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Strain Based Finite Elements

. For Tall Building Analysis’ .

¢
0 .

Martin M, Desbois

b1 ! . »

[N

Tall slender structures sﬁbjectéd to lateral loading

tend ¢to deglect in a bending modé; siﬁilarly to a latgrz}ly
. loaded cantilever beam. ‘Of the numerous andlysis methods, a
éidite analy#is of suéﬁ gtruétures ;shéar ‘;, corewalls,
framed tubes,...) offeré' a stmplé alternative. However,
linear plane stress finite eleménts can be affected b§
nparasitic‘shear'rendering the modelling toP sgiff.

'Two new strain based finite elements, specifically- for
,éal% building analygis‘ are developed. Testing sho@s that
these elements perform well inﬂ'hoth shear and bending
deformqtioh modes. Their fast qonverépncé rates also enable
them to be used as éfficient‘macroelemenés. In the analysis

of core assemblies .or shear. walls where the .bending

deformation mode is predominant, the strain based elements.

prove to be very efficient elements.

The macroelement technique is the method of ‘analysis

pdopted in the study. ‘- The excellent perfbrmance of the )
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. strain based elements result in the t:-,écommenda.tlgn of their
. ' ¢ . o o . - L . / o N
adoption for general use ip the technique. 8 . )
Deficiencies of ‘the macroelement technique of analysis .
which surfaced throughopt the study : are pointed out and o2
suggestions for improvement -are made. - - -
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CHAPTER I

INTRODUCTION

.~ 1.1- GENERAL ;o

- buildings -is a main concern and a challenge to the
2.

4 -

The design of lateral load‘resisting systems for tall

¢

" structural engineer. The <required lateral stiffness 1is

generally provided by‘either sheer walls or frames or by a
N | ; .

~

bombination of thre two.

An efflcient-framlng system, pnoviding the ' necessary

0

'daberal stlffness for tall bu11d1ngs, was introduced by Khan

[16}‘1n 1963 w1th the 43 storey Dewitt Chestnut Apartment;

~

Bulldlhg '~ making  use ' of the tubular action of .the
1ntegconnected‘fecades. 3
. . ‘.'.-y v Cov
Many of the world's tallest structures utilize the

tube concept. ‘Examples are: the 52 storey One Shell Plaza

Building (Fig. 1. 1), the 100 storey John 'Hancock Center

(braced :tube), the 110 storey Sears Tower (bundled tube) and\

the 110 storey World Trade Center Towers (tube in tube)

Strength, rlgldlty and stab111ty are. the maln concerns

] P
~in structu:al-des;gn. Strength, a dominant 6351gn factor jin.
R ) . R < LS

low-rise,buildings,~bepomes only secondary .in" tall ' building

[} , p . * - '
“"design. As a building's aspect raties defined here as the

« %

ratioc of total helghtiover building depth,'increases,r,dfift*

control must be taken into.account. gdoitional‘stiffness is

¥
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required to maintain the lateral deflection’ within tolerable

«

limits when the aspect ratio exceeds 4 or 5 [9]. //,\_,—*——x\\

Control of sway 1is primarily of interest to avoid
discomfort to ghe occupants, architectural damage and
detxlim‘ental effects caused by non-linear p-A effectq [(19]. ‘

" The traditionsl beam-column ' framing ' system ﬁséd in
buildings of ,up to. 30 stories becomes  ekpensive_ and
inadequate for}providing the necessary lateral stiffness for
buildings in the taller range. Members désigned beyond -
strength requirements become fai}Ly large and'impréctiéal.
The additional lateral stiffness required for drift control
must be 'sought eléewﬁere. Use of shearwalls/corewalls for
lateral stiﬁfneés will normally suffice for *30-35 'storey
buildings [16,191. For taller structures, the~limit§d élap

~

dimensions often enable the. shearwalls/cérewall$ in

acquiring the ngceséary depth to deveiop the 'rquired
lateral stiffness. . f

A solution is Brought about - by distributing the
material required for strength along‘the perimqter of tﬁe
building. B§ using ;ll Qf‘the_available‘pepth, one improves

4

the efficiency of the structural éystém. Such systems are—
called tube-like S£rdctures: - '

The facades of tube-like structures ﬁéually come in the
form of frames, braced frames or shear#alls. When the

facades are composed of a beam-column framework, the -

"structural system is called a framed tube. Ultimately,

corewalls are incorporated with the framed tube system to

L4




©

provide ‘even greater stiffness. Such a system is termed
tube in tube.
Tubular systems have proven to6 be very efficient lfor

tall structures of both reinforced concrete and steel

construction [5,8]. The framed tube system has also been

- shown to be économically feasible £61 medium-rise buildings

" with as few as 20 stories [16,21].

t

[N

1.2- DESCRIPTION OF FRAMED TUBE SYSTEMS

s
The framed tube system is generally composed of three

or more framed facades joined at théigaedges thus forming a
" vertical tube~like. structure. Thé facades consist ,'?f
closély spaéed columﬁs rigidiiy connected to short and deep

spandrel beams at each floor level (Fig. l.Zf.

The closely spaced columns and deep spandrel beams

il

L)
framed tube system, the facades normal to the ‘direction 'of

applied 1lateral forces contribute greatly to the overall

[

overturning strength and ! stiffness of the  structure.
4

Therefore, the entire structure is mobilized in resisting

the applied lateral forces.

. The columns are spaced anywhere ffrom 1.22 . to

4.57T mm (4 to 15 feet), a common spacing beingf

approximatively 3,0 m (10 feet). Column widths and spandrel

‘beam depths range from .61 to 1.52'm (2 to 5 feet) [16]. -

assure minimal flexural deformation in the .members. 1In the

e S Fant
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These considerable member 51zes result in finite sizel

’

joints giving the facade the appearance of a perforated wgll

rather‘ than that .of a frame. This type‘ of facade is

s

sometimes referred to as a wall-frame. An advantage of the
, ‘ !
wall-frame is developed by placing the windows directly into

the framework. The need of an independent window wall

N

system ‘is thus done away with. Member proportioning can

therefore be determlned not only by structural requ1rements
}

but also by the amount of desired glazed area.on the facade.
Since interior floor girders are not requlred to
participate in resisting lateral loads in - the framed tube

system, thin floor sandwich construction is often used.

~

Py

A
'~

1.3- BEHAVIOUAL CHARACTERISTICS OF FRAMED TUBE SYSTEMS

o

s

Fraﬁéd tube structures are basically composed of a set
of rigidly joined frame panels forming a tube in plan. ‘This
‘'structural arrangehent is(particularil§ efficient because_it
utilizes all thenbuildings\facades and available depth for
resisting lateral.loads.' ;,. |

The usual plane frame shearing actionkis converted into\{g
a more efficient cantilever tube bénding action. This is
attained by the transfer of lateral'forces.through the floor
dlaphragﬁs\glrectly to the walls of the tube.i

The 3-dimensional behavlour of ‘the framed tube system

)

subjected "to lateral forces may be better'descrlbed as a

14 s
. 4 h
. -6 - . .
\
‘ .




. ) combinatign of two simpler dominant behavioural modes. The

v

first is a ocantilever bending mode . where the lateral

stiffness is provided by the frames normal to the direction
- ' 0 1;7?‘!'

of applied forces, by axial deformation of the columns and

<

by their out-~of-plane bending. Thé second 1is the usual
frame shear deformation mode of the parailel frames which
cause bending -in the beams and columns.

The facades of. the framed tube, due to their

-

considerable member sizes, have the characteristic behaviour
® i

. of both solid walls and plane’frames. Perforated walls with

small openings result in a predominantly bending type of

v

behaviour, whereas walls with larger openings result in more

- dominant shearing action.

i

- se perforations make the structuré less stiff than

the solid tube. In contrast with the pure bending behaviour

‘of an 1deal tube which exhibits a linear variation of the

£

. axial stress, the flexibility of the spandrel beams results

s in a. non-linear stress distribution where higher axial
forces occur in the corner columns and ‘less in the center

columns (Fig. 1.3).
- ! -
. . This so called "shear lag effect" is mainly a function

. of the relative stiffnesses of the spandrel beams. Their

flexibility tends to decrease the shear transfer between

adjacent columns. Shear lag effect is also a function of

the building's aspect ratio which directly determines the

shear to bending mode type of deformations.

.- The non-linearity of axial force distribution mﬁy cause,

»
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~_ .warping of the floor slabs with .consequent deformation of

~—

the jinterior partitions and éecondary structure.  The

i~ ! ‘ M '
facades are thus designed to provide small shear flexibility

to minimize this shear lag effect,

Rigid diaphragm action is achieved by the flgor slabs
ihterconnecting the tube facades. The large in-plane éheér
stifkness of the slab assures that differential lateral

‘displacement of the individual frames 'apd columns is
negligible. The floor diaphragmé thus- proJide lateral

support to the columns at each floor level [5,14].

1.4~ ANALYSIS METHODS

i

A Jtypical fggmed éﬁbe structure 'may consist of
thousands of rigidily connected members. Conventional
. computer analyses of such a system often involve a very. high
number of degrees of freedom (DOF) . Sophisticated
3-diTensiona; énaiysis to: account' for the tube acti;n is
possible but complex. Computation time and the necessary
nemory req#irements render the analysis very costly and the
data preparation tedious. The prbbleﬁ is aggravated when
non-linear dynaﬁié and stability analyses are required.
A 3-dimensiondl analysis should also recognize the dual
_béhaviour of the facades. Frame;dominant,wall-ffame panels
may_ be ,adequately analysed by uéing a standard plaqe frame

el
analysis routine, using either centerline dimensioning or




~

._effort.

csing rigid—erms nto- simulate the tinite size joints. But
when the wall-fram |
flexibility in the fi
the analysis. -
Thus simpler methods, specially for preliminary deéign
o

purposes such as for assessing the structural behaviour or

for pfeliminary member size evaluation, are definitely of

interest. The main objectives would be to reduce

is predominantly. wall-like, the

te size joint should be conSidered in

computation time, memdry requlrements and to avoid lengthy )

data preparation while maintaining reasonable accuracy. /
- In the following sections, several simple analysis

methods are briefi& described in order to set up the proper

1]

background,for the present work.

