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Chapter I

Introduction

SAP2000 ighe ldestand nost poverful version of he wdl-known SAPseies of
struduralanaysisprograns.

About This Manual

This marual desciibesthe baic and nost @mmonly used mdeling and aalysis

feauresoffered by the SAP2000tuctural anay/sis program It is imperaive that

you read ths marual and urderstand the asunptions and praceduresused by the
programbeore atenpting to ceatea nodel or peform an andysis

The ompletesetof modeling and aalysis feduresis desciibed in he SAP2000,
ETABS, and SAE Analsis RekrenceManual

As background naterial, you should firsread chaper “The Stuctural Model” in
theSAP2000 Giting Statedmarual earlier in thisvolume. Itdescibesthe oveall
featuresof a SAP2000 nodel. The preent narual BasicAnaysisReferencewill
provide nore déail on sone of theelements propetrties loads and aalysistypes.

About This Manual |
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Topics

Ead chaper ofthis nmarual isdivided inb tofcs and subipics Most hagersbe
gin with a lig of topcs coverad. Folowing the Ist of topicsis an Ovewriew which
providesa sunmary of thechayer.

Typographic Conventions

2

Throughouthis manualthe following typographiaconvenibnsareused.

Bold for Definitions

Bold roman type (g3., exanple) is ugd whaevera newtermor corceptis de
fined. For exanple:

Theglobal coordinate sysemis athreedimensonal, ight-handedredangu-
lar coodinatesystem.

This £ntene bayins thedefinition of theglobal mordinatesygem

Bold for Variable Data

Bold roman type (eg.,exanple) is usedo repesent \ariable data items for wich
you mustspedy values wien déining a $ructural model and its analysis For &-
ample:

The Frameelementoodinateangk, ang, is ugd to déine dement orerta
tions that are diérent from the diault oriertation.

Thus you willneed ¢ sumly a nuneric valuefor thevariableangif it is different
from its ddault valueof zeo.

Italics for Mathematical Variables

Normd italic type (e.g.exampd) is usedfor scdar mathenatical varables,and
bold italic type (e.g.exampe) is usedfor vedors armd mdrices. If a ariable dita
itemis ued in a equdion, bold oman type isused a dicus®d aboveFor ecam
ple:

Ofda<dbEL

Hereda anddb are varables tlat you sgedfy, andL is a lengh catulated ty the
program

Topics
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Italics for Emphasis

Normd italic type (e.g.exampd) is usd to enphasize an mportant pont, or for
the tile of a book, narual, orjoumal.

Capitalized Names

Captalized rames (e.g., ¥anple) ae used dér cetain parts ofthe modeland ts
analsiswhich have pecial mearnng to SARR000. Sore exanples

Frameelement
DiaphragmConstaint
Frame Setion

Load Pattern

Conmmon ertities, sich as “jant” or “element” are nocaptalized.

Bibliographic References

References ae indicakd througbut this marual by ginng the nane of the
authorg) and the dée of pulication, usng paernheses For exanple:

SeeWilson and €tsuji (1983).
It hasbeen dmonstraed (WIson, Yua, and Dckens,1982) that..

All bibliogrgphicreferen@sarelistedin alphdetial orderin Chaper“Bibliogra
phy” (pages?).

Bibliographic References 3
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Chapter Il

Objects and Elements

The physcal strudural menbersin a SAP2000 nodel ae represened by oljeds.
Usingthe gaphical useriterface, you “draw” the gegometry of anobject, then “as
sign” propertiesand loals to theobjed to conpletdy define the nodel of he phys
cal menber.

The folowing olject types ae available listed in oder of gemetricaldimension:

» Point objects, of two types:

— Joint objects: These are aamaically created athe coners @ ends of all
other ypes of ofeds bdow, and they carbe exlicitly added 6 model
supportor otherlocdized behavor.

— Grounded (onejoint) support objects. Usead to nodel ecial support
behavior sut as sdators, danpers gaps multilinearsprings and nore.
Thes ae not overal in thismanual

* Line objects, of se\eral types

— Frame dbjects: Usal to nodel bans, olumns, braes and tusse; they
may be staight orcurved

— Cableobjects: Usal to nodel flexible cbles
— Tendonobjects: Usel to pretresing tendons irsideother oljecds
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— Connecting (two-joint) link objects: Used tomodel speial menber ke
havior sud as sdators,danpers gaps multilinearsprings and nore. Uh-
like frame, @ble, and tendon objets connacting ink ohects @n have
zew length.The® ae not overa in thismarual.

» Area objects: Usad to nodel walls, floors and othethin-walled members as
well as two-dnensional solds (plane stress, planga@n, and axisymnmntac
solids). Only sheltype aeaohjects ae mvereal in thismarual.

e Solid ohjects. Usal to nodel theedimersiond solids. These ae not overed
in thismanual

As agererdrule, the gemetry of the olject should orrespond to thiof thephys-
cal member. This smplifies the visualization of themodel and helpswith the de
sign prees.

If you haveexperena usingtraditionalfinite elementprograns, including eatier
versionsof SAP2000,you are proébly used to rashing physcal models into
smallerfinite elenentsfor analysigurposesObject-basedhodelingargelyelimi-
nates theneed ér dang this

For ugrswho ae newto finite-element nodeling, theohed-basd comreptshould
seemperfecly natual.

When you run anralysis SAP2000 atomaticaly converts your ohed-basd
model inb an eément-baed nodel thd is used for aalysis This éement-baed
model is alled the angisis nodel, and it cosists of trditional finite eements and
joints(node$. Resultsof the aalysisarereported bak on theohed-basd nodel.

You havecortrol ove how themesting is peformed, sich aghe dgreeof refine-
ment, aad how to hadle thecomedions béween irterseting objects. You al®
have he ogion to marually suldivide themodel, esuling in a oneto-onecorre-
spordencebetweerobjectsandelements.

In this marual, he term “eément” will be used moreften than “olject”, since
whatis desciibed heein is thefinite-element analysis portion of theprogramthat
operates on theelement-baed aalysismodel. Howeve, it should be tear thatthe
properties describedhere fo elements are d@oally asigred inthe irterface to he
objeds, andtheconvesionto analsiselementsis autonatic.
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Coordinate Systems

Each stucture mayuse manyifferent cardinate sgtems to dscribe he lacaion
of pointsand thediredions ofloads displacement, ntemal forces and sresses
Undestandingthes differentcoordinge systerns is crudal to beingableto prop-
erly ddine the nodel and interpret he results

Topics

» Ovewniew

* Globd Coordin&e System

e Upwad andHorizontalDirections
* Locd Coordinge Systens

Overview

Coordinatesydens ae usel to lccak different pats ofthe sructural model and to
ddfine the dredions ofloads digplacements intemal forces and sresses

All coordinatesygens in themodel ae ddined with respet to a $ngle, gbbal
X-Y-Z coordinatesygem Ead part ofthe nodel (pint, dement, orcorstrant) has
its own local 1-2-3 cmrdinatesygem In adlition, you nay cretealtematecoordi-

Overview 7
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natesydens thd areused o ddine locaions and dredions.All coordinatesygens
arethreedimensimal, right-harded,rectanglar (Cartesiapsystems.

SAP2000 bvays asunes hat Z s thevertical axis with +Z being upvard. The up
ward diredion isused ¢ help déine local coordinatesygens, dthough laal coor-
dinatesysens thenseles do nohave a upvard diredion.

Formoreinformationandadditonalfeatures seeChaper“CoordinateSystens” in
theSAP2000, ETBS, and SAFEralysisRetrenceManualand theHelp Menu in
the SAP2000 graplual userinterface.

Global Coordinate System

The global coordinate sysem is athreedimensbnal, ight-handedredangular
coordinatesydem The hreeaxesdenoted X Y, and Z, ae nutually peperdicular
and séisfy the ight-hand rule The bcation and orentation of theglobal ystemare
arbitrary.

Locations in the globhcoordinatesygemcan bespedfied usng the vaiablesx, y,
andz. A vedor in theglobal mordinatesygemcan bespedfied by giving the bca
tions oftwo poins, apair ofargles or by speidying a ordinatediredion. Ccoor-
dinatediredionsareindicaedusingthevalues £X, £Y, and+Z. Fa exanple, +X
ddfinesa vetor paallel to and dieded dong the porive X axis The $gn is -
quired.

All other mordinatesygens in themodel ae ddined with resped to theglobal ©-
ordinae system

Upward and Horizontal Directions

8

SAP2000 bways asunes hat Z s thevettical axis with +Z being upwvard. Local
coordinde systens for joints, elements andground-acelerdion loadingarede
fined with resped to thisupward diredion. Séf-weight lbadng always @tsdown
ward, in the—Z diredion.

The X-Y plane ishorizortal. The prmary horzortal diredion is+X. Anglesin the
horizortal plane ae measired flomthe pogive hdf of the X axis, with postive an-
glesappeaing counte-clockwise whan you are lookig down &the XY plane.

Global Coordinate System
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Local Coordinate Systems

Ead part {oint, dement, orcorstrant) of the stucturalmodel ha itsown local co-
ordinatesydemused ¢ ddine the protties loads and reponsdor tha part The
axesof the bcalcoordinatesydens ae denoted 1, 2,ad 3. In geerd, thelocalco-
ordinate sytenms may varyfrom joint to joint, ebment to eement, and costraint to
constaint

Thereis no préerred upvard diredion for alocal coordinatesygem However, the
joint and ekment Iacal coordinatesysens ae ddined with respec to theglobal
upwad diredion, +Z.

The jont local 1-2-3 cwrdinatesygemis nomally the sime asthe globaX-Y-Z
coordinde system

For the Frame an&hellelements, oe of the eement Iacal axes is eemined by
the g®metry of the ndividual dement. You may ddine the orertation of there-
maining two aes by speifying a sngle angle of otation.

The lccal coordinatesydem for a DaphragmCorstrant is normally deemined
autamaticaly from the g@metry or massdigtribution of thecorstrant. Ogtionally,
you may speify one glob# axis that déemminesthe plane of aDiaphragmCon
strairt; the remainng two aves are dermined aubmatically.

For moreinformation:
» SeeTopic “Local CoadinateSystem”(pace 14) in Chapter “The Frame E-

men.”

» SeeTopic “Local Coadinate System” (page 40) in Chapter “The ShellEle-
mert.”

» SeeTopic “Local Coadinate System” (page 52) in Chapter “Jointsand De
grees bFreedom.”

» SeeTopic “DiaphragmCorstrdnt” (page66) in Chater “Joint Gnstradnts.”

Local Coordinate Systems 9
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Chapter IV

The Frame Element

The Frame element isused & model bem, column, truss, and brae bédavior in
planar and threedimensiond structures Although not disus®d in ths marual,
sone of thetopicsin thischaper gply to other ine oljeds: the cuwed frane, the
cable, and the tedon.

Topics

Ovewiew
JointConnetivity
Degrees 6 Freedom
Locd Coordin& System
Sedion Propeties
Insetion Point

End Offses

End Rdeases

Mass

Self-WeightLoad
Concentraed SpanLoad



SAP2000 Basic Analysis Reference

 Distributed SpanLoad
e IntemalForceOutput

Overview

12

The Frameelementusesa geneal, threedimensimal, beam-colmn formulaton
which includes theeffects of biaxid bendng, torsion, xial deormation, and bk
axid shear ddormations. SeeBathe and Vilson (1976).

Struduresthat @n be nadeled with this dement irclude

e Threedimensimal frames
* Threedimensonaltrusses
e Planarframes
e Planargrillages
e Planartrusses
A Frame ebment ismodelad as astraght line comectng two ponts. h the grahi-

cal userinterface, you can diide airved oljects inb multiple graight oheds,
subject to your spedfication.

Ead elementhasits own locd coordinge systemfor defining sedion propertes
and loals, and for interpreing ouput.

Each Fame eément may bedadedby self-weight, mutiple cacertratedloads,
andmultiple distributedloads

Insetion pointsand end dket ae avd ableto acount forthe finite $ze of bean
and coumn irtersedions. Erd rdeases are alsavailable tomodel dfferent fixity
conditions d the ends of theelement.

Element irntemal forces are pducedat the eds ofeach eément and aa user-spc
ified nunber of eually-spa&ed ouput stdions dong the éngth of he ebment.

For more nformation and adlitional fedures,see Chater “The Frame Ement” in
the SAP2000, ETBS, and SAFE ralysis RektrenceManual.

Overview
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Joint Connectivity

A Frame ebment isreresened by a stiight ine connectng two joints,i andj, un
less nodified by jointoffset asdescibed béow. Thetwo joints nust not &arethe
sane location in pace The wvo endf the éement ae danoted @d | and ed J, re
spectiely.

By default, the netral axis of the éement runsalong thdine mnnecing the o
joints. However, you can chage thisudng the nsetion point,as deciibed in
Topic “Insetion Point (page22).

Joint Offsets

Sonetimes he axs of theelement @amot be onveniently speéfied by joints tha
comectto otherelementsin the $ructure.You havethe opion to pedfy joint off -
setsindependently at each eth of the eement. These are gien as thk three @tance
conmponents(X, Y, and Z)panrllel to the globbaxes, measural fromthe joint to the
end of theelement (d the hsetion point)

The two locaions given by the oordinates of jointsi andj, plus he corespondng
joint offses, ddine the axs of theelement. Thesawo locaions nust not beainci-
dent. tis generally recommendedhat theoffses be peperdicular to the xis of the
element, dthough thiss not equired.

Offset abng the ais of the ebment ae usially speified usng end ofses raher
than jont offses. Se topic“End Offses” (page24). End ofsets are part of the
length ofthe éement, hae ebment progrties and loas, and may or nay not be
rigid. Joint offset ae exemal to he eement, ad do not havany mas orloads
Interndly the pragramcreates a tilly rigid constrant along the joints offses.

