the 

full qualification test levels in each major direction for at 

least the number of times corresponding to the number of 

time-history input records to be utilized for testing. 

Single axis tests are called for when a given item responds 

without significant directional coupling. At least three 

tests with different time-history inputs are required for each 

of the three major orthogonal axes of the item. 
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4.6.1.9 Multiple Axis Multiple Frequency Tests (Level 4) - This type of test may be specified to be two or three axis tests depend- 
ing on the characteristics of the equipment or component to b 
qualified. For multiple axis testing, the speciHcatiori of 
three axis testi ncj will be C ted In tflc pirt Cu I ar I LCUi 'peC - 
ricatlon; otherwise two-axis testing is required, normally one 
major horizontal axis with a vertical axis at a time. Suffi- 
cient tests must be performed to consider response tu con- 
current input motion in the dIrection or the three prIncipal 
axes. 

4.6.1.10 Testing of Assembly Components - It is not always practical to 
monitor performance of an entire complex while in the oper- ating mode. When this situation arises the overall assembly 
may be tested In a nonoperating status at the prescribed input level. Accelerations are then measured at the attach- 
ment points of key components. These levels are then used to 
perform seismic qualification tests of each key component 
individually with each component in the operating mode. The 
assembly is considered to be qualified when all of the key 
components are correspondingly quaH fled. 

4.6.1.11 AssemblIes and Support Structures - An assembly or equipment 
item and Its supporting base or structure to be tested shall 
be mounted on a shake table or other test device iR a manner 
that simulates the intended service mounting. If the equip- 
ment is too large to be so mounted, other means which simulate 
the service mounting shall be used. Possible alternatives 
Involve the use of a 1sllp 

table'1, or "soft mounting" the 
equipment, using flexible supports with resonance outside the 
frequency band of the t and rigidly ornectin the ba oF te eqpment to the shake table or other input device (see 
Figure A-il). The vibratory motion shall be applied to the 
equipment as described above. 

Where equipment consists of a large assembly with one or 
more supported components - such as air conditioning units, 
consoles, racks and large panels which support smaller com- 
ponents tested as specified above - the assembly or support 
may be vibration tested without the smaller components being 
in operation. However, the components shall be in their 
operational configuration; that is, charged with oil in crank- 
cases, refrigerant in coils, water in heat exchangers, etc. 

The goal is to qualify the support structure and to determine 
that, at the expected frequencies and accelerations of the 
specified earthquakes, the support structure does not amplify the forces beyond that level at which the components have 
already been proven to operate. Appropriate functional 
monitoring shall be performed during the testing. 

Combined Analysis and Testing 

10 some instances, seismic qualification response determination is best 
accomplished by a combination of analysis and testing. 
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Testing for mode shapes and frequencies (resonant search) may be 

required to support analysis for complex items. Selected sensitive or 

complex components of an item assembly may require testing as an 

extension to analysis of the assembly. Also, where an item is too 

large for testing as a unit, analysis of the assembly plus testing of 

selected components may be the required qualification procedure. 

6.3 Documentation of Seismic Qualification 

After completing the actual qualification for an item, a complete 

detailed report of the test and/or analysis results and supporting 

information which demonstrates seismic qualification shall be provided. 

4.6.3.1 Analysis Report - The seismic qualification report for a 

qualification by analysis shall include the items listed below 
in addition to those required elsewhere. 

(a) Brochure showing typical equipment to be analyzed. 

(b) Outline, isometric, exploded view(s) or assembly draw- 
ing(s) of equipment showing locations of components. 

(c) Dimensioned sketches or drawings detailed to show loca- 

tions of applied loads and centers of gravity. 

NOTF: Th of (b) ad (c) hove y be :cbd 
Oil the drdwing series. 

(d) Applied loads including equipment weight, seismic and 
operational loads. 

(e) Designations and grades of matérial(s) to be used; i.e., 
SAE, ASTM, AISI, etc. 

(f) All calculations shall be provided. The calculations 
shall include both computer and manual calculations and 
shall meet the requirements for design calculations 
specified in Paragraphs 4.4.3.11 and 4.4.4.3. 

(g) Sources or references for design criteria where not 
specifically included in this document; (i.e., allowable 
stresses, flange leak criteria, etc.). These may be SAE 
standards, ASME Code, AISC Manual or other sources. 

(h) If modifications are needed to satisfy seismic require- 
ments, the final report shall include drawings showing 
details of these modifications. 

(i) Certification that the equipment is seismically qual- 

ified. The certification shall be by a licensed pro- 
fessional engineer. 

(j) Peak support reactions under load combinations including 
seismic and reaction locations. 
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4.6.3.2 Test Report - The report for a qualification by test shall 
include as a minimum the items listed below. 

(a) Acceptance (pass/fail) criteria for testing. 

(b) Type of test motion (single or biaxial). 

(c) Design response spectra used. 

(d) Labeled photographs of equipment mounted in test posi- 
tion, including views showing all accelerometers as 
mounted for test, 

(e) Calibration procedures for shake table or other test 
devices including maximum support accelerations of each 
calibration run. 

(f) Plots of test response spectra of shake table or other 
test devices including a listing of test method, test 
frequencies, acceleration and input wave forms. 

(g) Seismic test results and observations including descrip- 
tion of abnormalities encountered during testing. 

(h) Detailed description and drawings showing recommended and 
installed modifications to the equipment, if any. 

(i) Data on test set-ups shall be provided which demonstrates 
the accuracy of the input, measurement/monitoring system, 
and results as determined. . (j) The procedure for performance tests performed prior and 
after seismic testing. 

(kI Perfnrrnice test results nd c:ions. 
(1) Certification by Contractor and his consultants that the 

equipment is seismically qualified. 

4.6.3.3 Inspection of Tests - The Engineer shall provide notice at 
least two weeks in advance of any test to be performec and 
advise the District so that the test set-up may be reviewed. 
The test shall not be performed prior to approval by the Dis- 
trict. The Engineer shall make appropriate arrangements for 
the District to observe and monitor the entire test. 

The testing program shall not be terminated until the District 
approves the test set-up and test as having complied with the 
test plan and cri ten a herein. 

4.6.4 Verification 

In conjunction with requirements for documentation given in other parts 

of Chapter 4, data provided snail include information which demon- 

strates the accuracy of the procedures and results, both for analysis 

and testing. 

Final qualification plans and reports shall be signed by a licensed 

professional engineer indicating responsible charge of the qualifica- 

tion work and responsibility for the qualification of the subject item. 
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