7

/
~

1l.4.1- EQUIVALENT PLANE FRAME METHOD o

.

The simplest approximate ‘method consists in

LY

modelling the framed tube as an equivaient plane frame - as

-shown in Fig. 1.4. Coull & Subedi,[7] and Khan. & Amin, [16]'

have - demonstrated that by recognlzlng the domlnant mode of
behaviour, the 3-dimensional .problem can be treated as an
equivalent plene frame thus reducing the, computational

-

In the method, the side and normal frames are modelled

as lying in the same plane.k The interaction between the

) f;ames is handled by coupling the vertical displacements

(253
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',alonq the common edge thus prod'uoing a vertical shear
~  transfer.
The' main set-back to the method is the inadequate

modellmg of the flexlbllty of the f1n1te size joint. Bince

-+ . one of the prlmax:y characterlstlcs of framed tube structures

is large members and huge ]Olnts, modelllng us1ng centerllne
: " : ‘V"‘d1men51ons' underestlmates the - lateral stlffness
. ~ .. significantly. On the other hand, simdlating the finite

size joint 'with rigid arms cor;,plderably overestlmates the

LT " .underestimate. the’maxlmum_‘ deflection by as much ‘as 50

,, ; s
* ' “percent [1,17].

Despite ,of'the' mpllflcatlon from a 3-D~u system to a

2-D syséem, éhs numbe of 8egrees of freedom is still quite
- large. This method is further restricted to buildings where
torsion of the tube can "Be negleeted.

. B ‘ BN

3 . N

v

.4 -
CONPIRUSM._ANALOGY . °

1.4..

N L '‘Adothef dominant approach is by using energy methods,
{2,5,10,12,15,17,18,21,22]. Mobst of these methods cornsist
, . ) ) \‘ : . .

‘a4

lintel beams by 'membr?hes with' equivalent elastic
N . . ' ,) \ ' ’ i e .
properties. The problem. is. then. reduced to‘analysing a

substi}ﬁte cloéed tube satructure" (Fig 175). ' Clgsed form
< . / R“
. solutions are then obteined by means of ‘energy lxthods.

'

L =11 -

MG S o

lateral stiffness.' The latter approach has been shown' to’

in replacing .the beam-column ‘ grid system and any band of

-

7%
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These analytical solutions are oftéh’l%mitéd go’sysiems
'wiﬁh rqctanéular s?apes of constént'mateéia;‘propeftieé £n¢
’ subjected' to specific 1oEaings. fhe-‘assumeq gttess or :'.;;/ .
displacement functions arrived °£n ‘the solutions can be N
inadeéuate for high stress gradients associated with seveée_

shear lag.’ ) , ' PR , .

4

1.4.3- EQUIVALENT. ORTHOTROPIC MACROELEMENT METHOD

-«

similar to the ;Eove technique of continuum analogy,

thies method replaces the disq;e;é framework of beams and

c&lumns and any band of 1lintel beams by an elastically
equi§alent o:thotropiq membrane. The membrane is " then ™

‘rediscretized' into macroelements,” which may span over
several storeys and bays, and analysed for displacements ahd <
streséeg. From the condition of elastic equLxgigpee7~-the
displacements directly represeﬁt those of the actual
tructure and the member internal forces are obtained by
ntegtating the corresponding stress components. (The method
\ls been shown to be quite accurate while requiring only  a

fraction of computation time, for both static and dynamic

analyses [21,23]. . . S e

o

. . . !

This analysis approach is suitable for two main types
of structures. Shear wallé, coupled shear walls and core
supported structures belong to the first category, The

second type s, basically any planar or tubular structure

: .
:
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;
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. . .
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columns. ‘This ~macroelement analysis of an equivalent

‘ // /> orthotropic membrame also applies to any planar ‘frame/shear
: ,

-
-

wall assembly.

- y Moselhi's "Equivalent Orthotropic Macroelement. Method"

T [21] adopted in ¢his stuay, is an approximate technlque for
f"‘—; '
elast1c, statlc ané/f%tabillty, analysis ‘6? framed tube

4

N . r

‘ “ ) capable of\énalysing multi-storey, multi-bay frames having a

»

wide range™of aspect ratios and-stiffnesses, coupled shear

walls, clad frames, planar and tubular structures consisting

kY ' of frame and shear wall assemblles, and core~-supported

ro. - v structures. ’ ) ;
. ~ ~

- . b e

Moselhi's: work was later extended by Mule [23] for

) . “
.

| dynamic analysis. The TUBE pxogram was the{ modlf;ed for

b . natural frequency éalculations ;and earthquake .spectral
' * 5 ’
. 7” analysis. \‘ . N

» based on a displacement formulation, were developed by

. .
Moselhi for thlS macroelemgﬁt techiique. His simple - 6—DOF
- \ [y
element pfoved to .be’ useful in the analysis of many

- . . tube-like buildings subjected primagily to shear mode
’ / aeformations.' Howevef, it g;vé erroneous results when
N bending deformations became significant. This occurs when
,,'i‘ the aspect tatio of a frame facade is high or where there
F ,

, are tall sheér/cprewéllsL -

Furthermotre, Moselhi's simble linear element was unable

( o : ?.,\:rh'
. ‘ ' '...13_. \\\

- composed of a rigidl§ ‘connected gfidwork’ of beamay and .

. structures. Moselﬁi's computer program named TUBE . is

Two plane stress finite elements (simple and refined),‘




» to ' deplct ° the a non-linear variation of 'axial"forces'h
associated with shear lag: A refined 9—DOF7element was thus
developedi and subsequently adopted “for - both static and :
'dynamic analyses. This refinement, unfortunately, increas£d7 t>'
Acomputation ‘time and memory requirements significantly. ?7' |

The incapability of Moselhi s simple element’ to depict
bending behavion, and the increased burden ‘caused by- his
refined element prompted the work of this study. This study
focuses .on the development of improved better suited plane

- stress finite- elements for this macroelement'technique. ' 7 ‘ C ‘

»"  These new elements specifically designed for bending ...

Senavfour,‘also behave well when a shear-mode of deformation

i

is 'dominant. - Their applicability therefore cover both .
predominantly bending action components such as ’
fshear/corewalls ‘and dominating shearing . action h

rcharacteristic to most planar frames. ' o , ﬂ;

-

. . . A ' ~
) - - : N .o é
g’ - //,_ " . . N . - ¢ ' . .
B . 1
-

.1.5- OBJECTIVES OF THE STUDY .

sy,

-

;?he primary objective of‘this'work is to develop simple. . . -
,Plane stress finite elements: apecifically for tall building

‘analysis with greater’ applicability than the existing “ones. ,' “

TQ achieve.»this the elements should have thevfollowing
X " . L eta : ‘ ' A. S ‘u . - A
- characteristics. : SR t .

P s . N [ —

s ® E : " . ' gej . K R
‘- ‘good -bending behaviour . for the analysis of ta}l~ o

o -

' . . . . - .
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1.6~ ORGANIZATION OF THESIS

building systems. ";,i .

N

-‘raplé ' convergence property s

e
A .~

such as in the' macroelement technique

confidence. . . = ..

'
\

)

o"that'a coarse negh

_cait be

use

the macroelemenﬁ"technique are presented in Chapter II.

_In- chapter IIL, Speqiflc finit
.macroelement: técnnique are presented.

given in presenting two new strain bas

e ‘elements

with-

fork

For sake of completeness, thg saljent features of the

the

Speciaf attention is

ed

-

finite eleﬁents.‘

€

The characteristlcs and convergence properties of ‘these new

elements ’Bre then investlgated. »

Chapter Iv demonstrates the applicabilty of the two-new

elements fot hoth static and - dynamic analyses of planar

frames and tubular structures
In Chapter V, the weaknesses
'technique ' ,together with suggestions

outlined,

of

for

the macroelement

improvement are.
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) ' CHAPTER II
THE MACROELEMENT TECHNIQUE e .
| FOR TALL BUILDING ANALYSIS .
~.’ .. e v o« | »
2.1- GENERAL ASSUMPTIONS .
,(-

: &

.The folléwing general aséumnti
present work:

1- - The, ma;erial isﬂisetroﬁie,
- elastic, ",1 | ;
é- Frame members form an orthog
3- All connections are rigid.
4~ Small perforation ratios.
‘5- Inflection points situated

! .members.

6- In-plane -deformetions" of. .

negligible.
,I7- Out-of—plane deformations of
"be'igpored. |
‘, Mas¢t of fthe above assumption
the analysis of tall buildihg

lateral loading.

ons are adopted in the

T

. ‘4
1 . ! 2 faale

 homogeneous and linearly~

onal gtid system.

. ( '
at mid-span of all.

floor diaphragms are
LL

facades (& members) can

t v L]
i

s are commonly adopted in

structures- subjected to. .

oy

.
L
gty
S .
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2.2- ORTHOTROPIC MEMBRANE FOR COUPLING BEAMS

N

Consider the coupled shear walls whose band of lintel

beams are to be replaced by an_ equivaleﬁt lamina of
Fig. 2.1. This planar ﬁfstem could bé part of a

‘3-dimensional corewall assembly.

The elastic properties of the equivalent membrane are-

der}veq on the principle of elastic equivalence. Both shear
an@ "bending deformations in the coupling beams are
considered in Jorder to cover a wide range of coupling
ei;mehts‘(i.e.} from slabs to deep lintel beams).

* Consider fhe'coupling element of Fig. 2.2, where a
pofné of c&ntraflexure is assumed at half-span. This common

'assumption has been used by many authors amd shown % be

quite acceptable (3,6,13,25). The maximum deflection due to

‘both Bending and shear deformations in the coupling element .

is equated to the shear deflection in ;he’membfane yielding.