Joint ofsek ak speified dong with the @rdinal pointas pat of theinsetion point
assignment, even though thg are irdepencdent features.

For moreinformation:

» SeeTopic “Insetion Point (page22) in thischager.
» See Teic “End Offsets” (pag 24) in thischaper.

Joint Connectivity 13
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Degrees of Freedom

The Fame eément ativates allsix degrees 6 freedom at bth of its connected
joints. If you wantto model tuss éementsthat do notrangnit momentsat theends,
you may diher:

e Setthe geometricSectio propertesj, i33, andi22 all to zero & is nonze;
as2andas3are abitrary), @

* Rdease boh bendhg raations,R2 and R, at boh ends ad rdease he tor
sional rdation, R1, at gher end

For moreinformation:

e See Tic “Degrees dFreedom” (pag 52) in Chater “Jointsand Dgrees of
Freedon.”

e See Tpic “Sedion Properties” (ragel?) in thischapger.
* See Teic “End Rdeases” (pag26) in thischaer.

Local Coordinate System

Each Fame eément has its wn elementloca coordinate systemused 6 ddine

sedion propetties loadsand ouput. Theaxesof thislocal sysemaredenoted 1, 2
and 3. Thdirst axisis direded dong the &ngth of he eement; te remaining two

axedlie in the plae peperdicular to the éement with an orertation tha you spee
ify.

It is important hat you clarly urderstand the dénition of theelement Iacal 1-2-3
coordinde systemandits relaionshp to theglobal X-Y -Z coordinge systemBoth

sygens ae righthandel coordinatesygens. Itis up to you to dine local sysens

which sinplify datainput and inermpreation of results

In most dructuresthe déinition of the element Iacal coordinate sygem is ex-
tremely sinple usng thedefault orientation and the=rame elementcoordinate
angle Additional methods ae avdlable

For moreinformation:

» SeeChager“Coordinate Systems”(page 7) for adesciiption of thecorceps
and teminology used in thisopic.

* See Teic “AdvancedLocal Coordinate Sgtem” in Chaper “The Frame -
ment” in the SAP2000, ETBS, and SAFE realysis ReerenceManual.

14 Degrees of Freedom
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» See Teic “Jant Offsets” (pagel3d) in thischaper.

Longitudinal Axis |

Localaxis1 is dways thdongitudinal ais of the eement, tie podive diredion be
ing direded fomend | to @d J.

Speifically, end | is jointi plus ifs jointoffses (if any), and ed J isjoint|j plus its
joint offses (ifany.) The ®is isdeemined independently of thecadinal pont; see
Topic “Insetion Point (page22.)

Default Orientation

The ddault oriertation of thelocal 2 and 3 axeisdgemined by the éationship
between thelocal 1 axisand theglobal Zaxis

» The lccal 1-2plare is takerto be vetical, ie., prallel to the Z axs

» The lacal2 axisis té&ken to hae an ugvard (+Z) seng uress theelement isver
tical, in which ca® thelocal 2 axisis t&ken to behorizontal dong the gbbal +X
direction

* The Iccal 3 axis is avays horzortal, i.e., it lies in the X-Y plane

An element is cosidered tobe vetical if the sine 6the argle between te local 1
axisand theZ axisis less han 10°.

The lacal 2 axs makes the same gle with the vetical axis ashe lccal 1 axs
makeswith the hoirzortal plane.This meansthat tie lacal 2 axispoints veticaly
upwad for horizonal elements

Coordinate Angle

The Frameelementtoodinateangk, ang, is ugd to déine dement orertations
that ae different fomthe déault oriertation. Itis theargle thiough whid the Iacal
2 and 3 axe ae rdatal about thgpostive local 1 axisfrom the déault oriertation.
The rdation for apostive vdue ofang appears canter-clockwise wherthe lccal
+1 axs ispoining toward you.

For verticalelementsang is theargle béween thelocal 2 axisand theholizorntal
+X axis.Othewise,angis the agle between tle local 2 axs andthe \ertical plare
cortaining the bcal 1 axis SeeFigurel (pagel6) for exanples.

Local Coordinate System 15
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Local 1 Axis is Parallel to +Y Axis Local 1 Axis is Not Parallel to X, Y, or Z Axes
Local 2 Axis is Rotated 90° from Z-1 Plane Local 2 Axis is Rotated 30° from Z-1 Plane
AZ AZ

X /Z;:i ¥ X A/\17\ ¥

-
2
ang=90°
Local 1 Axis is Parallel to +Z Axis Local 1 Axis is Parallel to —Z Axis
Local 2 Axis is Rotated 90° from X-1 Plane Local 2 Axis is Rotated 30° from X-1 Plane
Figure 1

The Frame BHenment MordinateAngle vith Resped to theDefault Orientaion
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Section Properties

A Frame Setion is a set ofmaterial ard geanetic propetties that describe he
cross-edion of oneor nore Fame ekments Setions ae ddined independently
of the Frame @ments, andire asigred tothe eéments.

Local Coordinate System

Sedion propetrties are dfined with respect tothe Iacal cordinate sgtem of a
Frame etment as fdbws:

» The 1 dredion isalong theaxisof the éement. k is nomal to he Setion and
goes hrough thertersetion of thetwo nautral axesof the ®dion.

» The 2 &ad 3 dredions ddine the plane of theSedion. Usially the 2 dredion is
taken along themgjor dimersion (deth) of theSedion, and the 3 diedion
along is minor dmersion (width), butthis is not reguired.

SeeTopic “Local CoadinateSystem”(page 14) in thischager for more irforma-
tion.

Material Properties

The maerial properties fa the Sdion are spedied by reference toa prevously-
defined Mé&erial. The maerial propetties usedy the Setion are:
* The noduus of dadicity, el, for axial giff nessand benihg stifness

* The fhrearmoduus, gl2 for torsiond stiffnessand trasvere shar giff ness
this is conputed fom el and thePoisons rdio, ul2

» The nassdersity (perunit of voume), m, for computingelementmass
* The weight desity (perunit of volume),w, for computing Sef-WeightLoad.
» Thedesgn-typeindicaor,ides that irdicates vether eéments usng this See

tion shoutl be dsignal as $ed, corcree, duminum coldformed seel or
none (no dsign).
Geometric Properties and Section Stiffnesses

Six basic geanetic propetties are ged, bgetter with the maerial properties, D
gererate the sff nesses fathe Sdion. These are:

e The cressectioral areaa. The xial giff nesof the ®dion isgiven bya »el;

Section Properties 17
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e The noment of nettia, i33, about he 3 axé for bending in thel-2 planeand
the moment of nettia, i22, about he 2 axs for bading in thel-3 plane The
correspondng bendng stifnesgs ofthe Setion ae given by i33>1 and
122 >el;

e The tosiond corstant, j. The brsiond stiffnessof the fdion is given by
j>g12. Notethat thetorsional @nstant 5 not thesameas thepdar momentof
inertia, exaeptfor circularshapesSeeRoak and Young 1975) or Cook ad
Young (1985) ér more irformation.

e The slear aeasas2andas3 for tranyverse shar in he 1-2 ad 1-3 plans, re
spetively. The corespondng transverse shar giffnesgs ofthe Setion ae
given byas?2>gl12 andas3>gl2. Famulae for calkulating the slear aeas of
typical setions are gien inFigure2 (pagel9).

Settinga, j, 133, ori22 to zeo caiseshe orrespondng setion siff nesgo be zro.
For exanple, atrussmenber @an be nodeled by setingj = i33=i22=0, and a pla
nar frame member in he 1-2 plae ca be nodeled by setingj =i22 = 0.

Settingas2oras3to zeo caiseghe orrespondng transverse shardefomationto
be zeroIn effect, a zerashear areasiintempretedas béng infinite. The tanverse
shea stiffnessis ignored ifthe orrespondng bendng stiffnessis zero.

Shape Type

For ezh Setion, thesix geometric propetties(a, j, i33, 122, as2andas3 may be
spedfied diredly, conmputed fom specfied Sedion dimersions or read froma
spedfied property ddabasefile. This s deéemined by the Bape ype,sh, spediied
by the user

« |If sh=G (gereral setion), the six geametric properties must be ealicitly speci
fied

e If sheR, P,B, |, C, T, L, or 4, the six ggametic propetties are atomatically
calculated fom spedied Sedion dimersions as dscribedin “Automatic See
tion Propety Calculaion” below

e If shis any other valie (eg., W27X94 0 2L4X3X1/4), thesix gemetric prop-
erties are btainedfrom a spedied property database fie. See “Setton Prop
erty Database Hes” bdow.

Section Properties
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i it Hfective
Sction Description FearAea

RectangularSection

. j ShearForcesparallelto the b ord 5/6 bd
i directions
kbl
b
" fﬂ%tf .
., Wide Hange Section 5/3 t; by
ShearForcesparallelto flange
4o
le- bt ]
[ d _
Wide Hange Sction t d
g ! ShearForcesparallelto web w
W

ThinWalled
—> CircularTube Sction Trt
! ShearForcesfrom anydirection
Solid CircularSection 5
- ShearForcesfrom anydirection 0.9mr

e—d— ThinWalled

. D RectangularTube Sction std
ShearForcesparallelto

X d-direction

N GeneralSection )
ShearForcesparallelto |
Y-direction
I,= momentofinertia of
sectionabout X-X /
b

%t
2
QW d
b(y)

Yt
Q)= /n b(n)dn
y

Figure 2
Shear Aea Formulae
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Automatic Section Property Calculation

The sixgeanetic Sedion propetties can b autenatically calkculated fom speci
fied dimersionsfor thesimple siapeshown h Figure3 (page2l). Therequired di
mersionsfor eaxh shae ae show in the fgure.

Notethat he dmersiont3 is thedepth of he Setion in the2 diredion and ontrib-
utesprimaiily toi33.

Automatic Secion propgerty caculation isavalablefor thefollowing shae types:

* sh=R: Rectanglar Sectim

e sh=P: Pipe Sdion, or SolidCircular Setion if tw=0 (or notspedfied)
* sh=B: Box Sedion

e sh=l: I-Section

e sh=C: Chamel Setion

* sh=T: T-Sectim

e sh=L: Angle Setion

* sh=2L: DoubleangleSedtion

Section Property Database Files

Geanetric Sedion progertiesmay be obained fromone or nore Setion progerty
daabasefiles. Seerd databasefiles ae suplied with SAP2000, incuding:

e AISC.pro and ASC3.po: American hstitute of Sted¢ Construdion shaes

¢ AA6061-T6.pro:AluminumAssociaion shaps

» CISCpro: Candgianinstituteof Ste¢ Constuctionshape

» SECTIONSS.pro: Ths isjust acopy of AISQ.pro.

Additionalfiles ae provided ontaining standard siapedor othe courtries.

You may crate your own proprty ddabasefiles usng the pogram PROMER,
which is availableupon reuestfrom Conputersand Stuctures Inc.

The gemetric propertiesarestoral in the ength unis speified when thedaabase
file was crated. These are damatically corvertedto the unis beng used ly
SAP2000.

Section Properties
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SH=1I SH=T SH=C

i
—
N

I

=13

e o

SH=L SH =2L

Figure 3
Automaic Setion Property Calculaton
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A 2 axis
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Note: For doubly symmetric members such as
this one, cardinal points 5, 10, and 11 are
the same.

Figure 4
FrameCardinal Points

Each shpe type staed ina ddabase fie may be rafrenced ly one @ two dfferent
labels For exanple, he W 36x3001Isape ype in fileAISC.PROmay be réerencel
either by ldel “W36X300” or by label “W920X446". Shapetypes sbred in
CISCPRO may aly be rekrenced ly a sirgle label.

You may séect one déebasefile to be usd whe ddining a given Frane Setion.
The daabasefile in usecan bechange at any timewhen déining Setions.If no
database fiename is spetied, the dfault file SECTIONS8PRO s usedYou may
copy any proprty ddabasefile to SEQTONS8.PRO

All Section property ddabasefiles, ircluding file SECTIONS8.PRQ must belo-
cated dher in the diedory that conains the data file, or in therdidory that cor
tainsthe SA22000 prgramfiles. If a speified daabasefile is present in boh di-
redories, the prgram will use the file in the datéile diredory.

Insertion Point

By ddfault the lacal 1 axisof the ¢ement runsalong theneural axisof the gdion,
i.e., at thecertroid of the setion. Itis oten mnvenient b spedy another bcaion
on the edion, such aghe top ofa bean or an ousidecomer of acolumn. This bca
tion is called theardinal point of the £dion.

22 Insertion Point
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N

c1- 1 Cardinal
1 L — Point C1
1
/ ~a ! ‘/\ B2
1
Cardinal ::
Point B1 I <

Z Bl—f: 1 \
1 Cardinal
X 1 Point B2

o

Plan

Figure 5
Exanple Showng JointOffsetsand CardinalPoints

The availablecadinal pointchoies ae $own inFigure4 (page22). The ddault
locaion ispoint 10.

Joint ofset ae speified dong with the @rdinal pointas pat of theinsetion point
assignment, een though thg are irdepencdent features Jointoffses ae usel first

Insertion Point 23
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to cakulate tre eement axis ad therdore the Iacal cardinate sgtem, therthe car
dinal pointis locaied in theresulting local 2-3 plane

This fedure s uséul, as an &anple, for modeling beans and olumns whe the
beans do not fanme into he cater ofthe ®lumn. Figure5 (page22) shows an ée-
vation and pan viev of aconmon framing arangenent wherethe eterior beans
areoffsetfrom the @lumn certer linesto be fush wih the eterior of the buiting.
Also shownn this fgure ae thecadinal ponts foread member and the jont off-
setdimensons.