" an expression for the equivalent shear modulus, [21]7¢

‘o

Tpy = orgmssszmmoiommoen S £ 25 I

(L2 /12I + E/GA )
in whécﬁ:

E, G° = elastic mdﬁ;lii of iiptel beam material,

’ of inerti effecti
e aREnt, o taE blan o Rl ugedy S Efeet tve)
L = span of lintel beam. \
" = storey height, . = ¢
-17 -7 ST
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) o , R
t . ‘"= thickness of membrane,

’ &

If the coupling. element 1is a rectangular beam ‘of

thickness t and depth d, the shear modulus T,

Xy can be -
expressed as, [21}: ‘
. E(d/H) .
?xy 12 et e e e o et e ot e ot e e 1 (2.2) )

(L/d)2 ¥ 1.2 (E/Q)T - !

1

s

2.3~ ORTﬁOTROP IC MEMBRANE FOR PLANAR GRIDWORK SYSTEM

In modelling the discrete beam-column system of a
framed tube By an equivalent arthotropic membrane, the large

member sizes must be recognized. Thus, in addition to the

bending and shear deformations,. the flexibility of the

finite size joints should be considered in evaluating the

equivalent elastic properties. If the structure is being

analysed for’ gravity 1loading, the reduction “of member

stiffnesses due to axial loads, and the P-/ effect must also
be considered. | |

_ Consider a rectangular segment of a grid system,
composed of beams and qoiumhs'bﬁd,bounded by four’iﬁflection
points YFig. 2.3). Thié éegmént is to be merlléd by. an
equivalent membrane spanning “the same area. :The elastic
properties of the hemﬁrane are derived on the basis that

<

under .a set of statically equivalent external forces, both

the actual grid and membrane units shall develop . the same

-20'-




" the équivalent membrane E

v ’ ’
. .
. . h Al PR A ’
- . ’ - *
,
. ) . . . . . .
S N . Y
. . . . N
s .
B
.

Y
3

characteristic deformations.. + In evaluating these

deformations, the flexibilty of the finite size joints.-are,

“~
assessed in addition to bending and shear déformations.
o . o A4

M A

2.3.1- MODULUS E.
. —_— Y

To derive the modulus Qf‘elaBtiC1tY'E; of the

equivalent membrane, a°verticﬁi fé?ée P is applied on the

grid segment (Fig. 2.3). The vertical displacement of the

grid unit is equated to the vertical displacement of the

‘ meabrane - ylelding an expression for the'elastic modulus_ of

'y o [21]:
;4 ( -7
E't . . /
¢ dc \
By o . | (2.3)
t B cy S 123
in which: .
C du -y
re 1 bl B )0 S o]
‘ sl ms
A ¢2.4)
where:
Ay = cOSAdc (2-n) oy v
' SINatd, - L |
& =

mT/B : . f .

dg +-tc = column depth and thickness respectively;

2 .

: ' - 21~
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,db 7 tb ’? beam depth and thickness’reép@ciively.
B = bay width '

H = storey héight‘

TN

Note that the vertical displacement of pdrt,‘z in:

Fig.~2.3b) was obtained by theory of elasticity solution.

‘Further note that this expression is anly valid for a’

qoncrste beam-column unit since the stress path around the

joint would differ}iﬁ a steel unit.
An equivalént elastic mddulus E; ‘

similar manner. However it is not required because the

floors are considered as rigid diaphragms.

)\ . N T

s 2 . ? . 2- . MODULUS ny . v i . * . N 4

.
[}

The same unit is now subjected to a horizontal

force Q (Fig. 2.4)L The:totél lateral displacement in the,

grid unit is obtained by considering shear ‘and! bending

deformations in bofh beams and columns together with the

shear deformations within the finite size - joint. ‘Equatiﬁg'

- this displacement ‘to that of the membrane subjected to an
equivalent force ylelds an expression for the shear ﬁodulus

‘qf the equivalent memb:qne.ﬁ;y L0211

_ E& . A .
Cxy = —o-—mdem S . (246)

-2 - - .

can be detivea in a -

.o
AR PN PSP -
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in whizh;

(H-db H-db
xy —Wizz lZB'Ib 'ﬁ'[ ng WA

where:

Ib y Ic = Tément ? nertia of ‘beam and collmn
. spective

\
rR ,Atc "~ effective shear area of beam, column
“and joint’ respectively. e
G, ~ = shear modulus of actual structure.

4 B v
« -
I . .

For a steel unit, a similar expression could .be

.obtained by* considering -"the  so called * "panel-zone

dec,fo‘rmat:io‘ns', to account - for the flexibility within tne

finite size ‘joint. L e .
% & . N ;.
2.3.3- 'SECOND-ORBER EFFECTS —— - . . N
A - oA T~ —)l {M‘“

*  Frames subjected to c_:ombi:ned, gravit-y‘and lateral 1loads -

are significantly &ffected by a p-/A momént resulting from

the gravity loads P in goine _through a sway A .- This
seeondary ‘effect generally produces an increase in stress
and displacements, which can be very significant for tall'
build‘ings. TO'account for this‘s ef,fect _t;he shear modulus Exy

of the membr ne is reduced to o)

\ xi; and the 1ateral load Q is.

magnified toj 5. These ampl:lfication factors are given by,
[211% S |

B
- 25 - . . ¥

&



\ Cxy = Txy
/
{

3 o (2+8)
‘ 1 —
q =9 : - ) -
1= (73 Grgy
‘in*which: : .
© - - \
& = H4/P/EI ' |
ey, R o , \
2.4~ THE MACROELEMENT TECHNIQUE B

\

Once Ehe broperties of the substitute structu%e are

1

. ‘determined, the structure is discretized into macroelﬁments.
The term(‘mgcro‘ is used here instead of "finite" because an
elemezZr’ﬁiy encompass8 8several bays Snd stories. A finite

elemept on the‘;wher hand, signifies a discretization into

small .parts, But strictly speaking, since we are talking

about discretization of a-membrane with uniform properties

rather . than of a framework of beams'and columns, the term

.

"finite® can equally bﬁ usgd.

fhe complete structure is first replaced by a set of
equivalgn; gtthopropic\ nmemﬁrangs. Each membrane mai
represent a tube ‘facade; a band of lintel beams,.or a face

-

of a- supportipg core., The membranes are then discretized
e

into a set of rectangular macroelements, interconnected at

&

: | o J



the nodes. The equivalent s;tuéture \is subsequently

Q

analysed for the nodal:.displacements éﬁa\ab[esses. .

" ¥ The internal displacements of a macroelement, obtained

.by the ‘elements shape func%ions, represent the aééual

ﬁglation

displacements. of the members and joints. Thus,

the shape functions requires special attention. In the
. . ) s . ]
next chapter, four finite elements particularly suited for

tall building analysis are presented.

° o - ?

st m——
2.4.1- INTERNAL MEMBER FORCES

s

Once the , equivalent structure has been analysed for

i

?‘/‘W/’M— nodal diépiﬁcements and';tresses, the internal member forces

can be determined. The procedure for approximating_these
internal member forces ag described in this section is t{ken

; ? : :
from Moselhi's TUBE program [21].
, ) . . ;

@ )

determined along the "beam ‘and column lines.- From the

]

tcondition .of - elastic equivalence, these stresses are

converted into member stresses, from which internal member

"

foréeé are determined. The exact procedure is described in

more detail in the -following two sections.
\ | N
. &

First, stresses in, the equivalent membrane are
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=N : ! » il * : : ’ ,h . L o T ‘ . v
2.3%1.1- COLUMN INTERNAL FORCES : - . . S

%
Y

l' ‘.
o

Consider the grid unit and its equivalent hEmbrane

subjected -to an axial force P, in Fig 2“5a. The force P

t

n'ptoducea an’ axial stress be in the columnfof the grid unit ..

and n axial stress Omy 'ih the membrane. Therefore:

R . . -
' . . . ,
.

ey *Ac = Omy Am:. , S (2.9)
where: ‘ L . J .
Be = column cross-sectional area. : (
F] . . J— 4
Pa = membrane " R .
: | | -
If 't

& s ‘the column thickness, anq_dc the column

depth, and if B and tm are the oay width and ‘membrane

thickness respectively (Fig. 2.5a), then Eq. (2.9) cao Be

’

rewritten as:

Uy = 37—~ Uy ’ co (2.10)

Eq. (2.10) relates the.axial stress in the-membrane aiong a

column 1line to éhe axial stress in the column. The axial
3
force in the column is thus simp1y°‘ . .

. '\\
r T

P'V’cy Ac = UmyB tm - \ (2.11)

' Using a similar approach, the column shear force V, f;

~ obtained from the shearing stress in the equivalent membrane

- .
.

o
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[N,
»

along a column 1ineg

-
(d

Ve = TmB tm SRR L ay
A - ’ " ! 0 "
where 7;, is the shearing stress in the equivalent membrane
along a column line. The bend{?g moment Mc in the &olumn ~ .
is then simply determined by multiplying the shear force by
half the storey height H:
M ’ _ ‘ oo ,
c = Ve H/2 - o (2.13)
2.4.l.é- BEAM INTERNAL FORCES L ) " vo -
' . \ . :
. 2 - : 0
Consider ‘the grid unit, and its equivalent membrane
subjected to a.shear force Vs" in Fig. 2.5b. The shear
forte Vs produces a. shearing stress T in the beam and a
shearing stress [0 in the ngbrane. Therefére- '
| o e ) 4 N ' : ‘
Bhap = TGan 't (2.14)
where: )
Ap = beam cross-sectional area.
An = membrane " e ) .
If the beam is of depth 4y ,n3 thickness tpb and if H is
the &torey height (Fig. 2.5b), then Eq. (2.14) may be '
rewritten as: . ' ' . ) - :
o - 30 - " v -.‘
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To =HTm /a6 . o - (2.15)

Eq. (2.15) gives the relationship between the shearing

‘stress in Ehe membrane along a beam line and <¢he shearing
W\ .

stress in the beam. Note that the membrane thickness is

-taken as’the beam thickness. The shearing force Vi jj 'the

bedm is then éimply given by:

\
Vo = Toap = TmH tn S e
and the bending moment M, jp thelbeam, by: , N :
M, =-vyB/2 . R S (2
«;‘p ! ‘ !.
;- .

. ' 4
¢ . .

»
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\k ' CHAPTER III . .

. }SPEQIFIC FINITE ELEMENTS FOR
» -+ . . TALL BUILDING'QéggYSIS

-

‘3.1~ . INTRODUCTION

{
tall building analysis. are presented. Two of these, were

presented by Moselhi [21], and the other two are developed
. ' . ,

.ih the chapter.

‘Tpe four elements <are specific to :tall building

-
ang}gﬁis because they .are

2
s

~ assumption of infinite’' in-plane rigidify of floors. This

»

well .accepted assumption for tall building analysis, was

shown by Moseélhi to be equally accgptable in the analysisiof

tube-like structures. - The . assumption allows for -a

considerable feducgion “ in computation, without any

. .
significant loss in accuracy.

The two elements developed by Moselhi [21], were based’

©

on the displacement formulation: one ‘with 6 degrees of

-

freedom (6DOFD) and the oﬁherf’with 9 degrees of freedom .

” i

(9DOFD) . 'Note that - the lééggr 'D',attacﬁed at the end of

the element designation ihdicates the displacement
3

' formulation. The " elements to be derived in the present

study are obtained from a "strain based™ formulation, thus
- e .o oo ¢ .
their designation has the letter 'S’ attached. Advantages

L 8-

-132° -

In Ehis phaptek, four finite éIements'specifically for.

'formulated to incorporate the.

SRETRT TR
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of these strain based elements will be made clear in the

¥

.later sections.

For the ease of presentation, the elements “-are

_classified as simple elements (6DOFD.-& 6DOFS) and refined

elementq (9DOFD & 8DOFS) purely on the basis of the number
of degrees of freedon. They are grouped as such so that
comparisons can be fairly made between the displacement and

strain based elements possessing a similar number of degrees
of freedom.

¢
» -

The four elements are now presented briefly with

EEN

special attentidén being paid .on. the formulation of the

)

strain based finite elements. Testing -of the eléments will

-

‘ ‘ o . ,
then show the chgracgégdstlcs of the strain based elements

in contrast to those of the displacement based elements.

¥

3.2- SIMPLE ELEMENTS
s 3
-

3.2.1- 6DOFD DISPLACEMENT BASED ELEMENT

Consider the rectangular 4 nodg, 6 DOF element of

Fig. 3.1. In accordance with the assumption of. rigid,

floors, the strain in the x-direction, & i neglected. ' Con

o

»

The displacement functions that maintain "compatibility

along the edges and that satisfy the condergence‘éritéria

’

are given by, [21]:

.
Lasagres—s g - - - —— e e o -t - e et
<.
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U= A T2
+ Y :
L+ A2 (3.1)

V= Ry a4 X+ A5 T +R26 XY

where 3?and_1?are non-dimensional coordinates ehual to X/a

and Y/b fespectively (Fig.'3;l$. These displacemeﬁt

functions are the simplest that can be‘designafed to this
6-DOF element. The corresponding strain variations will be

examined in Sectiom 3.2.3. The 6x6 element stiffness matrix

of the 6DOFD element based on the above displacement -

formulation is obtained as, [21]:

¥ N Kl . ) -
-K1 K1l o SYMM.
K2 -K2 K3
[ K] . - :
“K2 K2 . K4 K3
-K2 K2 ~K3/2 KS K3
| K2 -K2 KS -K3/2 K4 . K3 |
. , ya)
" in which:
, KL= taGeo sy L | (3.2) .
K2 = ) thy /2 _— '
K3 = t(Ey a/b + Gxy b/a)/3
. K= t{Ey a/2b - Gxy b/a)/3 p
K5 = t(ny b/2a - Ey a/b)/3
where: ) . St ‘

»

a,b = are the width and\height of the element,

-

= Eiickness of the membrane oo
ig»#‘ as the beam thickness).
;‘ “s 4; ' - M 1

By  tGxy = modulii of the material.

- 35 -
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v

. 3.2.2  6DOFS, STRAIN BASED ELEMENT

~

The main objective of this section is to create an
element which will be able to describe both the shear.and
bending behaviour better than thit of the 6DOFD element
without having to go to a higher o;dér element. The strain
rather then displacement approach will be usgd here. The
6DOFS element, where the 'S' signifies baseé on an aésumed
strain field is a modified form of Sabir's 8 -'DOF SBRIE
element [24]. .

Consider the sagz 4 node, 6 DOF, ;ectangular element

(Fig. 3.1). The assumed displacement functions should havg

_'the following desirable properties:

1

"1- Infinite in-plane rigidity of floors (E, = inf., &4 =0).

2~ Strain-free rigid body disélacement motion.
3- Compatibility within the element.
4- Realistic strain distribution corgespondiﬁg to Bending
behébiour.
’Theser dispiacement functions will .be obtained by
consideriné the;s£rain variation associated with the bending

behaviour. Consider the foliowing strain-displacement

s

relationships:

- 36 -
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i ‘éx = aU/aX
{&y = av/ay ‘ (3.3)
By = 2U/BY + dV/d% .

+ &

Equating the above set of equations to zero and

integrating, the simplest displacement functions assodiated

+

with rigid-body motions are obtaine%’ag follows:

U

[}

Ay - aq ¥ .
17 A3 (3.4)
V .

A2+A3X

&

'

~

should contain 6 independent constants (A; j, < Havifig used 3

constants to describe ' the rigid-body motipns, we are left -
.with 3 constants to represent the straining/deformation

- behaviour of the element. Let them be.distributed as such:

6x= 0 L o " ) ‘ %}
EY = A4 + 1A5 X . ' " . \ e ) (3.5)

Yy = Ag

Note that these strain variations describe -a pure
3] : .

bending state. The first of Eqs. (3.5) représents the rigid

floor diaphragm assumption, 'the second a linear §ariation of
strain in the &-direction and the third an , independent
constant shearing K strain. Compatibility of strains within
fhe element as exémplified by the équation:

\

The shape functions for the desired 6DOFS element

Pal

[P



’

| V=™ A4 Y + Ag XY + Ag X/2

b

. is identically satisfied.

By-equating the strain expressions of Eq. (3.5) to the
strain-displacement relationships of Eqg. (3.3)' and

integrating, the corresponding disbiacément functions are

- obtained.

The first two equations of (3.3).yie1d}

E

U=2¢C ¥
1 (.) R N (3.7)
V=RAs ¥ +Ag XY+ Cp (X) ~ + [/

»

where C; - 4ng C; are functions of Y and X respectively.
The third equation of (3.3) gives:s :

‘dcl 1 ‘dcz

----- + ===== = =Ag Y + A¢ e k3'8)
ay dx 5 6 . ,

.

Siq;e\sl_dﬁzf; function of~Yionly and C, of* X only, it

'ggl)owé that:

_— ' '
. » -

i1

C, = -asv2/2 + Ay 2 - ‘ :
1 As Y 6Y/ - __/\ . (3.9

Cy .= Ag X/2

‘Thus Eqn. (3.7) becomes: . - ’ X

U

-A: y2 /2 + Mg y/2 -
5 .6y (3.10a)

\

2o o . .
m&g»r:ww" pIne
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Théser are added to the displacement functions.associated -

-

e RN

"with thé_rigidkbédy displacgmént'moée, Egs. (3.4) to obtain
“the‘findl displaceﬁent functions of the 6RQOFS element: . s

’

‘U= Ay — Ay Y - By Y2 /2 + Bg y/2
1 3 A, ‘ 6 Y/ (3.10b)
V N

L

Ay + A3 X + B4 Y + Ag XY + Ag X/2

fThese are fhe' simplest displadement functions that °
'confain on1y~é displacement parameters and that satisfy the
four desirable properties listed previously.” _ T
; The . displacement furictions as defined by Eq. (3.10b)
render the element non-conforming. That is to say, there is ’

displacement incompatibility among adjacent elements along

2 . their edges. It |is inteSesting to note whére - this
';"incompatibility‘ arises,. Although' the V-displaéement
. function with itslliée;r variation does, not Qiolate\ edgé g
compatibilty, the ﬁ—dispﬂacement ‘function gxhibits T a ’
.quadratic variation with only two-ho:iéontal DOF (Ul"'ﬁ2 ).
”Thué é;eplapping_or separation of the vertical edges between
two adjécent elements can occur.
The' sﬁrain:displacemén£ Mmatrix is obtained from
Eg. (3.3) as: ' o
4
& o 0 o - o o 0 n
- -§y o 0 0 ,'—('1—3?)/1@ -X/b X/b _(}fi')/b gz
Yy - -1/b /b -1/2a .1/2a  1l/2a -1/2a ‘\;2
' ' ' (3.11)
R " : :
B : - 39 - : ;
l . ; « o
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/

or {n symbolic form:

N ' R " - o\ - . "’

{€}l =181 {4} - (3.12) -

/’\\ , / 5 o ' . o ’ v ';f
where X is the Inon—dimepsionalﬁccoordinate equal to x/a

© (Fig. 3.1). L _ T ‘ . o

The correspondlng 6x6 stiffness niatrix is then .obtained

3

by carrylng out the 1ntegrat1on of,the psua;!xripLe matrix O
prOQuct ovér the“volume of the element:: ‘ . *?E :
- - . - ' = , . ‘ o hl . . e ) .T
o URDo= fop (BT IEIIBIAV v T(3.13)

5 M . -
R . *

Note that the matrix of elastic constants [E]}, - ( H

becomes a, dlqgonal matrix. ThlS s due to the "ZBYO value'

B

PIUPERp

assigned'to the Pdisson's rasigv}in accordance with ,the‘ :

>
Y.

| , : |
assumptlon of rlgld floor dlaphragm. ) - . - I ~§
. “The’ stlffness matrlx is then obtalne& as: . g
K1 S : 1 -
. -K1 KL . . : SYMM, <
- | K2 -K2 K3 ' - Y
FR)= | ° - ~
K ) -K2 - K2 " K4 K3
‘ -K2 K2 K5 - K6 - K3 ' ¢ *
. ’ , i . " ¢
| K2 -K2 . K6 K5 K4 - K3 _ | I
where:, :
LY . ‘ - . .
Kl = ‘tany /b o ' e R -(3,14) i
K2 = tG ‘ '




-~

e

e et < At
.