End Offsets

24

Frame eleents are magled as le elenents conectedat pants (oints). How-

ever, atual stuctural menbers tave fnite ciosssectioral dimersions. When two
elements, suclas a beam and leonn, are conectedat a jont there is some axlap

of the cosssedions. In many struturesthe dmersionsof the nenbersarelarge
and thelength ofthe ovelap @an be asignificantfradion of thetotal length of a
conrectingelement.

You may spedy two end offsetsfor eachelement usng paameersioff andjoff
comrespondng to endd and J respedtively. End offetioff is thelength ofovelap
for a given ebment with othe comectng elamentsat jointi. It is the disance from
the jont to theface of thecomedion for the given elanent. Asimilar ddinition ap
pliesto end of§etjoff at jointj. SeeFigure6 (page25).

End offses can be aubmaticaly calculated by the SAP2000 gphical userinter-
face for €lected dementsbasel on the maximum Sedion dimensionsof all other
elements that canect tothat eément at a comon joint.

Clear Length

Theclear length, denotedL, is ddined © be thedength béween theend oftet
(support feceg as

L. =L- (ioff +joff )
whereL is the tdal elenent length. Se&igure6 (page25).

If end offsets are spefied swch that the ckar lendh is less thari% of he tdal ele
ment length, theprogramwill issue awaming and reluce he end dises prgor-
tionately so that the clear length is equal to 1% of tted klength. Nomadly the end
offses shoull be a mch snaller prgportion of thetotal length.

End Offsets
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Total Length L
Clear Length L

Horizontal

| Member J

|
lioff End Offsets joff ¢
4\ />

Support Face

— -

Figure 6
Frame Element End Offsets

Effect upon Internal Force Output

All i ntemal forcesand nomentsareoutput at he facesof the sipports ad at othe
equaly-spaed pointsvithin the ¢ear lengh of the éement. No ouput is poduced
within the exd offset which includes thejoint.

See Tpic “Intemal Face Ouput’ (page 32) in thischager for more irformation.

Effect upon End Releases

Endreleases are alays asumed to b at the spport faces, ie., at he end of the
clear lemth of the element. If a monent or skar réease is spefied in either kend
ing planeat ether end of the éement, he end disetis assuned to beigid for bend
ing and &earin that planeat that exd.

See Teic “End Rdeases” (pag26) in thischager for more irformation.

End Offsets 25
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Continous
Joint \ Axis 1

r Pin Joint ——» ® ‘

AXxis 2 Continous
Joint

Axis 3

Global X
i

For diagonal element: R3 is released at end J

Figure 7
Frame Hement bd Releases

End Releases

Normally, the three traslational andthree otational degrees 6 freedom at each
end of theFranme ekbment ae continuous wih thoseof the pint, and hencewith
thoseof all other éementscomectd to thajoint. However, it is possible to Elease
(discomec) one omore of he ebment dgrees of freedomfrom the jont when it
is known that he corespondng elenent foice ormoment iszeio. The Eleasesare
always spedied in the elanent Iccal cardinate sgtem, and d na affect anyother
element @nneckd to thgoint.

In the xanple shown inFigure7 (page26), the dagmal elanent has a nmoent
comedion atEnd | and gin comedion atEnd J. Thether tvo elementscomect
ing to thejoint & End J & @ntinuous. Theefore, in order to nodel thepin cordi-
tion therotation R3 & End J ofthe dagmal dement $ould be réeased.This &
sures thd the noment iszeio at thepin in thediagaal dement.

26 End Releases
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Unstable End Releases

Any conbination of erd rdeases maydspedied for a Fame elenent proided
that the elment remains stdle; this asures that all load afied to the elment is
tranderred b the rest ofthe stucture. The fdlowing sets of eleases are wteble,
either done or n conbindion, and arenot pemitted:

* Rdeasing U1 d both ends

* Rdeasing U2 d both ends

» Rdeasing U3 d both ends

» Rdeasing R1 a both ends

* Rdeasing R2 d both endsaand U3 at eiher e

* Rdeasing R3 @ both endaand U2 at ether erd

Effect of End Offsets

Mass

Endreleases are alays aplied at the spport faces, ie., at he end of the elenent
clear lemgth. The pregnce ofa manent or skar réease willcause th end éf set to
be rigd in the orrespondng bendng planeat thecorespondng end of he ek
mert.

See Teic “End Offsets” (pag 24) in thischagter for more iformation.

In a dynanic analysis the nassof the $ructure i usel to conpute irertial forces.
The masscortributed by the Fame ebment islumped athe jontsi andj. No irer-
tial effects are onsidered within the elment iself.

The tdal massof the dement isequalto the ntegral dong the éngth of he mass
densiy, m, mutiplied bythe crosssectional area.

The tdal mass is pportioned to the two joits in the sam way a sirfarly-
distributed tanwers load would @usereadions d the ends of asimply-supporte
beam The dfeds of end rdeasesareignored wen aportioning mass The ttal
mass is aplied to eachof the three tandational degrees 6freedom: UX, UY, and
UZ. No massmomentsof inertia ae cmputed forthe rdational degrees of free
dom

For moreinformation:

Mass 27
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* See Tic “Sedion Progerties” (pagel?) in thischagper for the dénitions of
m anda.

e See Chater “Statc andDynamic Analyis” (pag 69).

Self-Weight Load

Self-Weight Loadcan be apliedin ary LoadCase to dtvate tre selfweight of all
elements in tle model. I6r a Fame elenent, the slf-weight is a face thats didrib-
uted dong the éngth of he ebment. The magnitude of he séf-weight is eual to
the weight density, w, muliplied bythe crosssectional area.

Selfweight alvays &tsdowrward, in theglobal —Zdiredion. Thesef-weight may
be salad by a sigle factor tha appliesto the wole gructure.

For moreinformation:

» See Tpic “Sedion Propetties” (pagel?) in thischaper for the dé nitions ofw
anda.

e See Chater “Statc andDynamic Analyis” (pag 69).

Concentrated Span Load

28

The Corertrated Spa Load isused ¢ apply corcertrated fores ad nomentsat
arbitrary locations on Fame eements The dredion of loading may be speified in
the globacoordinatesygemor in theelament Iacal coordinatesygem

The Iacaion of theload nay be speified in one of thdollowing ways:
e Specif/ing a relative distarce, rd, measired flom joint i. This must ssfy
O£ rd £1 The reldive distance is e fragion of element lengh;
» Spedfying an absolite distance,d, measired flom joint i. This must ssfy
0£d £ L, wheeLis the elenent length.

Any numbe of corcertrated loals nay be aplied b eat elenent. Loads gven in
global coodinatesare transbrmedto the elementlocal coodinate system.See
Figure8 (page29). Multiple loads tlat are aplied at the same k#ion are aded
togethe.

See Chater “Statc andDynamic Analyis” (pag 69) for more irformation.

Self-Weight Load
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uz 1 rz 1

Global Z Force

Global Z Moment

3 3
All loads applied
at rd=0.5
u2 1 r2 1
2 2
Local 2 Force Local 2 Moment
z
3 3
X Global Y
Figure 8

Exanplesof the Cefinition of Goncentated Span Loads

Distributed Span Load

The Distributed Spa Load isused ¢ amply digributed focesand nomentson
Frame ebments The bad inersity may be urfiorm or trgpezoidal. The dredion of
loadng may be speified in the globhcoordinatesydgemor in theelament Iccal co-
ordinae system

See Chager “Statc andDynamic Analysis” (page 69) for more ifformdion.

Loaded Length

Loadsmay amly to full or patial element lengths. Mutiple loads may be aplied o
a shgle dement. The loaled lengths nay ovetap, in which ca® theapplied loads
areaddiive.

Distributed Span Load 29
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Global Z Force

Global Z Moment

Local 2 Force

Local 2 Moment

z

Global
X All loads applied from rda=0.25 to rdb=0.75

Figure 9
Exanplesof the Cefinition of Distributed Span hads

Y

A loaded length may be speified in one of thdollowing ways:

e Specifyingtwo relativedistancesrda andrdb, measired flom joint i. They
must siisfy O£ rda<rdb £1 The reldive distance is lhe fracion of elenent
length;

* Spedfying two absolite distances da anddb, measired flom joint i. They
must siisfy O£ da<db £ L, whee L is the elenent length;

« Spedcfying no disanes,which indicaes he full length ofthe dement.

30 Distributed Span Load
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AXIS 2

rda=0.0
A rdb=0.5
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Exanplesof Didributed Span Loads
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Load Intensity

The loa intersity is aforceor moment pe unit of length. Foead forceor moment
conmponent to beapplied, a shgle loal valuemay be give if theload isuniformly
distributed. Two load values ae needed 1 the load irtersity vaieslinearly overits
rangeof appliation(atrapeoidd load).

SeeFigure9 (page30) andFigure10 (page3l).

Internal Force Output

32

TheFrame elementinternal forcesarethe focesand nomentsthat esult fromin-
tegraing the stesses osr an eleent cross sé¢ion. These inemal forces are:

e P, the adal force

e V2, thesheaforce in thel-2 plane

e V3, theshea force in thel-3 plane

e T, theaxal torque

* M2, the bading moment in he 1-3 plae (doout the 2 zis)
e M3, the bading moment in he 1-2 plae (doout the 3 =is)

These itemal forces andnoments are prest at eery cross seion alorg the
length ofthe éement.

The sgn corvertion isillustrated inFigure 11 (page33). Positiveinternalforces
and akal torque &ting on a pogive 1 faceareoriental in the po#ive diredion of
the elenent Iacal cordinate aes. Pagitive intemal forces andaxal torque acing
on a regdive face are odntedin the negéive diredion of the elenent lccal cardi-
nateaxes A postive 1 faceis onewhoseoutward nomal (pointing anay fromele
ment) is in the pogive local 1 dredion.

Postive bending momentscaug conpresion d the pogtive 2 and 3 faes ad ten
sion d the ngaive 2 and 3 fa@s.The podive 2 and 3 faes ae tho® facesin the
postive local 2 and 3 diedions, respetively, fromthe neitral axis

The inemal forcesand nomentsare conputed & equdly-spaed ouput points
along thdength ofthe dement. Thensegparamder spedies the number bequal
segnents(or spaeg along he length of theelanent béween theoutput points For
the ddault valueof “2”, output is poduced athe two endsand atthe mdpoint of
the elenent. See “Hect of End Offsets” béow.

Internal Force Output
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AXis 2

Positive Axial Force and Torque

Compression Face

Positive Moment and Shear Axis 1
in the 1-2 Plane /

M3 . M3
V2 \ Tension Face
Positive Moment and Shear Axis 2
in the 1-3 Plane $ M2 Axis 1
Tension Face r\ /
S V3

V3
Compression Face

Axis 3

Figure 11
FrameElenent Inernal Forces and Mmens$
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The Fame elenent irtemal forces are coputed fa all Analysis Cases: Lads,
Modes,and Spes.

It is important b note thathe ResponseSpedrum resultsarealways pogive, and
that he corespordencebeween diferent vdues ha bea lost.

See Chater “Statc andDynamic Analysis” (page 69) for more iformation.

Effect of End Offsets

Whenend df sets are ment, ntemal forces andnaments are dputat the &ices of
the sipports and atnseg - 1equaly-spaed pointswvithin the ¢ear lengh of the ée-
ment. No ouput is ppduced vithin thelength ofthe end offset which includes the
joint. Qutput will only be praluced &jointsi orj when he corespondng end off
set is zero

See Tpic “End Offsets” (pag 24) in thischayter for more irformation.

34 Internal Force Output
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The Shell Element

The Shell element isused ® model $ell, menbrane and plae béavior in planar
and thre-dimersiond structures The $iell dement/ohect is onetype of aea ob
ject. Depending on theype of setion propertiesyou asign to & are, theobject
could dso beused 6 model plane stess/drain and axsymmetric sold behavior;
the® types obehavior are not onsidered in thismarual.

Topics
* Ovewiew
e JointConnetivity
e Degrees 6Freadom
* Locd Coording System
» Sedion Propeties
* Mass
e Self-WeightLoad
e Uniform Load
* Intemal Foce and Stress Qutput

35
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Overview

36

The Shé element isa three- or bur-node érmulation tha conbines se@rate
menmbraneand plae-bending béhavior. Thefour-joint element dos not hae to be
plana.

The nmenmbrane behavior uses an sopammetric formulation tha includes
trandational inplanestiffnesscomponentsand a otational stiffnessconponent in
the dredion nomal to the plane of theelement. Se Tea/lor and $mo (1985) ad
Ibrahimbegovicand Wikon (1991).

The plde banding béhavior includes two-way, out-of-plane, plae raational stiff-
nessconmponentsand atandational giff nessconponent in he dredion nomal to
the plane of theelement. By default, a thi-plae (Kirchhoff) formulation is used
that ngleds tanyere sharng ddormation. Ogionaly, you may choos a
thick-plate(Mindlin/Rdasser) formulation which includes theeffects of tansrerse
sheaing deformation.

Struduresthat @n be nadeled with this dement irclude

¢ Threedimensbnal $ells suh as anks ad dones
* Plate stuctures,such aslbor slabs
* Membrare stru¢ures,such as star walls

For ezh Shdl element in he stucture,you can choasto nodel puremenbrane
pure plae, orfull shell béhavior. It is gaerally recommended hat you usehte full
shel behavior unless theertire strudure s planar and is aequatdy restraned.

Ead Shellelement ha itsown local coordinatesydemfor deiining Material prop-
ertiesand loals, and for interpreing ouput. Exh ekment may be loded by grav
ity or uniform load in ay diredion.