) ; : \
i;/-\' ) ) J X :
. (.
A T S : .
; K3'= t(aE, /3b + bGxy /42) . - \
?ﬁ ) K4 = ‘t:(aEy /6b - bey /4a)' AR - . . |
K5 = -t'(abEy,/Gb + quy\ /4a) }t \f " ' L ‘,.
: " K6 = -t(sE, /3p - bGyy /42) ¢ L .
3:2:3—"-CQMPARISON«OF FORMULATIONS = ° | i,' . |

4

b3

~ The main diffgrgnée in the formulation of the two 6

LY

simp}e .elements 1is 'in the final assumed .displacement
Y ’ 4 o

»

* . Y i . . . ,. .
functions. From en on, the derivation steps are '
. . LR o * s . . '
' identical. - ) . ‘féy : - ‘
NN - 'p/\ - ’ : ’

On examining the displacement ﬁﬁnctions-of the simple
elemenfs, one first notices that\yhey"aré coupled in the 'E

case of the strain based element, \?his coubling has a

‘“certain effect on-. the strain \dist%ibution and eleme

performance. . ' L
Upon diﬁférentiating Eq. (3.1), the 'strain variations
in the displacement based 6DOFD elemént are obtained as:

. - ) . > - 4
"' * N . s ) . i
‘ ', N éx 3 O . R .
+ r i "

‘ . ‘ ) ‘ . .‘ s R R ' *

-’ { €y'= Bg + Ag X ‘ | S (3:15)
Yy = A2 + A4 + Ag ¥ s

* . 2 .o - ) . . ' 5 N

It 1is interesting to note 'here that the shearing strain is

<

linkeé to the, direcf~istraiﬁ in £he, y-direction. This.

st

\ in&icates/ that . linear direct strain and an independent -

SRR

cqnstant  shearfng strain required to simulate bending
. : ' ‘

t

‘-

- o - e,

”~
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pehaviour cannot . be attained wiéﬁ the 6DOFD element. (ie:

' ~

Ac =0; giving'rise to‘censtant 4£y) Ma%y authdrs refer to

this shearlng stress under puré bending as parasrtlc shear

-

. . and. outline that its unwanted stlffening effect’ can become

sever® wlth a high aspect ratio [4]. '

?

One -may further look at the analytical selution of a

pure bendlng state with Po1sson s. effect neglected as glve§l

S

®

1

U= C - Dpy2 /2 - ;oo o i YLy

"

'V = DXY

where  C and . D. are tonstants. The second equation

. e e : - ’

corresponds to the assumption that plane sections ’remain
L X . . . .

plane after bend}ng\ and the first equation gives the

assocrated constant change in curvature. The strain based

'6DOFS element possesses both these terms in its displacement

functions whereas the displacement based.GDOFD element ‘does

. ’ ~ .
not have tHe quadratic term .to allow for a change in

curvature. ' ST .

~
+

Consiger‘a beam segment subjected to pure bending,

Fig. 3.2 a). The ' linear 6DOFD element cannot produce the

curved edgés needed for bending. ..Instead, the sides of the
/

linear element remain straight causi the element to deform
»

as showr in. Flg. 3.2 b). As stated pr viously, "the 1 ear

element gives rise to shearing stresses under puré»bending.

Thus not only do these elements offer bending resistance but

\frjjso a Jshé"ar resistance under pure bending, TB;s anomaly

'\/_” ' ' ' - “-

N e ((3.16)','
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-

tender the displacement based element too stiff in a bending

mode. P v

3.3- REFINED ELEMENTS

elements with more than 6 degrees of freedom. This type " of

higher order element is devised for the expressed purpode of -

improving the strain distribution and thereby, hopefully,
improving tne accuracy of the solutions. It would be
* worthwhile using the refined elements in preference over the
simple elements’ if, for a comgarable level ef’eccuracy, a

°coarser mesh 1s suff1c1ent

In this sectlon two elements are presented The firsts

-

"is a 9-DOF element developed by Moselhi [21], based on a -

»

displacement formulatlon and the second is a *new strain -

o

based 8-DOF element.

3.3.1- 9DOFD DISPLACEMENT BASED ELEMENT/ _
. f /

N [
Consider the rectangular 8‘node,w9 DOF element of

Fig. 3.3. 'A-euitablec ﬁisplacenent_ field whieh maintains

éompatinilty alongi’the edgee and that satisfies both the

convergenEe criter}a and the rigiad floor - diaphragm

requirement is given by, [®21]: ‘ . .

s
- 44 -

The term "refined element® is used‘here to refer to
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qa/x = x
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B

*

. > K6 =g t(rEy /5 + Gxy /3r)/6

4

U=23a) , a2.T+ a3 V2

‘ (3.17)
V=Ry v A5 T + A6 T + A7 X2 * Ag X¥ + A9 %2 .

Note that the element is of .length 2a and height 2b

with the origin of the X and Y axis located at the center of

the /felement (Fig. 3.3). The 9x9 element stiffness matrix is
¢ , ) : . .
givegn as, [21]:

’

P
. .
s\./ -

[ 7K1 ' L » , .
-8K1 ° 16Kl . o )

Rl. -8KL -7Kl symm, ~

5k2 ' -4K2 - -K2 K3 '

[K]1=| o0 0 00 K4 K9

~5K2  4K2 K2 -K5 K4 K3
-K2  -4K2 [ SK2 'xs K7 K8 K3

0 0 [ ¥ K10 K7 K4 K9

K2  4K2 -5K2 K8 K7 K6 K5 K4 K3

in which: _— . s "‘ ' ‘ .
Kl = trG.. /3 - N - " (3.18)
K2 = tG,. 6 . - o
R3 = t(2rEy /15 + T6xy /91) | .

K4 = LBy /5 - gGxy /3r)/3

K5 = -t(tEy /5 - 2Gxy /3r)/6

K7 = -HrEy /15 + s6xy £9r) -
, K8 = -t(4rE, so _ 7Gxy /3r}¥/6 |
K9 = 81:(L‘Ey /5-+ 2Gxy /3r)/3
K10= —Bﬁ(ny /5 = Gxy /Qr?gl o ' .
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. However, the Ex = 0

~where: " r = element aspect ratio = a/b’

.

3.3.2- 8DOFS STRAIN BASED ELEMENT ' . .

b

JIn this section a strain based higher order element,

good in bending, with better interpolating capabilities than
its simpler counterpart is spught. N\

For 'the analysis of' ‘tube-like structures with

macroelements, an ideal higher order element would exhibit

quadratic variation of €y and ny . Many trials were made

~to obtain an element based'on a strain formulation with 'such

features.° 8, 9 and 10 DOF elements, some of them with

 rd§ationaL inplane degrees of freedom were investigated.

~

assumption together with the

‘éompatibié%t& réquirement of Eq. (3.6) restricted the;seanch_

somewhat.

A refined 6 node, 8 DOF strain based element with the

’

same interpolating capabilities - as the 9DOFD element was

developed. This new element generally produces the same.

results .as the 9DOFD element, but with one fe&er DOF, -
As stated earlier, a quadratic variation of éy is
sought: Thus, consider the ‘6 node, 8 DOF é&lement of

Fig. 3.4 and the following strain field:

Py s - A P e g+ e

; @"Eiﬂl"ﬁ‘w‘;w; L
| '
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éx o ° . : i W

Ey= Ay + B5 X + Ay X2 ) C L (3.19)
b A q ‘ .
Yyy = _Be + 2R7 XY + Ag X

- ‘ N <
r

Upon integrating the expressions for &, ang &y , the

following displacement functions are obtained: -

Rl

U'—'-.C Y -
1oy (3.20)

V=R, y 4+ XY+ a7 X2+ C (x) .

where C; and c5 are functions of Y: and X“srespectively.

The . expression relatin the shearing strain to the

8.

displacements U and V in Eqs.'13.3) yields:

dcl dC2 . ' . .
_____ + m———t = \-AS' Y + AB + AB X ' (3-21)
dy dx ‘ ‘

%

Since C; js a function of Y only and C3 of X only it
follows that: . o

-

C; = -azy2/2 + Rgy2

. . (3:22)
Co = ag x2 /2 *. Ag x/2

"Thus ‘the displacement functions corresponding to the

strain field as de®egibed by Egs. k3.19) become:

‘
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(o]
1

; .. -AS Y2 /2 + AG Y/Z ) - R ! (3’ 23a)
Ay Y + A5 XY + Ag X/2 + A7 yx2 .+ Ag x? (2

<
!