A variable, four-to-eightpoint numerical integation formulation is usedfor the
Shellstiffness. §esses anmhtemal forces andnoments, inthe eément lacal coor-
dinatesydem areevalatal at the2-by-2 Gaus integraion pointsand exrapo-
lated to the pints ofthe éement. An aproximateeror in theelement sressesor in-
temal forces can b esimated from theifiference invalues catulated fom differ-
ent éementsataded to aconmon joint. This will give an irdication of theacu-
ragy of a given inite-element gproximation and an the be usd as he baisfor
the séection of a rew and more awrate finite eement mesh.

For nore irformation and aditional feaures see Chater “The Sh# Element” in
the SAP2000, ETBS, and SAFE ralysis RekrenceManual.

Overview



Chapter V. The Shell Element

Joint Connectivity

Ead Shellelement may have gher ofthe folowing shpes,as fiown inFigurel12
(page3’):

» Quadilaterd, defined by thefour jointsjl1, j2, |3, andj4.
» Triangular, defined by thethreejointsjl, j2, andj3.

The quadilateral famulation is the more amurate ofthe twa The triangular ele-
ment is reammended 6r transitions oniy. The stifnessformulation of the
threenode ¢éement isreassorable however; its stress ecovery is poor The ug of
the quadribteal elenentfor meshng variousgeonetriesandtranstions is illus-
trated inFigure 13 (page39).

The lccations ofthe jonts $ould be bosen b meetthe folowing geanetric condi-
tions:

» The irsideargle & eah coner nust beless than 180°. Bst results for the
guadilateral will be oltainedwhen hese agles are ear 90, or atleast inthe
rangeof 45° to 135?

» The apectratio of an element $ould not bedo large For thetriargle, tis is
the rdio of the lorgest side to the shext side. For the quatateral, this is the
ratio of the longer disane bdween themidpoints of opposite sides to the
shorte sud digane. Best resultsareoktained for apectratios nar unit, or at
least less han four.The apectratio shoutl not exeal ten.

» For thequadilaterd, thefour joints neel not be oplana. A small anount of
twist in the element isaccountal for by the prgram The agle béween the
nomals at the corers gves a mesure @ the cegree @ twist. The rormal at a
comer is emperdicular tothe twosides tlat meet at the coer. Best results ae
obtaind if the largestargle béween any paiof comersis less han 30°.This
angle should not exeal 45°.

The® corditions @n usally be net with adequatemesh efinement.
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AXIS 3 ‘k

j4 Face 2

Face 3

Axis 1

Face 6: Top (+3 face)

Face 5: Bottom (-3 face)

Four-node Quadrilateral Shell Element

Axis 3

Axis 2

Face 6: Top (+3 face)

Face 5: Bottom (-3 face)

j1

Three-node Triangular Shell Element

Figure 12
Shell Element Joint Connectivity and Face Definitions
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Triangular Region Circular Region
e |
Infinite Region Mesh Transition
Figure 13

Mesh Examples Usng the Quadrilateral Shell Eement
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Degrees of Freedom

The Shell element alvays adivates allsix degrees o freedom at each fats con-
neced joins. Whe the éement isused a a pue membrane you mus ersurethat
restrants orother sipports ae provided to he dgrees of frredomfor nomal trans
lation and bading ratations.When theelement isused a a pue plae, you nust e-
surethat estrants or other sipports ae provided to he dgrees of freedom for
in-plane trandations and the reation aboutthe nomal.

The u® of thefull shell béhavior (menbraneplus plde) is recommended 6r all
threedimensbnalstrudures

See Tpic “Degrees 6Freadom” (pag52) in Chater “Jointsand Dgrees of Fee
dont for more irformation.

Local Coordinate System

40

Each 3ell element has its wn elementlocd coordinate systemused ¢ ddine

Material propetties loadsand ouput. Theaxesof thislocal sysemaredenoted 1, 2
and 3. Thdirst two aes le in the plane of theelement with an ofertation tha you

spedfy; the thirdaxis is homd.

It is important hat you clarly urderstand the dénition of theelement Iacal 1-2-3
coordinde systemandits relaionshp to theglobalX-Y -Z coordinge systemBoth
sydens ae righthandel coordinatesydens. Itis up to you to dine local sygens
which sinplify datainput and iterpretation of results

In most dructuresthe déinition of the element Iacal coordinate sygdem is ex-
tremely sinple usng thedefault orientation and theShell elementcoordinate
angle Additional methods ae avalable

For moreinformation:

« SeeChaper“Coordinate Systems”(page 7) for adesciiption of thecorceps
and teminology used in thisopic.

e See Teic “AdvancedLocal Caordinate Sgtem” in Chaper “The ShellEle-
ment” in the SAP2000, ETBS, and SAFE ralysis ReErenceManual.

Degrees of Freedom
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Normal Axis 3

Local axis 3 is alays nomd to the plane of the Shelleshent. This axis is dected
toward you when the ghj1-j2-j3 appeas courter-clackwise.Forquadilateral el-
ements the ¢éement plane isddined by thevedors hat @nnectthe mdpoints of
the two pairsof opposite sides.

Default Orientation

The déault orientation of thelocal 1 and 2 axe isdegemined by the elationship
between thelocal 3 axisand theglobal Zaxis

» The lccal 3-2plare is takerto be vetical, ie., parallel to the Z axs

e The lccal 2 axs is talen tohave arnupward (+2) sense nless the ement is
horizontal, in which cag thelocal 2 axisis t&ken to behorizontal dong the
global +Y dredion

* The lccal 1 axis is avays horzortal, i.e., it lies in the X-Y plane

The dement iscorsiderad to be haizortal if the sne of he amle béween thelocal
3 axisand theZ axisis less han 10°.

The lacal 2 axs makes the same gle with the vetical axis ashe lccal 3 axs
makeswith the horzortal plane.This meansthat he lacal 2 axispoints veticaly
upwad for vertical elements.

Coordinate Angle

TheShellelementoominateangk,ang, is ugd to déine dement orertations hat
aredifferent fom the déault oriertation. Itis theargle thiough whid the lacal 1
and 2 axe ae raated about thegostive local 3 axisfrom the déault orientation.
The rdation for apostive vdue ofang appears canter-clockwise wherthe lccal
+3 axb ispoining toward you.

Forhorizonal elements angis theargle béween theocal 2 axisand thenorizortal
+Y axis.Otherwise,angis the agle between tle local 2 axs andthe \ertical plare
cortaining the bcal 3 axis SeeFigure14 (page4?2) for exanples.

Local Coordinate System 4
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Top row: ang = 45°
2nd row: ang = 90°
3rd row: ang= 0°
4th row: ang =-90°

For all elements,
Axis 3 points outward,
toward viewer

X

Figure 14
The Shik ElementCoordinae Anglewith Respet to theDefault Orientaion

Section Properties

A Shell Setion is a set ofmaerial ard geanetic propetties that describe he
cross-sec¢ion of oneor more Shé elements Setions ae ddined indepencdently of
the Stell elements, andre asigred tothe area bjects.
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Section Type
Whenddining an area seion, you have a chize of tree Iasic eement types:
» Shell- the sibject of thischayier, with trandational and raational degrees of
freedom, cgpable of supporting forces ad noments

» Plane(stressor stiain) — atwo-dimersiond solid, with randational dgrees of
freedom, cepable of supporting forces butnot noments This éement isnot
coverd in thismanual

» Asolid — axiymmetric sold, with tranational dgrees of frredom, cgable of
supporting forces buihot noments This éement isnot coered in thismanual
For shéd sections you mg choose onef the bllowing sub-ypes of baavior:
* Membrane- pure nembranebehavior; only thein-planeforces and he nomal
(drilling) moment @n be spported

» Plake — pureplatebehavior; only thebendng momentsand thdranverse fore
can besupported

» Shell- full shell bénavior, aconbinaion of menbraneand plae béavior; al
forces and nementscan besugported

It is gererally recommended hat you usehte full shel behavior unless theertire
strudure is planar aml is acquatly restraired.

Thickness Formulation

Two thicknessformulations ae available which daemine whethe or not tans
verse sharing déormations ae included in the patebending baavior of aplateor
shell eement:

» The thtk-plae (Mindlin/Reissner) formulation, which includes theeffects of
trans\ersesheardefamation

* The thn-plae (Kirchhoff) formulation, which naleds trarsvese $ieaing
deformation

Sheding ddormations &nd to beimportant when thethicknessis greate than
about ongenth b onefifth of the pan. Thg can ale be quitesignificantin the vi

cinity of bendingstress oncertrations, such a nea sudlen chages in thickness
or suport corditions,and neaholesor reentrant cornes.

Even forthinplatebendng prodems whee fieaing ddormations ae tuly nedi-
bible, he thik-plate formulation tendsto be nore acurate athough sorawha
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stiffer, than thethin{plate formulation. However, the acuracy of the thik-plate
formulation is more ®rsitive to largeagpectraios and mesh dstortion than is the
thin-plateformulation.

It is gererally recommendedhat you usehte thik-plate formulation urless you are
usng a disorted mesh ad you know thattseeaing ddormations will be snall, or
unless you ardrying to matdc a theretical thinplatesdution.

The thcknessformulation hasno efed upon nenbrane behavior, only upon
platebendingbehavor.

Material Properties

The maerial propetrties fa each Seton are spedied by reference taa prevously-
defined Mderial. The maerial properties usedy the Stell Sedion are:

e The noduus of dadicity, el, and Poison’s rdio, ul2, to conpute themem
braneand plae-bending §ff ness

e The nmassdersity (perunit volume), m, for computing elanent mass
¢ The weight desity (perunit volume), w, for computing Sef-WeightLoad.

Orthotopic poperties arealso avalable asdiscus®d in theconplete SAP2000,
ETABS, and SAE Analsis RekrenceMarual.

Thickness

Ead Shell Sec¢ion hasa corstant menbranethicknessand a onstant bendng
thickness The nembranethicknessth, is ugd for @lculating:

* The nenbranestiffnessfor full-shel and puremenbraneSedions
e The elenent voume for tke elanent selfweight andmass calulations

The bending thiknessthb, is use for catulating:
» The pldae-bending &ff nessfor full-shel and pureplate Sedions

Normally these twothicknesses are ¢hsame. Hoever, br same amplicaions,
such & nodeling corugatel sufaces,the menmbraneand plae-bending bhavior
cannobeadequtely represenedby ahonogeneoumateial of asinglethickness.
For thispumpose,you may speify a value ofthb that is diferent fromth.
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Mass

In a dynanic analysis the nassof the $ructure s usel to conpute irertial forces.
The masscortributed by the SHeelement islumped athe dement jonts.No iner-
tial effects are onsidered within the elment iself.

The tdal mass of th elenent is eqal to the irtegral over the plare of the elanent of
the mass degity, m, muliplied bythe thickhessth. The bttal massis gportioned
to the pints n a mamer tha s proportional to the dagmal tems of thecorsigent
massmetrix. See ok, Malkus and Plsha 989) for nore iformation. Thetotal
mass is aplied to eachof the three tandational degrees 6freedom: UX, UY, and
UZ. No massmomentsof inertia ae cmputed forthe rdational degrees of free
dom

For moreinformation:

e SeeSubkopic “Thickness (page44) in thischaper for the dénition ofth.
» See Chater “Statc andDynamic Analis” (pag 69).

Self-Weight Load

Self-Weight Loadcan be apliedin ary LoadCase to atvate tre selfweight of all
elements in the model. For a Shell pient, the selfweight is a force that is uni
formly distributed ove the phne ofthe éement. The nagnitude of he séf-weight
is equal to he weght dersity, w, mutiplied bythe thickhessth.

Selfweight alvays @tsdowrward, in theglobal —Zdiredion. Thesef-weight may
be saled by a sigle fector tha apliesto the whole gructure.

For moreinformation:

» See Tic “Sedion Propetties” (page4?2) in thischaper for the dé nitions ofw
andth.

» See Chager “Statc andDynamic Analsis” (page 69).

Uniform Load
Uniform Load isused ¢ apply uniformly distributed forcesto the nidsurfaces of

the Shé elements The diedion of theloadng may be speified in the globacoor-
dinate sgtem or in he elenent Iacal cardinate sgtem.
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Loadintersities are gyen as forces er urit area. load ntensities spedied in dif-
ferentcoodinatesystemsarecon\ertedto theelementocalcoodinatesystemand
addedogethe. Thetotal forceacing on the Eement in ech bcaldiredion isgiven
by the tdal load irtensity in that diredion mutiplied bythe area of the isuiface.
This forceis gportioned b the jonts of he ekment.

See Chager “Staic andDynamic Analysis” (pag 69) for more irformation.

Internal Force and Stress Output

46

The Shell element stressesre the ércesper-unit-area thaactwithin the volme
of the elanent to raeist tre loadng. These stresses are:

e In-planedired stres®s:S11 and S22

e In-plare shear stss: S2

* Trangserse skar stresses:1S ard S23

e Trangerse drect stressS33(always asumed to b zero)

The thee n-planestresses ae asuned to becorstant or to vay linearly through
the elenent thickess.

The two tranyerse shar dresesareasuned to becorstant through thehickness
The atual $earstress dstribution is pardolic, beng zeo at he top ad botom
surfaces ad takng a maximumor mnimumvalueat themidsuiface of theelement.

TheShellelementinternal forces(also cdledstressresultants) are tte forces ad
momentsthat esult romintegraing the sressesover theelement thckness The
intemal forcesare:

« Membranedired forces:F11 and F22

* Membrare shear foce: FR2

¢ Plae benthg moments M11 and M22

* Plate twising manent: M12

* Plate tanwerse skar forcesV13 and V3
It is very important b note thathe® stess resutantsareforces and nementsper

unit of inplane length They are presnt at eery point on the midsurface of he ele
mert.

The sgn corvertions for the sressesand irtemal forcesareillustrated inFigure1l5
(paged?). Streses &ting on a posive faceareoriental in the pogive diredion of

Internal Force and Stress Output
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F-MIN
Axis 2 A F-MAX

Forces are per unit

of in-plane length Axis 1

j3
Transverse Shear (not shown)

Positive transverse shear forces and
stresses acting on positive faces
point toward the viewer

i i2
STRESSES AND MEMBRANE FORCES

Stress Sij Has Same Definition as Force Fij

Axis 2

M—MIN/}' \‘I\‘/I-MAX
NF

j4
Moments are per unit

of in-plane length Axis 1

it 2

PLATE BENDING AND TWISTING MOMENTS

Figure 15
Shell Hement Steses and htemal Forces

the elenent Iccal coordinate aes. Stesses aotg on a regdive face are ogntedin
the regdive dredion of the elenent Iacal cardinate aes. A paitive face is or
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48

whoseoutward nomal (pointing away fromelement) & in thepostive local 1 or 2
direction.

Postive intemal forces corespond to astdae of postive dress thd is nstant
through thehickness Postive intemal nomentscorespond to atéde of dress tha
varieslinearly through e thikknessand ispostive & the botom.

The stesses anthtemal forces are evahted athe stadard2-by-2 Gatss inegra
tion pointsof the éement and exrapdated to the pints.Although they a rgported
at thejoints, the $ressesand iriemal forcesexst througlout the éement. Se
Cook, Mdkus, and Plesha (989) for nore irformation.

The Sell element stresses attemal forces are coputed fa all Analysis Cases:
Loads Modes and Spes.

Prindpal values andthe as®cided principal diredionsarealso computedfor the
Loadsand Mods. Theargle given is measired ounterelockwise (when vieved
fromthe top)romthe Iacal 1 axisto the dredion of themaximum principal vdue.

It is important b note thathe ResponseSpedrum resultsarealways pogive, and
that he corespordencebeween diferent vdues ha bea lost.

See Chater “Statc andDynamic Analysis” (page 69) for more iformation.
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Joints and Degrees of Freedom

Thejoints play a fumlamertal role in he andysis of any stucture. Jointsarethe
points ofcomedion bdween theelanents and thg are theprimary locaions n
the gructure d which the diplacementsareknown or ae to bedagemined. The
displacement @mponents(trandations and rdations)at thejointsarecaled thede-
grees offreedom.

Topics

Ovewiew

Modeling Consideations
Locd Coordinae System
Degrees ® Freedom
Restraits andReactios
Springs

Masses

Force load
GroundDisplaenentLoad

49
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Overview

50

Joints, alo known asodal pointsornodes are a fmdamertal pat of every struc
tural model. dints peform a vaiety of funcions:

< All elements are camectedto the stru¢ure @nd rence toeach aber) atthe
joints
e The dructure i suported athe pints usng redraints and/or spings

e Rigid-body behavor and symnetry conditons can be spedfied using Con
straints that gply to the joints

e Corcerntrated loals may be aplied & the pints

e Lumped €orcertrated masses and taional inertia may ke placedat the
joints

« All loads andmasses gpied to the elaments are aoally tranderred b the
joints

« Jointsarethe primary locaions in the sructure d which the diplacementsare
known (thesupports)or areto be déeemined

All of the® fundions ae disus®d in ths chater exceptfor theCorstrants, which
aredesciibed in Ghager “Joint @nstrants” (page65).

Jointsin the aalysis model ®rrespond to poinbbecs in he stucturatobject
model. Wsing the \P2000 grahical interface, joints (ponts) ae aitomaticaly
created atlhe end of eachframe olject andat the coners ¢ each skll object.
Jointsmay also baldfined independently of any elanent.

Automatic meshing of frame ad shell olfects will aeate adlitional joints core-
spording to ary frame and skl elements that a created.

Jointsmay thenseles becorsidered as éements Ead joint may havetis own lo-

cal coordinatesygdemfor ddining the dgrees of freedom, regraints, pint proger-

ties and lods; and for intepreing joint ouput. In most @ses, however, the gbbal
X-Y-Z coordinate sygeemis used as the ¢al caordinate sysgemfor all joints in the
model.

There ae six dsplacanent dgrees b6freedom at evey joint — three traglations
and thre raations.The® diplacement @mponentsarealigned along thdocal co-
ordinatesygemof eah joint

Jointsmay be loadé diredly by corcertrated loals or irdiredly by ground dis
placementsacing though retrants orspring sipports.

Overview
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Displacements(trandations and raations)areproduced &evey joint. Theextemal
and inemal forcesand nomentsacing on eah jointarealso praduced.

For moreinformationandadditonalfeatures

» SeeChaper “Joint Gordinates” in theSAP2000, ETBS, and SAFE ralysis
Referencéanual.

* See Chater “Joints a Degrees 6 Freelom” in the SAP2000, ETBS, and
SAFEAnalyss Refeenee Manual

e SeeChaypter “Corstrants and Weld$ in the SAP2000, ETBS, and SAFE
Analyss Refeence Manual

Modeling Considerations

The Iacation of the joirts and elments is critcal in deéemining the acuracy of the
strudural model. Sore of thefadors hat you neé to corside when ddining the
elements (andhence gints) for the stucture ae:

» The nunber of éementsshould besufiicient to desciibe thegeometry of the
strudure.For staightlinesand edgg, oneelement isadejuate For airvesand
curved sufaces,one eément $ould be usd for every arcof 15° or ss

» Element bounddes and hace pints, should bdocatd atpoints,lines and
surfacesof dismntinuity:

— Strudural boundaies e.g.,comersand edge

Changsin mateial propeties
Changs in thcknessand othe geametric propetties
Support points(restrants and spring$

Points of aplicaion of cancertratedloads, except that Frame elments
may have oncertrated loals alied within ther spans

* In regions haing lalge stes gralients i.e, whee thestresses ae chaging
rapdly, a shdl element nesh &ould be réned usng small dementsand
closly-spa@d joins. Thismay require dcangng the nesh #éter oneor more
prdiminary anéyses which can bedone by moilying the atomated-mesh
paranmeters fa an area bject.

* More that oneelanent $iould be ued to nodel thelength ofany spandr
which dynanic behamor is important. This is required beau® themassis d-
ways lunped atthe jonts, even if it is contributed by the kements
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Local Coordinate System

Ead joint has itsownjoint local coordinate sysemused ¢ ddine the dgrees of
freedom redraints, poperties and lods atthe jont; and br interpreing joint out
put. Theaxesof the pint local coordinatesydemaredenoted 1, 2, iad 3. By déault
these ags are idetical to he gbbal X, Y, ard Z aes, rspedtively. Both systems
areright-handedcoordinde systers.

Thedefault locd coordinge systems adequte for mostsitudions.However, for
cettain nodeling puiposesit may be uskil to use different Iccal coordinatesys
tens atsone or d of the joints. This 5 descibed in Ghager “Joint Degrees of
Frealont in the SAP2000, ETBS, and SAFE ralysis ReerenceMarual.

FormoreinformationseeChaper“CoordinateSystens” (page?).

Degrees of Freedom

52

The ddlection of the strudural model isgovernal by the diplacements of the
joints. Evey joint of thestrudural model nmay have upd six diglacement @mpo-
nents

* The jant may trandate alog its three Iacal axes. Tiese tradations are de
noted W, U2, and U3.

e The jont may raateabout it three local axes The® raations ae denoted R,
R2, and B.

The® sk digplacement @mponentsareknown asthedegrees offreedom of the
joint. The joint Iacal degrees of fredom are ilustrated inFigure 16 (pageb3).

In addition to thereguar joints déined & pat of your stuctural model, he pro
gram autanatically creates mader joints that gowern thebehavior of any Con
strairts thatyou mayhave @fined. Eachmader joint has the same sixedrees 6
freedom as do he reyular joints. SeeChaper “Joint nstrants” (page65) for
moreinformation.

Ead dagreeof freedomin the sructuralmodel nust beone of thdollowing types:

e Active —the diplacement isconputed duing the aalysis

* Restraned — he diplacement isspedfied, and thecorespondng readion is
conputed duing the aalysis

Local Coordinate System
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u3

\\(Rl

ul u2

Figure 16
The SixDisplacementDegreesof Freedom in the dint Loal Coordinate Sgten

» Corstraned — e diplacement isdegemined fomthe diplacementsat othe
degrees dfreedom

e Null — the diplacement dos not dfect the sructure and is ignored by the
analysis

» Unavailable — he dsplacanent has beeexplicitly excluded fran the analy
sSis

Thee different typeof daggrees of frredomaredesciibed in he folowing suliop-
ics.

Available and Unavailable Degrees of Freedom

You mayexplicitly spedy the set dglobal degrees défreedom thatare ava#ble to
evey joint in thestruduralmodel. By default, all six degrees of freedomareaval-
ableto evey joint. Thisddault should geerally be ugd for dl three-dimensbnal
structures.

For cetain plbnar $ructures however, you mag wish to restrict theavailable de-
grees offreedom. For exanple, in the XZ plane: aplanar tuss neds ony UX and
UZ; aplanar fame nees only UX, WZ, and RY; and a plaar grd or fla plat
needsonly UY, RX, and RZ
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The degrees 6freedom thatare no specfied as feing available are cé¢dunavail-
able degrees offreedom. Any stiffness, lads, mass, strains, or castrairts that
areaplied b the umvalabledgyrees of freedomareignored by the malysis

Available cgrees dfreedom may le restraired, canstraired, ative, or null.

Restrained Degrees of Freedom

If the displacement of ajoint dong any one ofts availabledegrees of freedomis
known, sub as &a support point,that dgreeof freedomisrestrained. The known
valueof the dsplacement may be zeo or nonzeio, and nay be diferent in dffer-
ent Laad Cases. e face alom the restraired dgjree d@ freedom thats required to
impose he spedied restrairt displacanent is calledhe redion, andis deéemined
by the anlysis

Unavailable dgrees 6 freedom are eserially restraired. Havever, hey are ex
cluded fromthe analysisand no radions ae computed, @en if they arenonzero.

See Tpic “Restrairnts andReadions” (page 55) in this chagter for more irforma-
tion.

Constrained Degrees of Freedom

Any joint tha is pat of acorstrant may have oner nore of is availabledegrees

of freedomconstrained. The praggram autonatically creates a mdsr jant to gov-

ern thebehavior of each onstrant. Thedisplacement of acorstraned degreeof

freedomis then conputed & a Inearconbinaion of thedisplacementsalong the
degrees of freedomat thecorespondng mader joint.

If a constraned dgreeof freedomis dso restraned, he restrant will apply to the
whole setof corstraned jonts.

SeeChaper “Joint Mnstrants” (page65) for more idormation.

Active Degrees of Freedom

All available cegrees dfreedom thatare neiher canstraired no restraired must be
either ative or null. The prgram wil automatically deemmine theactive degrees
of freedom as folows:

» If any loa or stifnesgs gplied donganytrandational degree d freedom at a
joint, then all avadble tranktional degyrees of fredom at that joint are ade
adive unless theyare costraired orrestraired.

Degrees of Freedom
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* If any loa or stifnessis gplied dong any rotational degreeof freedomat a
joint, then all aailable rdational degrees dfreedom at that joint are made ac
tive unless theyare costraired orrestraired.

» All degrees of freedom at amader joint tha govern onstraned degrees of
freedom are made &ue.

A joint that is comected to any frame or shell glent will have all of its avadble
degrees bfreedom ativated An exception is a Frame etaent with anly trusstype
stiffness, which will not atvate rdational degrees of fredom.

Everyadive degree d freedom has aascciated egaion to be soled. Ifthere ae
N adive degrees 6freedom in he strcture, there ae N equdions n the gstem,
and thestrudural stiffnessmatrix is sad to be of oderN. The anount of conputa-
tional effort required b peform the aalysisincreases with N.

The loal actng along @ch ative degreeof freedomis known (it may be zeo). The
correspondingdisplacenentwill bedeteminedby theanaysis.

If there are ative degrees 6freedom in he system at whichtie stifness is kown
to be 2ro, sich aghe outef-planetrandation in aplana-frame, these nust éther
be restraned or nade uvailable Othemwise, thestrudure i ursteble and the slu-
tion of the static equimns will complain.

For moreinformation:

» See Teic “Degrees 6Freedom” (page 14) in Chaper “The Frame Elment.”
» See Tic “Degrees dFreedom” (page 40) in Chapter “The ShellElement.”

Null Degrees of Freedom

The awilable agrees dfreedom thatare nd restraired, castraired, o adive, are
caled thenull dggrees of frredom Becau® they have no lod or stifnessther dis-
placaments andeadions are zeroand heyhave o effect onthe resof the strue
ture. The prgramautamaticaly excludes then from the analysis

Restraints and Reactions

If the displacement of goint dong any of itdegrees of frradomhas &nown vaue,
either 2ro (eg., atsugort point$ or non-zro (eg., due ® sugort sdétlement),a
restraint must beagplied o that dgreeof freedom The known valueof the ds-
placement nay differ fromone Loa Cag to thenext, buthe dgreeof freedomis
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7
8
5 Joint Restraints
1 U1, U2, U3
\6‘ 2 u3
3 Ul, U2, U3, R1, R2, R3
3 | Fixed 4 None

4 ﬁﬁiig z
1 | Hinge i )
Spring
W Support
2 | Rollers

m X" Global

3-D Frame Structure

Notes: Joints are indicated with dots:
® Solid dots indicate moment continuity
© Open dots indicate hinges
All joint local 1-2-3 coordinate systems are
identical to the global X-Y-Z coordinate system

Joint Restraints
4 5 6 Al U3,RLR2
1 uz2
2 U1, U2, R3
3 ul, U2
Z
1| Roller 2 | Fixed 3 | Hinge Global
% e é X
7

2-D Frame Structure, X-Z plane

Figure 17
Exanplesof Resraints

restraned forall Load Caes In othe words it isnot posible to hae thedisplace-
ment knowi in one Lod Cag and uknown (umestraned) in arother Load Cae.
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Restrdnts sould al® be aplied o avaiabledggrees of frredomin the ystemat
which the $iff nesds known to be &ro, sich aghe outef-planetrangation and -
planerotations ofa planarframe. Oterwise, thestrudure s ursteble and the slu-
tion of the static equimns will complain.