These displacement functions_are then added to those

representing the rigid body motions Egs. (3.4) to qbtain the

‘final displacement functions of the 8DOFS elément:

4

U =R -3 Y - g v2 /2 + Ag ¥/2 .- .
A2 + B3 X+ By Y A XY +Ag X/2 + 87 xy? +
Ag x2 /2 o . (3.23b)

' The new displacement functions thus created render this

element compatible for the V—degrees of§ freedom and

1ncompat1ble in 0 (similar to 6DOFS). The transpose of the

stra1n-d1splacement matrix is obtained as:

[}

[0 0 -1/2b 1-
| 0 0 - ,i/zb |
e | o X(1-X)/4b (-1-2%7+2Y) /4a
: B!]T' _ ' 0 LR /2 . (FI-%)/a .20

0 -X(1+X)/4b . (1-2X¥+2%)/4a
‘1 0 "X(1+X)/4b« | (1+42X¥+2X)/4a
0 . (1-%2 )/2b (-XE-X0)/a . |
[ 0 " X(-1+%)/4b . (-1+2X¥+IX)/4a

The corresponding 8x8 stiffness matrix islobtained as:

)



; K1
‘ K2 K2 K3 T svM. | R A
S 0 0 K4 K9 ' | C
LK1= , :
. -K2 'K2 - K5 K4 K3
o -kz Ki . K6 %H © K8 K3
0 0 K7 K10 K7 K4 K9
. | K2 -K2 K8 K7 . K6 K5 . K4 K3 1 .
in which: ) ’ ‘ ,
KL = Gtr . , T 3.s)
= &2 . j o S Lo
= 2Ert/15 + 25Gt/36r | ‘
= Ert/15 - 8Gt/9r
= -Ert/30 + 7Gt/36r _
= Brt/30 - Gt/36r 4 §
kz # =-Ert/15 - 46t/9r 2 ‘ i} j
K8 = -2Ert/15 +'17Gt/36r - T L . j _
K9 = B8Ert/1s +16Gt/or _ ‘
' K10 = -8Ert/15 + 8Gt/9r p - ' ‘
3.3.3- COMPARISON OF FORMULATIO_N_;' ,‘
Once again ane may obser've' tl';at the strain baseq
’ e'leznent's displacement functions ‘are coupled "w'hile those of ) )
B the displacement based 9DOFD element are ir;dependgnt of each. H
! other. h ' '
, \ ‘ ' . T:he main feature about these two refined e-leménts, in, .
oL - 51 "‘ .
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*

contrast with the simple ones, is that both are ,ab}e to

describe 1linear direct strain and an indepéndeﬂt—eeastant

shearing strain. Both elements can - also deform in:"the

proper shape, 1i.e., with curved edges (Fig. 3.2a)'), when -

subjected to pure bending. Thus, they are both expected to
J [ - » ~-
perform well in a bending mode.

. ¢
N a
N

3.4~ EVALUATION .OF ELEMENT PERFORMANCE .
Yoe [ ¢ i . o

A cantilever beam subjected to transverse’loading is
chosen ag, 2 test problem due to its: similarity to a6 tall

i
building system' Subjegféd to lateral loadiné. The main

" objective is to examihe the comparative performance of the

_four elements presented in the previous sections.

Three test problems are carried out on the cantilever

beam. The first probl?m looks at éhe performance of each of
the four' elements when analysing a.cantilever beam with
various aspect ratios subjected to a vconcentrated load at
iFs free end. By v;rying the aspect ratio, one can study
element performance for various degrees of shear to. bending

deformation ratios, The second problem examines two other

loading arrangements and the third the rate of convergence

.of the various elements.

The maximum vertical deflection and the maximum normal

stress of the cantilever obtained by the displacement and

&
stﬂgin based elements are compared to theory of elasticity |

and engineering beam theory solutions,

- §2 =

~

T T % -
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1

3.4.1- * EX.3.1 (CANTILEVER BEAM WITH VARIOUS ASPECT RAYI0S)

3

‘The fiist.tést consists iﬁ analysing a canﬁilever o R
_.beaﬁ with various aspect, ratios subjéctéd to a conéentfaZ:;-
load at its free énd_JFig. 3.5). The beam is , divided 1into
16 elements. . The rxbeam aSpgg; ‘ratio, AR, defined as the
rat§6 of 'total 1length over beam .depﬁh, is "varied
‘accordingly: AR = 2.5, 4, 10 and 26,'representing'a deep,
moderately deep, . slender and vefy . 8lender —~beam,
gespective}y.‘
The significgnce pf varying the aspect'ratio‘is,te tést
a cantilever beam with_diffe;ent degrees of shear to bend%pg -
deformat?pn‘ratios. For the deep beam, béﬁding deformations -
' ?ccohnt for '87 % of total deflection, 94 & for  the
ﬁoderately deép beam and 99.1 % &, 99.8 % fér t@e-slender and :
very slender beams respectively. —y
foo The aspect ratio is modified by varying the depth while
_keeping the other dimensions constant. The resu;té for
maximu& dgflection at the frée end using both'bsi$ple' ahd

refined elements are presented in Table 3.

The ‘exact’ values for maximum deflection in Table 3.1
for the deep and moderately deep beéams are theory of
elasticity solutions while engineering beam Eheory was
deemed sufficient for the slendeé and very slender beamé
(less than i 0.2 % éttors. A figu>§~lin pa:enthéses in
Taple 3.1 'represents the percentage',error in _maximum
deflection for a given element. . _

. 4

-
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oy E=29,000,000 psi ¢=0.125" °  P=50 1b o
l G=11,153,846 psi, ° . l ‘
.X - T n
L " N T ‘ |
' - . A d
| 4
PRI no - gaz"= 16" ~] ’
-~ - n(‘ . ) ' — ) ‘ «
o \ . . % 5 v l
FIG. 3.5 - CANTILEVER BEAM SUBJECTED TO POINT LOAD : .
) ' P‘. <2 4 t :
. ‘ . 1"=25.4 mm , : :
: 1 psi = 6.8948 kPa . - ;.
Q . 11b = 4.4482 N . .
: ! ' p ) - ) Co ;
. ) . A ,~ » . : A )
’ " DEEP MODER. DEEP | , SLENDER, VERY SLENDER i
| BEAM AR 2:5 4 .10 29 N
D, - EXACY  .(00997 .00375 ~ {0556 L4422 .
, . [ e , . * N
-.:3‘:1.‘ 6DOFD .,‘00091‘37(-8:0%) .-00335 (~10.7%) |. 03469 (-37.68)[.1299 (~70.6%)
ok .} :
@ S6poFs [. 000948 (-4.9%) . 00366 (+2.48) [.05532(-9.5%) [.4404 (-0.4%)
. A A .
. L3 x ’ [ . . N
o B]9DOFD |- 000964 (~3.3%) |. 00369 (~1.68) |.05538(-0.4%) |,4405 ¥(~0.4%)
M Z L
5 1| 8DOFS | 000964 (~3.3%) |. 00369 (~1.68) [.05538(-0.4%) [.4405 (-0.4%) | |

".‘ l.K Co ) ‘ ' ) . (:,

a 0
TABLE 3.1 - MAXIMUM DEFEECTION AT A FOR VARIOUS ELEMENTS (in.) 4
s .« / ’ .
N B -
e 4
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The results indicate that not oﬂly does the strain

» based simple 6DOFS element perferm well when bending ‘is

' predominant (AR = 10,20) but also performs better than the

/
displa?ement based 6DOFD element when: l’ear deformatlons are

d

of g;ﬁater importance (AR = 2.5 ). When bending is

"predominant (99.1 dnd‘39 .8 % of total Heflectlon), ‘the 6DOFS

element is othe only “simple e}emens\that gives satisfactory

results.« i

Both refined elements perform well when they are”

subjected to various degrees of shear to bending deformation

ratios. THe strain based 8DOFS element produces _the same

results as the displacement based 9DOFD element but with one
. ¥ ° v

fewer degree of freedog.

. ‘n -
'3.4.2- EX.3.2 (CANTILEVER BEAM SUBJECTED TO ‘P;;;\\BENDING

AND UNIFORM LOAD) ;\///

.
»

R ]

The .slender cént@lever beam is now loaded for two new’

<

g ¢ 2
cases: a Mniformly distributed load and an applied moment.

”Keeping in mind 6ur goal of anaiysing tall building systems,

these two new loading cases repreaent other possible lateral

134 systems to which:a tall building i:/ﬁuﬁjected to. This

test;soblem is also to verify whethe he strain based

6DOFS element performs as well under. other loading

L'

. »y |
The slender beam is modelled with ﬁégeIENents as in the

previous example and the resﬁlts for maximum vertical

»
' |
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\' - |
deflection are givenrim'Table slz. T

It is observed tmat tbe percentayge erros¢in the maximum
deflectioms obtained for various loading,cases vary little.
Fo# all three’ leading conditions,. the siméle displacement
based GDOFD element glves approximatively 38 % error in the
maximum deflectlon, wh;le the strain based 6DOFS element
produces fESults all wiﬁhin 1% of the engineering ,beam
theory results. This is e signfficant acmievementﬁfor an

\

element pdssessing the same number of degrees of freedom. -

. Once again, the refined elements both" produce good.

o ‘ -

results. The straim 'based 8DOFS element, with one fewer

- ' ' 4 ‘
degree of freedom tham the displacement based 9DOFD element

givgs identical results. -

-~

L] . T

S et »
A

3.4.3- EX. 3.3 (CONVERGENCE TEST)
- T .

d ¢

-

* A conyergence test. will now be performed for the
anatysis of a slender cantilever peém where bending is

predominant.f The dimensiomns, ioading arrangements and

Il

o . L ) %
convergeﬂ%e curves are presented in Figs. 3.6, 3.7 and 3.8.

The meshes used-in the convergeénce study consisted in: 1x10,
2x20, 3x30 (squaré elements) and 1x5, 2x10, 3%15 & 4x20
(rectangular 2:1 elements). ° "

4

Fig. 3.6 gives the maximum deflection as obtained by

the simple elemeﬁts. The two lower curves are those of the

.d1spIacement baSed 6DOFD element and the two highe& curves,

those of the strain based 6DOFS element. L
- 57 -
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i qpe strain based 6DOFS element shows a very fast

. convergence ,rate. For example% 10 6DOFS elements produce a

*

Pmax = 20.08 (99.4 $ of exact) while 10 6DOFD elements

produce a Dmax = 14.54 (72.0 % of exact).

Square elements based on an assumed displaéemeﬁt field

behave bétter than their rectangular countebpar;é,'while the

per;ormance of the 6DOFS element does not. seem to be

Yo :
-affected by its shape.

The maximum deflections obtained with the refined

elements converge rapidly for this particular test problem

and are slightly affected by the elepent aspect ratio-

(Fig. 3.7). Note that both the horizontal and vertical

scales of Fig. 3.7 are not the same as those of Fig. 3.6.
Generally{ for. a 'given number of eiements, the 9DOFD
énd 8DOFS elements uproduce’ Ehe same results. Due to one
less'degree of freedom in thé strain based'refined element,
a slightly higher conveiéence:;ate is attained. e
Results for the maximum’nérmal stregs at the fixed end
of the cantilever beam'produce the same 'baézc convergence
batlern (Fig. 3.8). _The refinement however, from a 6 DOF

element to a higher order refined " element _does 'not

significantly improve the convergence rate.