The foice ormoment dong the dgreeof freedomthat s required b erforcethe re
straint is calld thereaction, andit is determined bythe amlysis. Tre readion may
differ from one Lo@ Ca® to thenext. The rexdion includes theforces (or nmo-
ments) fran all eements conectedto the restraired dgree ¢ freedom, as welbs
all loads gplied © the dgreeof freedom

Exanplesof Restrants ae iown inFigurel7 (page56).
For moreinformation:

» See Tic “Degrees 6 Freelom” (pag 52) in thischayer.
e SeeTopic “Ground Dsplacement Loal” (page59) in thischaper.

Springs

Any of the $x degrees of freedomat ay of the joins in thestrudure @n haverans
lational or raational spring sipport corditions. The® spings dadicaly comect
the jont to theground. Spng suorts dong restraned degrees of frredomdo not
cortribute to he siff nessof the $ructure.

The gring forcesthat &t on goint are rdated to the dsplacementsof thatjoint by a
6Xx6 symmetric matrix of spring stff nesscoeffi cients. Thae brces tend to opose
the digplaceanents. Spring stiffiess cefficients aregecfied in the joint Ical cor-

dinatesydem The @ring forcesand nomentsk1, F2, F3, M1, M2 andM3 at a joint

aregiven by:
iFFao el O O O O Ouivuu (Eqn. 1)
'R, w2 0 0o o0 oYly!
[ R - ar 2i
iFsi_ e u3 0 0 O0gju,i
Im Y™ é al p y
: M, 7 g ri 0 O ai I
TM,T  a sym r2z 0gir,i
Qe 6 02
TMsp B r3firsp

whereus, W, us, r1, r2 andrz arethe jont digplacementsand raations, and the
termsul, u2, u3, rl, r2, andr3 are the spcified sping stiffness cefficients.
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The diplacement of he groundd end of thespring nay be speified to be zeo or
non-ze&o (eg., due to spport sétlement). This ground displacenent may vary
from one Loa Cag to thenext.

For moreinformation:

e See Tic “Degrees b Freedom” (pag 52) in thischayter.
e SeeTopic “Ground Dsplacement Loa” (page59) in thischaper.

Masses

In a dynamic analysis the nassof the $ructure s usel to conpute irettial forces.
Normally, themassis oliainad fromthe édementsusng the nassdersity of thema-
terial and thevolume of theelament. This automaticaly producedumped (urcow
pled masses at theijgs. The elenent mass vaks are eggl for each dthe three
trandational degrees of freedom No massmomentsof inettia ae praluced br the
rotational degrees of freedom This gproad is alequatefor most analyses

It is often recessaryto pace adlitional corcertratedmasses and/onass mments
of inettia & the pints. The® can be aplied © any of the ix degrees of frredomat
any of the gints in the $ructure.

Forcomputatonalefficiencyandsolutonacairag/, SAP2000alwaysusedumped
mas®s.This neanghat hereis no nasscowpling beween dgrees of frredomat a
joint or beween different jonts. Thee urowled nases aie dways rderred to the
local caordinate sygtem of each jmt. Mass valies alog restraired dgyrees bfree-
domareignored.

Inertial forces adng on the jdnts ae rdated b the acelerdions at the gints bya
6x6 metrix of massvalues.The® fores £nd to opose he acelerdions.In a jont
localcoodinatesystem theineria forcesandmomentd-1, F2, F3, M1, M2 andM3
at ajoint are given by:

i F éul O 0 0 O Ouiti
) F ) é 2 ui i
i Fay a u 0O 0 O O ai @.I.
i Fai_ e u3 0 0 O0gj &;,'.',
I Yy~ @ ul @Yy
i M 17 2 rit 0 O ai @c.l.
| M 2:[ 8 sym. r2 0 ul @L:[
iM,p 8 r3f} &p
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Force

where, &, &, & & andf& are therandational androtational aceleraions at the
joint, and the temsul, u2, u3, rl1, r2, andr3 are the spcified mass vales.

Massvalues nust begiven in @nsigent massunits (V/g) and nassmomentsof in-
ertia must be irWLZ/g units.Here Wis weightL is length, andy is the acelerdion
due to graity. The né massvalues aeah jointin the sructure $iould be &ro or
positive.

SeeFigurel8(pageb0) for massmoment of nertia formulations for various plaar
configuations

For moreinformation:

» See Tic “Degrees 6 Freelom” (pag 52) in thischager.
» See Chater “Statc andDynamic Analis” (pag 69).

Load

Forceload isused ® agply corcertrated fores ad nomentsat thejoints. Values
arespedfied in global @ordinates asshown n Figure19 (page6l). The force bad
may vary fromone Loa Cag to thenext.

Forces and nomentsapplied dong restraned dgrees of frredomadd to theorre-
spondng readion, but do nobthemwise afed the $ructure.

For nore irformation, e Topic “Degrees of Feedom’ (page52) in thischagter.

Ground Displacement Load

The ground diplacenent loal is ugd to gply speciied displacements(tranda-
tions and rdations)at thegrounded ad of joint restaints and pring suorts.Dis-
placement vdues ae Peciied in global ®ordinates asshown nh Figure19 (page
61). These vdues ae wnvertal to joint local coordinates bdore beng applied ©
the joint through theestrants and springs

Restrairts may e corsidered agigid comedions béween thejoint degrees of
freedom and theground. Sprigs nay be cosidered asflexible connetions be-
tween thejoint degrees of freedomand theground.

It is very inportant b urderstand that gound diplacement loa applies to the
ground, and daenot défed the sructure udess thestrudure i suported by re
strants orspringsin the dredion of loading!
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Shape in Mass Moment of Inertia about vertical axis Formula
plan (normal to paper) through center of mass
-0
Rectangular diaphragm: 5 o
Uniformly distributed mass per unit area MMlem = M(b%+d%)
d Total mass of diaphragm = M (or w/g) 12
c.m. —
Y
c.m. Triangular diaphragm: Use general
Uniformly distributed mass per unit area diaphragm formula
v % Total mass of diaphragm = M (or w/g)
Y
' Circular diaphragm: Md2
d Uniformly distributed mass per unit area MMlcm = 8
Total mass of diaphragm = M (or w/g)
c.m. v
T General diaphragm:
Uniformly distributed mass per unit area
c.m. -
Total mass of diaphragm = M (or w/g) _ M(lyg+ly)
X X Area of diaphragm = A MMigm = —=—
Moment of inertia of area about X-X = Iy
I Moment of inertia of area about Y-Y = Iy
Y
A Line mass:
Uniformly distributed mass per unit length MMigm = Md?
d Total mass of line = M (or w/g) ¢ 12
c.m. Yy
Dﬁo Axis trénsforr.nation for a mass: MMicr = MMIg + MD?
If mass is a point mass, MMlg =0
c.m.

Figure 18

Formulae forMassMoments of hertia
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- N

Joint Load Components

Global
Origin

Figure 19
Spediied Valuesfor Force Load and Ground Bplacement Load

Restraint Displacements

If a paticular joint degreeof freedomis restraned, he diplacement of he jointis
equalto the gound diplacement dong thatlocal degreeof freedom This gplies
regardess of whethe or not rings ae present.

The ground diplacement, and hencethe jont digplacement, nmay vary fromone
Load C&e b the neat. If no giound displaenent loa is pecfied for a restraned
degreeof freedom the pint digplacement iszeio for tha Load Gase

Conponentsof ground diplacement tha arenot along estraned degrees of free
domdo not loadhe stucture exceptpossibly through sprigs). An exanple of his
is illustratedin Figure20 (page62).

Spring Displacements

The ground diplacementsat ajoint are nmultiplied by thespring $iff nesscoeffi-
cients to olain dfective forces and nementsthat ae gplied © the jont. Sprihg
displacementsapplied in a dredion with no spmg stifnessresult in zeo aplied

Ground Displacement Load 6l
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62

At the roller support, the vertical component
of ground displacement, UZ = -0.8, is
v4 imposed upon the joint due to the restraint
in the vertical (U3) direction.
Global The horizontal component of ground
X 3 displacement, UX = 0.6, has no effect on

the joint because there is no restraint in

Local the horizontal (U1) direction.

The U1 displacement will be determined
by the analysis.

UX = +&
Uz=-0.8 Ground Displacement

Figure 20
Ground Osplacement at Ratrained and Wredrained Degeesof Freedom

load. The ground diglacement, and hencehe gplied forces and nements may
vary fromone Loa Cag to thenext.

In a joint local coordinatesygsem the gplied forces and nomentsFi, F2, F3, M1,
M2 andM3 at ajoint dueto ground diplacementsaregiven by:

iFu @&l O 0O 0 O O uI ugl_q (Eqn. 2)
', € w2z o0 o o oYlu,!
T2 é ar 92
i Fsi_ @ ud 0 0 O0giUg,i
v Y™ é aly vy
: Ml'l' 2 ril 0 O l]T rgl i
| |\/|2:I: é sym. r2 Ou:l: rgz:l:
| I A o I
iMsp 8 r3H1 s p

whereu,, U ,, U ,, 1, f,, andr ; arethe ground dplacementsand raations,and

the ternsul, u2, u3, r1, r2, andr3 are the spcified spring stiffness cefficients.

The né spring forces and namentsacing on the gint ae thesumof the brces and
momentsgiven in Euaions (L) and (2) note hat these ae of opositesign. A a
restraned dgreeof freedom the pint diplacement isequalto the gound dis
placenent, anchence e netspring force is zero

For moreinformation:

* See Tpic “Restrairts andReadions” (page 55) in thischaper.
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e SeeTopic “Springs (page57) in thischaper.
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Chapter VI

Joint Constraints

Constraint sareused ¢ erforcecetain types of rgid-body béavior, to @mnnectto-
gethe different pats ofthe nodel, and to inpose ertain types of symmetry cordi-
tions.

Topics
* Ovewiew
e DiaphragmConstaint

Overview

A constrdnt corsids of asetof two ormoreconstrained joints. The diplaceanents
of each par of joints in thecorstrant are rdated by corstrant equdions. The types
of behavior tha can be effiorced by corstrants ae:

» Rigid-body béravior, in which thecorstraned jonts tandate and raate to-
gethe asif conneced by rigid Inks. Thetypes of igid behavior tha can be
modeledare:

— Rigid Body: fully rigid for all digplacements
— Rigid Diaphragm rigid for membranebehavior in aplane

Overview 65
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— Rigid Phte rigid for plat benéhg in a pane
— Rigid Rod: rigid for exension dong an &is
— Rigid Beam rigid for bean bendng on an &is

» Equaldisplacenent bdawvior, in which thetrandations and raations ae equal
at thecorstraned jonts

* Symmetry andanti-symmetry conditons

The u® of mnstrants reducesthe nunber of gudions in the gstemto be slved
andwill usuallyresultin increasec¢omputationagfficiency.

Only the digphragmcorstrant is desciibed in he chater, sine it is themost om-
monly used type ofanstrant.

For nore irformation and dditional feauresseeChaper “Corstrants and Welds
in theSAP2000, ETBS, and SAFE ralysis ReErenceManual.

Diaphragm Constraint

A diaphragmconstaint caugs d of its corstraned jonts to nove t@ethe asa
planar digphragmthat s rigid aganst membranedeformation. Effectively, all con
straned jonts ae mwnneckd to @ch oher by linksthat ae rigid in theplane but do
not affect out-of-plane(plate) deformation.

This onstrant can be usd to:

* Model mncree floors (orconcetefilled deck$ in building stiuctures which

typicaly have vey high inplanestiffness

* Model diephragns in brdge sperstrudures
The ug of thediaphrgm constaint for building stuctures eliminates the
numericalaccuracyprablems crated wlen tre large n-plare stifiness ofa floar
diaphragmis modeled with menbraneelements It is alo very uséul in thelaterd
(horizortal) dynamic analysisof buildings, & it resultsin a sgnificantredudion in

the sze of the eégervalueprodemto be slved. SeFigure21 (pages7) for an ilus-
tration of afloor digphragm

Joint Connectivity

Ead DigphragmCorstrant comecs a &t of two or nore jonts tayethe. The
joints may have ay ambitrary location in pace but for bat resultsall joints $iould
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Rigid Floor Slab

Constrained
# Joint

Constrained
Joint

| Automatic
Master Joint

. Constrained
Effective /A T Joint
Rigid Links

Column , -
Constrained
Joint )
Global

X Y

Figure 21
Useof the DaphragmConstaint to Model a Rgid Floor Slab

lie in the plae of thecorstrant. Otherwise, bending momentsmay be gearated
that are rstrained by te Corstraint, which urealistically stiffens the struare.

Plane Definition

The @nstrant equaions for eah digphragmconstaintarewritten with respec¢to a
patticular plane.The lacation of theplaneis not mportant,only its orentation.

By ddault, the pane § deemined aitomaticaly by the prgramfrom the paial
distribution of thecorstraned joints. F no unique diedion can be found,thie hori
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68

zontal (X-Y) planeis asuned; ths can occur if the jonts ae wincident or ©-
linear, or if the spial distribution is more nearly thregimensional than piar.

You may overide aitomatic planesdection by speifying the gbbal &is (X, Y, or
Z) tha is nomal to he plane of thecorstrant. This may be uskul, for exanple, D
spedfy a horizortal plane for a floor with a safl step in it.

Local Coordinate System

Ead diaphrgm constaint has s own local coordinatesygem, the xes ofwhich

aredenoted 1, 2, ad 3. Lacalaxis3 is dways nomal to he plane of thecorstrant.

The prgramautamaticaly arbitrarnly choose theorientation of akes 1 ad 2 in the
plane The atual oienation of theplanar &es B not inportant snceonly the nor

mal dredion affects the corstrairt equations.

Constraint Equations

The @nstrant equdions ilate the diplacementsat any two corstréned joints
(subsgripts i andj) in a daphram constaint Theg equéons ae epresed n
terms of inplane trankgtions 1 andup), the rdation (r3) about he nomal, and the
in-planecoordindes(x1 andx?), all taken in the constraintdal cardinate sytem

ugj = u1i — r3i Dx2
upj = u2i + 13 Dxa
rsi =r3j

whereDx1 = x1j - X1i and Dx2 =Xgj - X2i.

Diaphragm Constraint
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Static and Dynamic Analysis

Static anl dynamic analges are uset determine the reporse of the struture D
various types ofoadng. Thischaper desciibesthe baic types of aalysis aval-
ablefor SAP2000.

Topics

Ovewiew

Loads

AnalysisCases
LinearStaticAnalysis

Eigenvetor Analysis
Ritz-vectorAnalysis

Modal AnalysisResults
RegonseSpetrum Analysis
RegponseSpetrum AnalysisReslts

69
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Overview

Loads

70

Many different typesof andysisareavalableusng pragramSAP2000. fiesein-
clude

e Linear static aalysis
* Modal analysisfor vibraion modes,usng eigervedors orRitz vedors
* Regonsespedrum analsisfor sésmic response

e Othe types ofinearand notinear, staic and dynamt andysisthat ae beyond
the £ope ofthis introdudory marual

These dferent types ofanalyses can all & ddined in the same rodel andthe re
sultsconmbined foroutput.

For nore irformation and aditional feauresseeCharter “Analysis Ca®s” in the
SAP2000, ETBS, and SAFE ralysis RekrenceManual.

Loadsrepresentadions upon he stucture, such a fore, presure sugort dis
placenent, themal efects, gound aceleration, and others. Yar may dfine
named Loal Cags ontaining any nixture ofloadson the ofeds. Theprogramau
tomatically computesbuilt-in groundaceleation loads

In order to @lculateany responseof the $ructure dueto the load Caes you mus
define ard run anaysis cases with spe@fy how the Load Cases are tbe aplied
(e.g, statcally, dynanically, etc.)and low the strudure is to ke aralyzed (e.g, lin-
early, nonlinearly, etc.)The same Loa@ase candamlied differently in different
analysiscases.

By ddault, the pogram crates a liear static aalysis case coespording to each
load @sethat you déne.

Load Cases

You can ddine as many naned Loal Cags & you like. Typically you would have
se@rateLoad Caesfor deal load, ive load, wind loal, snow bad, themal load,
and so onLoadsthat ned to vay independently, ether for design puposesor be
cau® of howthey areaplied © the $ructure,should beddined & sgaratelLoad
Cases.

Overview
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After ddining a Loa Ca® nane, you nust asign pecific load values b the ob
jects as parof that Laad Case. &ch Lad Case maynclude:

» SelfWeight Loadson Frane andér Shel elements

» Corcertrated and Ostributed Spa Loadson Frane eements
» Uniform Loadson Shellelements

e Forceand/or Gound Diplacement Loals on Jaits

» Othe types ofloadsdesciibed in he SAP2000, ETBS, and SAFE mealysis
Referencélanual

Each dject can le suljected b muliple Load Cases.

Acceleration Loads

The program autanatically computesthree Acceleratio Loads that act on the
strudure dueto unit tanshtiond accelerations n eat of the hreeglobal drec
tions.They aredeemined by d’Alenbert’sprincipal, and aredenotedmy, my, and
mz. Theseloadsareused br applying ground acelerations n responsespestrum
analyses, andire useds staihg loadvedors for Ritz-vedor aralysis.

Thes loals ae conputed foread joint and ekment and sunmed overthe whole
strudure.The Acceleration Loads for he joint ae smply equal tathe ngative of
the joint translational mass in the joint loal cardinate sygeem These loads are
trangormed to theglobal @ordinatesydem

The Accekeration Loads for al elements are the same in eadinedion and ae
eqgualto the negtive of the eement mass. No avdinate tangormations are nees
sary.

The Acceleration Loads ca be tragormed into ay coordinate sysem In the
global mordinatesysem, the Acceleration Loads abng the pogive X, Y, and Z
axes are ehoted UX, UY, andUZ, respetively. In a bcal camrdinate sgtem de
fined for a responsespectrum anaysis, the Acceleration Loads abng the poive
local1, 2, and 3xes ae deroted U, U2, and U3, respedively.

Analysis Cases

Each dfferent aralysis peformed is cdkd ananalysi case You asign alabel to
each analsis case as paof its defnition. These Idels carbe usedo craate adli-
tional combinaions and to corrol oufput.
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The kesic types ofanalysis cases are:

e Linearstaticanalysis
e Modalanaysis
* Regonsespedrumanalsis

You may ddine any numberof eah different type ofanaysis ca® for asingle
model. Oher types ofanaysis cases are alswailable.

By default, the pogram crates a liear static aalysis case foeach lad case tht
you cefine, as well as a sgle modalanaysis case fothe first few eiggn-modes b
the struture.

Linear conbinaions and erelopes of tke varbus amlysis cases are avable
through theSAP2000 grphical interface.

For moreinformation:

» SeeTopic “Eigenvecta Analysis” (page 73) in thischapger.
« See Tpic “Ritz-vecta Analysis” (pag 74) in thischayter.
e See Teic “RespnseSpectum Analysis” (pag 77) in thischaper.

Linear Static Analysis

72

The datic andysisof a gructure nvolvesthe ®lution of thesydemof linearequa
tionsrepresenedby:

Ku=r

whereK is the stifhess matrix, r is thevedor of gplied loads,andu is the \ec
tor of resulting digplacements SeeBathe and WWson (1976).

For eacHinear static Aalysis Case tat you define, you mayspedfy a linear com
binaion of oneor more Loal Cags ad/or Aceleration Loads to beapplied in vec
torr .Most @mmonly, howeve, you will want to slve asingle Loals Cae n ead
linear static Aalysis Case, ahconbine the results hter.

Linear Static Analysis
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Modal Analysis

You may ddine as many modaandysisca®s & you wish, Ehough for nost pur
posesone cae s enoughFor eah nodal aalysis ca®, you nay chooseeither
eigervecta or Ritz-vedor aralysis.

Eigenvector Analysis

Eigenvetor analysisdeeminesthe urdanped free-vibration mode shpes ad fre
guercies of thesysem The® natiral Modes povide an excelent insight nto the
behamor of thestrudure. They can Bo beused a thebasisfor responsespedrum
analses athough Ritz vedors ae recommended 6r thispurmpose.

Eigenvetoranaysisinvolvesthesolutonof thegenealizedeigenvalueproblem

[K-WM]F =0

whereK is the stiffiess matrix, M is the dagaal mas natrix, W* is thediagmal
matrix of eigevalues, andF is the matrix of correspondingeigenvecors (mode
shaps).

Ead eigavalueeigenvecbr pairis alled a natiral Vibraion Modeof the $ruc-
ture. The Mode ae idettified by nunbersfrom 1 ton in the oder in which the
modes & foundby the prgram

The egervalue is the sgare d the crcular frequerty, w, for tha Mode. The cyclic
frequency, f, and peod, T, of the Made are riated bwhy:
=1 ad ="
f 2p

You may spedify the nunber of Modesn, to be dund. The pogramwill seé then
lowest-frequancy (longes-peiiod) Modes.
The nunber of Modes atually found,n, is limited by:.

* The nuniber of Modes equesed,n
e The nunber of massdegrees of freedomin the nodel

A mass dgree ¢ freedom is anyactivedegree dé freedom thatposesses trates
tionalmassor raationalmassmoment of nertia. The nassmay have ben asignedl
directly to the joint or maycome from conectedelements.

Modal Analysis 3
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Only the Mods tha are adually found wil be available for any subeguent
regponsespetrum anal/sisprocessig.

See Tpic “Degrees bFrealom” (page52) in Chapter “Jointsand Dgrees of Fee
dom”

Ritz-vector Analysis

Research hs irdicated tlat the mtural free-vbraion mode shags are nbthe lest
basisfor a node-sipelposition andysisof stucturessulected to dyarric loads. It
has ben denonstraed (Wlson, Yua, and Dckens,1982) thatynarric analyses
based a a speial set ¢ load-dependent Riz vedors yield more acurate results
than theuse ofthe e nunber of ratural mode shpes.

The reaon he Riz vedors yield excellent results & that heyare geerated ly tak-
ing into acount thespdial digribution of thedynarmic loading, wheeas thedired
use ofthe naural mode shpes ngleds this vely important nformation.

The paial digribution of thedynarric load vedor sevesas astarting load vector
to initiate the proedure. The first Ritz veor is the static digacanent vedor cor
respondng to thestating load vetor. Theremaining vedors ae generated froma
recurrence rdationship in which themassmatrix is multiplied by thepreviously ob
tained Ritzvedor and usd aghe loal vedor for the nat stdic solution. Each satic
sdution is called ayenerdion cycle

When thedynanic load is made up ofsewerd indepencent pdial digributions,
each ofthese mayerve as a stimg load vedor to gererate a set oRitz vedors.
Each grerdion cycle crates as manRitz vedors as lere are sirting load vec
tors.If a geeratad Ritzvedor isredundant or dos not ecite any mas dgrees of
freedom it isdiscarded andtie corespondng stating load vetor isremoved from
all subsguentgeneationcycles

For sesmc analsis, including regponsespedrum analysis, you shouldusethe
threeacceleraion loads aghe sarting load vetors. This poducesheter respons-
sped¢rumresultsthan ugg the sume nunber of egen Mods.

Stardard égersdution techniquesareused ¢ orthogonaize the ®t of gaerated

Ritz vedors, resulting in a fnal ®t of Rtz-vecbr Modes Ead Ritzvecor Mode
corsigs of amode shpe and fequency. Thdull set of Rtz-veciobr Modescan be
used as adsis to epresent tle dynamic diplacenent of the strudure.

Once the stiffiess ratrix is triangularized it is only meessary to statally solve for
one bad \edor for eachRitz vedor required. This results n an exremelyefficient
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algorithm. Also, the nethod aitomaticaly includes theadvartages of theproven
numerical tedhniquesof staic condenation,Guyanredudion,andstéic correction
due to highemode trurcation.

The dgorithm is deailed in Wison (1985).

When asufiicient nunber of Rtz-vecor Modeshave ben found, eme of then
may closdy approximate natual mode shpes ad frequerties. In gaerd, how
ever, Rtz-vecta Modes do ot represent tle intrinsic chaaderistics of the stuc-
ture in the same way thnatual eigen-Modes do.The Riz-vecta Modes are kased
by the staing load vetors.

You may speify the taal nunber of Modes,n, to be dund. Thedtal nunber of
Modesacually found,n, is limited by
* The nuniber of Modes equesed,n
e The nunber of massdegrees of freedom preent in he nodel
» The nunber of naural freevibration modes hat ae excited by the steing load
vedors Gone adlitional natual modes nay creep in dueto nunerical noisg

A mass dgree ¢ freedom is anyactivedegree ¢ freedom thatposesses trales
tionalmassor raationalmassmoment of nertia. The nassmay have ben asigned
directly to the joint or maycome from conectedelements.

Only the Mods tha are adually found wil be available for any sukeguent
regponsespetrum anal/sisprocessing.

See Tpic “Degrees dbFreedom” (page52) in Chapter “Joint Degrees of Feedom”

Modal Analysis Results

Each modahnal/sis case mults n a set bmodes. Bch mode casists d a mode
shape flomalized deflectedshaperand a sebf modalpropetties. These are ail-
ablefor digplay and pmting fromthe SA22000 graplual interface. Thi informa-
tion isthe ame regardess of whethe& you use gyervedor or Rtz-vecor andysis
and isdesciibed in he folowing sutiopics.

Periods and Frequencies
The folowing timejpropertesaregiven foreat Mode:

e Perbd, T, in units of time
» Cyclic frequency;, f, in units of cgles per tine; this is the imerse ofT
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e Circularfrequency, w, in unitsof radians petime;w=2p f

. Eigenvdaue,wz, in unitsof radanspertime squaed

Modal Stiffness and Mass

For ezh node shpe, only theelative ddlection values ae important. The oveall
scalng is abitrary. In SAP2000, the modes sipes are eaatomalized, a scaled,
with respect to the mss natrix such that:

M,=j ., Mj, =1

This quatity is called the modal ass. Sirlarly, the modal stiffiess is diéned as:
Ko=i o Ki,

Reagardess of howthe nodes & saled, theratio of modal siff nesso nodal nass

always gives themodal égenvdue:

Koy ?
M

n

Participation Factors

The malal participaion fadors ae the at products d the three Aceleraion
Loadswith the nodes bapesThe paticipation factors for Moden corresponding
to Accelerdion Loads in theglobal X Y, and Z dredions ae given by:

fXI’l :J I’lT m)(
T
fyn_J n My
fzn:J nTmz

wherej | is themode shpe andmy, my, and,mz are the nit Acceleréion Loads.