£
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3.4.4- SUMMARY OF RESULTS' '

symmarized as follows: ' ‘ ) “n

L3

1~

Y

The performance of . the simple  elements can be

*,

-7

‘The strain based-GDOFS element performs remarkably well
in simulating both shear and bending behaviour..

As the amount of bending is gradually'increased, the
perfoimance f the displacement based 6DOFD ., element
deteéiorates. ‘ -

The 'aspect4 ratio of the 6DOFS element doegxnot-seem to
influence its behaviour (i,e., a mesh of square and . of
rec;éngular elements produce similar | convergence
properties and accuracy).

The 6DOFS element\demonstrates a much fas?er'COnvergence

rate than the 6DOFD element.

' !
.

(

The pérformance of the refined elements: can be,

summarized as follows:

Both the BDOFS and 9DOFD elements perform well in a
‘predominantly bending defO{mation mode.

- The refined elements seem to be little affected by their

aspect ratios. ’ >

~

‘The differeﬁcg‘in‘pesults between the two elements is

insignificant. . . .

The strain based .8DOFS element haé a slightly fasEé:
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- CHAPTER IV \
NU!Q;RICAL EXAMPLES OF
4.1- INTRODUCTION | - L (\

{

.

In this chapter several numerlcal examples on the
(-

macroelement technique u51ng the new strain based elements

>

are presented. A modified version of Moselhi's TUBE program a
[21) is used to test the perfornanee of ' these elements id?
both static- and dynamlc analy;es. o -
E Even though the program TUBE was developed for the - ;
analy51s of framed tube, three dimensional structures, it is ‘ !
. used\;here for the analysis of planar wall-frames, *The’
‘analysis of planar frames permit the results to be compared C .
to those obtalned with other plane frame analysis packages. %
The objective - ef the testlng is to investigate the
behaviour of the strain based elements when applied to the
, macroelement technique.b: More precisely, +testing should .

first verify whether the strain based elements are capable

of reconstituting the overall 1atera1 stiffness to. produce.

b g At e AT A B e . 3 S e A A
.

realistic values for the maximum lateral deflection and

R . 8 .
natural frequency. . Secondly, the interpolating capabilities
of the strain based elements for prodycing a .good
. ‘ ! .

.apprpximation of the internal member forces is examined.’

Four -numerical examples are considered. The £irst two

,4“‘ - .. T o - '&
L T L




ei?mples are concerned with the static and dynamic analysgs
of tall planat frames. In these examples, the effects of
mesh size and éhe choice of element on the maximum lateral
deflection, natural fregquency and internal member forces aTre
investigated. éhe third and fourth examples examine the
capa;ility of -the strain based elements ‘if analysing, tall

core structures where bending behaviour is. predominant.

u

3.2— STATIC ANALYSIS OF A.TALL PLANAR FRAME
Congsider the 40 storey, 14 bay planar frame of
Fig. 4.1, subjected to a uniformly distributed lateral

loading. The dimen?ions ' of the members and joints are

somewhat typical of those found in the facade of a framed

tube.

The results from TUBE will be compared to those of .TABS

[27]. TABS is a computer program for the linear analysis of:
g : .

. frame and shear wall buildings subjected to both stat® and
dynaﬁic loadings. TABS ‘ treats the .floors as rigid
éiaphragms éllocating) one lateral translational degree of
freedom per fioor together with one vertical and one
1ﬁ-p1ane rotational degree - of f;eedom per jsint. Despite
‘its inqbilig; for taking adVahtagé of the structure symmetry
,c?ﬁditions,igpgs is a relétively'effiégent proéram.‘

With TABS, bending . and shear deformations are

R ) .
" considered in all members. To.evaluate the effects of the

\
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FIG. 4.1 - 40 STOREY, 14 BAY, PLANAR FRAME
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finite size ‘joints “two analyses are perfiéred. fﬁe first
uses centerline dimensioning, TABS CL (finite size fjéints-
ignored) while the second, TABS' RA, uses rigid arms to
simulate the finite size of the joints.‘~Thg’ 'CL' or "ﬁA'
‘gﬁsgphment to TABS is simply a notétio? us?d to -designate
the_centerliqf and rigid-arm analyses. TABS CLﬂand TABS RA
provide upper and 1lower bounds of the overall lateral . -
stiffness respectively, because the actual jSipts do

» a
experience some deformations. ’

M

- Q )
4.2.1- STRUCTURE IDEALIZATION

With the TUBE brogrém,.onl? half the structure neeq b
analysed due to symmetry ﬁonditiowq. The equivalent .elastic

. ,praperties of .the ?embrané were found to Ee{ )

E = 12,327,190 KkN/m2 )r\
T = 507,479 KkN/m2 . . -

Tﬁe‘ equivalent structure {s 'thep di§cte%ized using 70
Imacroelements labelled as Mesh 1, éig. 4.1b)., The number of
dégfees of freedom (DOF) used with Mesh 1 varies acco}ding
;04which elementlis used. Both simple elements, 6DO§D and
6DOFS, use 80 DOF of which only 20 DOF @qre retained for the

— l —

final structure stiffness matrix. With  the refined.

elements, 20 DOF are retained from 150 and 160 DOF using the
8DOFS and 9DOFD elemenis, respectively:

TABS retains 40 DOF from a total of 1240 -degrees of

-
5

2 ' . s , v
v L .
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-analyses given ithable'4:l.

¢ - P C
freedom4 a very °significant difference in ‘computational

effort as indicated. by the execution times of the various

d

K

= ‘ -,

4.2.2- MAXIMUM LATERAL DEFLECTION

[y

r

Results for the maximum lateral deflection, axial and

shear forces at mid-height of the qétper celumn of the 5-th

-
o

storey‘are given in Table'4.1. The execution time of each

run is given in the last row of the Table.

4] .
R Fmmmm e ———— et E L e L S ——————— +
| - | TABS . TUBE | |
o L LT Fomm e ———————— ommm e e +
‘ Center-1 Rigid ‘ SIMPLE I REFINED |
. E line arms | - 6DOFD/6DOFS 9DOFD/8DOFS
e dom————- L T i Fommmm e +
+ |Dmax,m} .161 |} .093 | - 145/.147 Y ;.147/ 147 |
e Fommm—— pmm————— o ——— Fom e +
bP, Kn| 1634 | 1563 | 1656/1681 | 1672/1677 |
R o oo e T +
| v.:kn| 31 | 40 | 51{34 -7 -3/-3 [
Fomm——— $ommm——— fmmm———— R R et et
CP Sec .
exec. | 58.3 | 58.0 1 5.8/5.8 8.6/8.2
time - .
H-m———— o o e e e e e e e +

TABLE 4.1. Dmax, P & V OF CORNER COLUMN ON 5-th FLOOR

OF - 40 STORBY, 14 BAY PLANAR.FRAHB

With\‘TABS, the moéélling of the joints with rigid arms

.overestimates the - overall lateral stiffness due to the

‘actual flexibility within the joint. ThiS'EESults in a-

lower bound value for/the maximum lateral deflection, Dmax.

The _modelling using centerline gdimensioning on the other

.
n

) -, = 68 - ’ ’ )
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‘similar mannef. - b

? .

ﬁand, uhderestima&es the overall’

completely ignoring any stiffness prev§§ed by the joihts'aﬁd

thus yields a higher bound value - for, Dmax. As the

macrbelement technique can account for the deformability of
v ’ . .
%

the,éinite sized .joint, the maximum lateral deflection gm

obtained with TUBE is. expected to fall in between the upper

and- lower bouynd value? of TABS and'thig is the case as can

. -

be.seen in Takle 4.17.

«

The maﬂlmu% lPteral deflectron is thtle affected by

¢

-the choice™of element. This i ‘somewhat surprising after

¢ ! ’ .
the conclusions on element performances in the last chapter.

-

- whére the displacemenf based 6DOFD element was found to be

~

“too stiff. . As indicated in Table 4.1, the GDOFD element

- produces a maximuﬁ‘lateral deflection of similar 5&agnitu@e,
' ! * ‘ v ’l ‘

to that obtained with the other elemerts.
o . ' S

. \
ateral stiffpess . by

£

This is explained by the second conclusion made on theg'
‘o

+

amount of bending is increased, the performance of the
N
dlsplacement baded 6DOFD element deterlorates. In this 40

‘Y

storey, 14 bay frame, the bhear deformation mode is ‘still

very 51gnriicant and both slmple elemEnts behave in a
g

N

i

yhe shear to. bending deformation ratio is not only a
function of a filding 8 aspectéqﬁatio but also of the

stiffness parameters E and .G. In this example, the ratio

’E/c is approximatively 24/1, ‘thus suggesting a .significant

shear deformation -mode. ' ! L ‘ :

1

r ! . v, ot . . ‘L
simple eﬁbments in qaapter I1I, It stated, that as the&

} 0

it
2 E.

2 BN
. e e

s
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In a solid section, such as the cantilever beams tested -

S

in Chapter III where the strain based 6DOFS element proved

¢
to be a better simple element, this ratio was 2.6/1. This

indica;es that the simple strain based 6DOFS element would

behave better than itk displacement based counterpart only

in the analysis of shearwalls and corewells where bending |

»
deformations are more important. This will be verified in =~ ».

2
later sections.

4.2.3- INTERNAL MEMBER - FORCES

The internal member forces as obtained with" the ::} .
/
macroelement technique are of a very approximative nature.

This is dramaticaily illustrated .by‘ examining the outer

coluﬁn shear force in Table 4.1.

At first sight, it seems that the shear forces obtained

by ;ﬁe simpler elements are more accurate than thoge by €he

V4
refined elements. This anomaly can be éxplained as follows. LS

.