These fators ae the @reralized lcads adhg on he Made die to eactof the Accel
erdion Loads. Thg are réerred to theglobal mordinatesygem

Thes paticipation fidors ndicate how $rongly e&h node isexcited by the re
spective acceleratio loads.
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Participating Mass Ratios

The paticipaing massratio for aMode prwidesa rdative measureof how inpor-
tant he Modeis for conputing the esponsdo the Acceleraion Loads in ech of
the thee gbbal dredions. Thus itis usful for deemining the &curagy of
respase-spctrumanalyses.

The paticipaing massratios for Moden correspondingo Acceleration Loadsin
the glob&X, Y, and Z diedions ae given by:

pxn_ MX

)
_(f,)°

Pax M

wherefxn, fyn, andfznarethe paticipation factors ddined in the prgious sukopic;
andMy, My, andMzare theatal urrestraired masses dng in the X, Y, ard Z drec
tions. The paticipaing mass raos ae expresseds pecengges.

The wmulative sums of thepaticipaing massratios for all Modes upd Moden
areprinted with the irdividual vdues br Moden. This povidesa simple neasire

of how many Modes ee required b acheve agiven level of accuracy for ground-
acceleratia loading.

If all eigenModes of tte struture ae pregnt, e paticipaing mass rdo for each
of the tireeAccelerdion Loads shoudl gererally be 100% However, thismay not
be the case in th pregnce ofcettain types ofCorstrairts where sgnmetry cordi-
tions pevent ®me of themassfrom respondng to trandational acelerdions.

Response-Spectrum Analysis

The dynanic equilibrium equaions ascciated with the responseof a sructure D
ground notion ae given by:

K u(t) +C &(t) +M &t)=m, &, (1) +m,, & (1) +m, &, (1)

whereK is the stifhess matrix; C is theprgportional danping metrix; M is the di
agmal mass miaix; u, & and&are the elaive dsplacenents, véocities, aml acek
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erdions wth respet to theground;my, my, andmzare the nit Acceleraion Loads;
and%, t%y and%Z arethe @mponentsof uniform ground acelerdion.

Regonsespetrumanaysisseds thelikely maxmumresponsdo theg equéons
rathe than he fulltime higory. The arthquake gound aceleraion in each diec
tion isgiven & a dgitized reponsespedrum curveof pseido-spedral acelerdion
responseversus peod of thestrudure.

Even though ecelerdions may be speified in threediredions,only a sigle, pos-
tive result is praluced br eaxh responsequartity. The esponseajuariitiesinclude
displacements, foces, andstresses. &h conputed result represents a stistical
measire of he likdy maximum magnitude forthat esponseguarity. The atual
responsean beexpeckd to vay within arangefromthis postive vdue to is nga
tive.

No correspondene betweentwo differentregponsequantitesis avaiable No in-
formation isavalableas b when his extreme valie ocursduring the gismic load-
ing, or & to what thevalues ofother esponseguariitiesareat thd time.

Regonsespetrum anaysisis perfomed usingmode supepositon (Wilson and
Button, 1982). Modse may have ben conputed usg eigenvedor andysis or
Ritz-vecta analysis. Riz vedors ae reommended sioe theygive more acurate
resultsfor thesane nunber of Modes.

Any numbe of responsespe¢rum anaysescan beddined in a shgle nodel. You
assigna ungue bbel toeach reporse-spetrtum analgis case. Eactase can flier
in the acelerdion spetra amplied, the moal anaysis case usetb gererate the
modes,and in theway thatresultsareconbined.

The folowing sultopics desciibe in nore déail the paametersthat you uséo de
fine eachcase.

Local Coordinate System

Each reporse-spetrum case hasdtownresponse-spectrum loca coordinate
systemused ¢ ddine the dredions ofground aceleraion loading. Theaxesof
this local sysemaredenoted 1, 2, ad 3. By déault the® corespond to thelobal
X, Y, and Z diedions,respetively.

You may changéhe orertation of thelocal coordinatesygemby spedying a ©-
ordinae angle ang (the default is zero) The local 3 axs is alvays the same as the
verticalglobal Zaxis The bcall and 2 ax@cdncidewith the X and Y axes if angle
angis zero.Othemwise,ang is theargle in he horzortal plane fom the glob&aX
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Figure 22

Definition of Reponse Sparum LocalCoordinae Sysem

axisto the bcal 1 axis measired ourterclockwise when viewed fromabove.This
is illustratedin Figure22 (page79).

Response-Spectrum Functions

A Responsespe¢rumFundion isa seiesof digitized pairsof stiucturd-period ad
correspondingoseudospetral aceleationvalues.You may defineanynumberof
Fundions,assigning eah one aunique ldel. You may scé theaacelkerdion val
ues vhereverthe Funtdon isused.

Spedfy the mirs ofpeiod and aceleraion values as:
to, fO, t1, f1, t2, f2, ...,tn, fn

wheren + 1 isthe nunber of pars ofvalues gven. Al values br the peiod and &-
celeraion must bezeio or posiive. The® pars nmust bespedfied in oder of n-
creasng period.

Response-Spectrum Curve

The responsespedrum curvefor a given dredion isdedfined by digtized points of
pseudospedral acelerdion responseversus peod of thestrudure. The siape of
the arve isgiven by spedying the nane of aReponsespedrum Fundion.
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Figure 23
Digitized ReponseSpecatum Qurve

If no Fundion is spedfied, a corstant fundion of unitaccelerdion vaue for dl
strudural periodds assimed.

The peudaspedral aceleraion resporse of tke Furction may be sca&ld bythe fae
tor sf. After scaihg, the aceleraion values must beni corsigent wnits. SeeFigure
23 (page80).

The responsespedrum curvechasen $siould rdlect the danping thatis present in
the dructure béng modeled. Notethat he danping is inherent in he response
spedrum curveitsel. It is not défected by the danping raio, damp, usel for the
CQCor GMC method of nedal mmbination, dthough nomally the® two danp-
ing values fould be thesane.

If the reponsespedrum curveis not déined ove a peiod range lage enough to
coverthe modes callated n the modal anaisis case, th cune is exenced to
largerand smaller griods wsing a corstant acelerdion equalto the valle at the
neaestdefined period.
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Modal Combination

For a gven diredion of aceleraion, the maxmum digplacenents, foces, and
stresses ae conputed thouglhout the sructure for eah of theVibraion Modes.

The® nodal vdues br a given responsejuartity areconbined to poduce asingle,

postive result for the gven dredion of acceleraion usng one of he folowing

methods.Use the pramder modc to speify which method to us.

CQC Method

Specily modc = CQC to mmbine themodal results by the Complete Quadatic
Combination technique dsciibed by Wikon, De Kiureghian, ad Bayo (1981).
This is theddault method of nedal @mbination.

The CQ method t&es nto acount thestdistical coyling beween cbsel/-
spaed Mode caised by mdal danping. You nay speify a CQC danping ratio,
damp, measrredas a fration of critical damjing: 0 £ damp<1 This $ould rdlect
the danping thatis present in e stucture béng modeled. Notethat he vale of
damp does notffect the espone-sped¢rum curve which is developed irdepend
ently for an asuned vaue of sructuraldanping. Nomally the® two danping vat
ues sould be thesane.

If the danping is zro, his nethod dgererates to theSRSS rathod.

GMC Method

Specify modc = GMCto conbine themodal resultsby the Geard Modal Gombi-

nation technique. This isthe sime asthe @mplete modal cmbinaion pracedure
desciibed by Equaion 3.31 in Gupta (1990) The GVMC method t&es nto acount
the staistical cowpling baween closelyspaced Modes sitarly to the CQC
method, buial includes thecorrelation beween nodes vith rigid-reponse on-

tent.

As with theCQCmethod, you ray speify a GMCdanping rdio, damp, sud that
O£ damp<1l Greater dmgng increases the cpling baween clsely-spaced
modes.

In addition, theGMC method rguiresyou to speify two frequerties, f1 andf2,
which ddine the rigd-regpponse ontent ofthe ground ration. These nust sitsfy
0 <fl <f2. The igid-regponse pes ofall modes & asuned to bepefedly core-
lated.
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The GMC method asunes no gid responsebdow frequencyfl, full rigid re-
sponseabove fequencyf2, and a interpolated anount of rigd responseor fre-
quertiesbetweerfl andf2.

Freqiencied1 andf2 arepropertiesof the igmic input, not of he stucture.Gupta
definesfl as:

SAmax

EE

whereS, _ is the maxinum spetral acelerdion andS,, , is themaximum spee
tral velocity for the ground notion corsidered. The déault valuefor f1 is unity.

f1

Guptadeinesf2 as:

fo=Lf14+2¢,
3 3

where f, is therigid frequency of thesesmic input, i.e, thatfrequency above
whichthe sgdral acelerdion is esertially corstant ad equal to he valie at zero
period(infinite frequency).

Othershave dénedf2 as:
f2a=f,

The ddault valuefor f2 is zero, ndicaing infinite frequency. Forhie ddault value
of f2, the GMC method give resultssimilar to the GQQC nethod.

SRSS Method

Specify modc= SRS to conbine themodal resultsby takng the sjuareroot of the
sum of ther squaes This nethod dos not tke into a&count ay cowpling of
Modes a do theCQCand GMCmethods.

Absolute Sum Method

Specify modc= ABS to conbine themodal resultsby takng the simof ther also
lute vdues.This nethod isustally overconsevative.

Directional Combination

For e@h diplacment, brce or stess quartity in the gructure,modal mbinaion
produces a sigle, psitive result for eachdiredion of acelerdion. These diec
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tional values br a given responsejuartity areconbined to poduce asingle, po$
tive result. Use the dedional conbination scale fator, dirf, to speify which
method to us.

SRSS Method

Speciy dirf = 0 to @mbine thediredional resultsby takng the gjuareroot of tre
sumof ther squaes This nmethod isinvariant with respet to cmrdinatesysem
i.e., the resultsdo not deend upon your chogcof mordinatesydem when he
given responsespedrumcurves ae thesane. Ths isthe reommended rethod for
diredional combinaton, andis the default.

Absolute Sum Method

Specify dirf =1 to @ombine thediredional resultsby takng the sim of ther also
lute vdues.This nethod isustally overconsevative.

Scaled Absolute Sum Method

Spedfy 0 <dirf < 1 to @mbine thediredional resultsby the scked dsdute aum
method. Here the diedionalresultsareconbined by takng the naximum, over d
diredions, of the sim of the dsdute vdues ofthe responsdn one diedion plus
dirf times he responsdn the oher dredions.

Forexanple,if dirf = 0.3 the pedral resporse,R, for agiven diplacement, force
or stesswould be

R=max(R,R,,R,)
where:
R =R +03(R, +R,)
R, =R, +03(R, +R,)
R, =R, +03(R, +R,)
andR , R,, andR, arethe nodalcombination valies br eah dredion.

The resultsohtained by this nethod wil vary dgpendng upon the gordinatesys
temyou choose. 8ultsobtained usng dirf = 0.3 are cormparable to the SRSS
method (br equ&input spetra in eat diredion), butmay be asnuch as3% un
consevative or 4% over-@nsevative dependig upon the coordinée system
Largervalues ofdirf tend to poduce nore mnsewvative results

Response-Spectrum Analysis 83



SAP2000 Basic Analysis Reference

84

Response-Spectrum Analysis Results

Cettain informdion abou each respnsespectrun analyis case is ailable fa
printing fromthe SA?2000 graplualinterface. This information isdesciibed in he
following subtopis.

Damping and Accelerations

The nmodal danping and theground aceleraions ating in eah dredion ae given
for evay Mode. Thedanping valueprinted for eh Modeis jud the pecfied
CQCor GMCdanping raio, damp.

The acelerdions prirted fa each Male are tk adual values as itempolated atthe
modal peiod from the responsespedrum curves ater saling by the speified
valueof sf. The aceleraions are alvays rderred b the local axes bthe resporse-
sped¢rum anaysis They aradertified in the ouput asU1, U2,and U3.

Modal Amplitudes

The responsesped¢rum modal anplitudesgive themultipliersof the node shpes
that ontribute to he diplaced shae of thestrudure for eaxh dredion of Acceler-
ation Load. For agiven Modeand a gren dredion of accelerdion, this isthe prod
uct of he nodal paticipaion factor and he responsespedrum aacelerdion, di
vided by the menvalug w?, of theMode.

The acelerdion diredions are alvays rderred b the local axes bthe resporse-
spet¢rum anaysis They aredertified in the ouput asU1, U2,and U3.

For moreinformation:

e Seethe preious Subopic “Danping and Aceleraion” for the dé&nition of
therespmse-spctrumacceleratins.

» See Tpic “Modal Analysis Results” (page75) in this chager for the defiition
of themodalparticipdion factorsandthe eigenvalues.

Base Reactions

The bae eadions ae thetotal forces and namentsabout theglobal orgin required
of the sipports ¢estrants and spring} to resid the nertia forces due ¢ reponse-
sped¢rum loadng. These ae printed foread individual Modeafter paforming

only diredional combination, and then ammed for dl Modes ater peforming mo-

dal combinaton anddiredional combinaton.
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The readion forces ad maments are alays rderred b the local axes bthe
regponsesped¢rum anal/sis They areidertified in the ouput asF1, F2, F3, M,
M2, and M3.
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joints, 13
longitudindaxis 15
mass, 27
ovewiew, 12
sedion propertes
seeFrame seton
support faces 24
trussbehavior, 14
vertical, 15

Frame setion, 17

argle £dion, 20

area, 17

box setion, 20
chamel dion, 20
database fie, 20
datalasesection 20
double-aglesedion, 20
gereral setion, 18
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| section, 20

local coodinatesystem, 17
materialproperties,17
moment of nertia, 17
pipe ®dion, 20
rectanglarsection 20
shape 18

shear areal?7

shea deformation, 17
solid circular setion, 20
T section, 20

torsiond constant, 17

T

Truss
seeFrame ement

Typographial convenipbns, 2
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