At-the edge of the continuum membrane, or for that

matter of the frame members, the shear stress 18.

e

non-exisQent as exhibited by the results of the refined.

elements. Since in the simple elements, the shear ‘stress

df{tribution is constant in the direction of the building
depth,. some shear streases seem to appear at the edqe. A

similar situatiod_ia createi':f a coarser mesh is used uith

‘the retined,elementa as wlll be seen in the next. seétion.

x ,
’ . t. ,
S ‘ e 70 -
: |
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’ "However in the real frame, wbich~is not a cdntinuum,
despite’ of its 2ers’ shear stress on a member edge, the
reshltangishear.férce,in the. ‘member - is not zero.. 'Thus
Eq;‘:i.iZ) which relates the column shear stresé.directly to
tﬁﬁ membrane shearing stress is definitely in error. The

inadequacies of the method used in the macroelement

technique* for determining the internal member forces will be.

- discussed further in ChaBter v.

-

I iy

4.2.4- EFFECT OF MESH SIZE

Fomm e o ———————— e e e
bor TABS | TUBE |
et ——————— o e Fom e ———t

Center-|Rigid- ' SIMPLE REFINED
line arms 6DOFD/6DOFS 9DOFD/8DOFS
. Am———— s St e e e L -+
‘ |Mesh 1] . .,161 | L0583 | .145/.147 .147/.147 |
1 e R Bttt et pomm— e ——————— e +

|Mesh 3] .161 | .139/ 145
_____ +_-_____ _______+-_______-_______-

A
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1
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TABLE 4.2. MAXIMUM LATERAL DEFLECTION (m) OF 40 STOREY,
14 BAY PLANAR FRAME FOR VARIOUS MESHES.

P 2
N 4

\—.‘-J— . . ' ’
//l 7 In order to’;nvestigate the particular behaviour

of each element, two other meshes, using 21 macroelements

7

with 14 degrees of freedom retained for the strycture

stiffness matrix and 10Phacroelements with 19 DOF retained,

o,

are considered. - As shown in Figs. 4.1 and. 4.2, Mesh Y is

.- the finest and Mesh 3 the coarsest. Note that the. wesh 1is
. : ¢ . ' ‘ ,
/ . ‘ | . ' . oy -
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kept fine along the outer edge and lower floors. This is to -

better approximate the shaip gradient in the axial force .

distribution at these locations. The variation of ‘column

axial and shear forces at mid-height of the 5-th storey for

all three meshes afe given in Figs. 4.3 to 4.8. These:
’ A

figures illustrate how 'the internal member forces are

»

affected by element choice.

In Table 4.2, 'we notice that the maximum 1lateral

deflection is not affected by mesh size when the refined

elemen;g are used. With the simple elements, Dmax varies

‘ : »
only slightly. All four elements give comparable results
‘ N\ »

with the simple displacement based 6DOFD element being most

affected by the mesh selection, }

-

The results from TABS indicate a moderate deqree of

[ .
~ shear lag, as can be seen by the non-linearity of the axjial

force'~distribution along the building's depth (Fig. 4.3).

This sﬁea;rlag is egpressed as an inc}easing slope in the
axial force 'diétributiqn as one goes from the innﬁf_to the
outer columns. A

It is interesting to . note ‘that all four elements
produce a decreasing outward slope ‘in the axial force
distribution, Fig. 4.3. " This can “be attributed ‘to the

stiffer edges of the continuuh caused by the 688umptlon of a

" grid unit bouhded by four inflection points used in deriving

the  equivalent elastic properties. While the complete grid

unit may be repéesentative of the major portion of a planar

frame, it is certainly not vqlid along the boundaries. In

) o .

s )

I ' ~
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fact, along the boundaries, a half grid unit would be more

appropriate.

<

' The complete grid assumptjdn,‘ therefore, causes _an

,overestimation 'of the -equivalent elastic propertieé'along

the membrane edges. This overestimation in turn, produces
lower stresses along, the boundary of the continuum.
The most' obvious effect of varying the mesh size on

e

element performance is the distribution of internal member

‘forces. For .example, in Fig. 4.5, (Mesh 3), where the outer

élement spans over the first four 'columné, the simple
elements produce a linear distributionAwhile the refined
elements produce a quadratic variation of axial forces in
the columns. | o

The shear force distribution is more affected by 'mesh
size (Figs. 4.6 to'4.8). ‘This is deﬁ;nstrated Sy observing
that the éipple and refined elements produce constant and
linear shear force distributions.respectively. '

'Note once again, phe inadequate‘Chpproximation of the

outer column shear force exemplified by the refined elements

in Mesh 1. Even though the simple elements providé a good

.approximation to the actual shearing stress, the refined

elements with their 1linear interpolation, can better

gepresent'the parabolié distribution.
Another interesting observation 1is ‘'that the 8DOFS
element, with one fewer degree of freedom, 'produces - very

similar fesults to the 9DOFD element.
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> 4.3- DYNAMIC ANALYSIS OF A TALL PLANAR FRAME

Consider the 40 storey, 16 ba} planar frame of

' Fig. 4.9 analysed by Mule (23] for natural frequencies with NQTB

the refined 9DOFD element. The structure has the following

properties along with those given in Fig. 4.9:

Storey height = 12‘-(3,66 m)

Lumped weight per storey = 1800 kips (8007 kN)
E= 3 000 000 psi (20 684 400 kPa)

G= 1250 000 psi.( 8 618 590 kpa)

~ Mnle selected to use the refined element over the
simple displacement based element because he had found that
the 6DOFD element was too stiff in bending and produced
inaccurate results when used in very tall building analysis.
This 40.storey, 16 bay planar frame has an aspect ratio

equal to four and therefore, in a building context, can be

o}

il
e

frequencies .of this planar framevq

The nq;ural frequencies obtained with TUBE are compared
to those obtained by TABS [27). As in the previous example,
ewo_analyses are performed with thﬁ TABS program. The first

‘ignores the f@hite size of the jéints and uses centerline

dimensioning. Since the actual joints do contribute to the'

lateral stiffness,! the overall lateral stiffness is

Y

considered as a tall slender structure. All four ‘elements,

simple and refined, will be used for determining the natural \
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~all membere with TABS Th

'preparation. . The elastic properties of the equivalent

* R s
‘ ) —_— .
L « b
' (4
, \ . . @
underestimated 'thus producing EPWe}\bound Valueifzt the D
natural frequenc1es.° The second TA analySLS treats the

.

fintte sized ]oints as completely r1%1d thus overestlmatlng

Y

the.lutgral stiffness and ppov1d;ng a higher bound value for

Q

the natural fréquencies..

4

[N ' N L}

Both shear and bending deformations are considered in
e

s-is ‘ldmped at eacﬁ floor

. level and 40 degrees of freedom are retalneP as the global

degrees\of freedom from a total of 1400 DOF.. N *
With TUBE, enly half the structure need be analysed for.

reasons of symmetry. " The strupture is replaced, by an®

equiva}ent efthotrppic membrane which is subsequently

divided into equal sSize macroelements for ease of data

~ » 1

membrane are determined as : . }7
- o | -
T =171 885 036 }asf (8 229 856 kPa) E
G = 3120752 psf ( 149 422 kpa) : | .

r

With TUBE the mass is lumped on 1o levels. Note that the

coarser mass dletrlbutlon than that used in the TABS
A

) ane}yses is probably the biggest source of approximation-in

this technique. The TUBE program retains 10 trans&ational

degrees of freedom for the global structure §t1ffness matrix
for natural frequency calculations. Initlally the simple

elements modelled .the strutture using 50 DOF, the BDOFS

o

element used 90 DOF and the 9DOFD element used 100 'DQF.

/ 4
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e oo e e e e e L L L P T
l | . TABS | - TUBE . |
e fmm————— Fomm———— pom e pmmmmm—— - e e i o e e +
‘ Freq. Center- Rigid . SIMPLE / . REFINED
y line arms 6DOFD/6DOFS 9DOFD/8DOFS

Fm————— Fom————— - tom e —— $mmmm—m e +
| w1 | .530 | .686 | .590/.589 - | .+587/.587 - |
Fom———— Fmm e fomm e —————————— et ~-—+
| w2 ] 1.664 | 2,211 | 1.911/1.909 |  1.899/1. 897 o |
tom———— Fomm———— fom————— o ——————— fommm e ——— e +
| W3 | 3.034 | 4.126 | 3.556/3.552 | 3.529/3.526 |
tm———— et ———— o ———— o —— e ——— e +
| w4 |-4.328 | 5.919 | 5.004/8.999 |  4.965/4.960 .|
et Attt o ———— e e R —-———-———<—+

TABLE 4.3. NATURAL FREQUENCIES OF 40 STORRY, 16- BAY PLANAR
FRAME (rad/sec). o .
Results indicateythat the freguencies obtained with.the
macr8element technique are well in between the upper and

lower bdunds provided by the TABS analyses., As in the

- static analysis of a plananecframe," the macroelement’

technique provides a good lapproximetien of the overall

lateral stiffness.

%
)

Both the' strain based ' and displacement- based simple

elements provide 51m11ar natural frequencies. The ' ratﬁo of

elastlc properties of the equivalent membraneﬂﬁﬁ& /Eky is

.approximatively equal to 55 for this plane} frame. With

. ’ o
\ - such a high ratio, it becomes apparent that the mode 6f

~deformation-® is predominantly one

such conditions; the 6DOFS strain ased element can only

equal the results e displacement.based 6DOFD

lement .
/{// The reflned elem roduce naturai\\qiequehcies that
B - 84 - -
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A

' reSults.

:with ‘the new stra1n based bending’ élements.

. ’a
\
4

are probably more accurate due to a higher number of dégrees

- . . .
really 5ustify their use since the simple elements required

approximatively,‘only 57'% of the execution time used by the

PR X ) . : .
refined elements for only a ‘very slight difference in

Other meshes ‘were tested on thlS problem and all- four

elemﬂnts were found-to produce 81m11ar natural_freqhencies.

. The results hdwevei} are not realistic due to.'tne improper

mass- distribution used in the coarser. meshes. '
- * .

» . ' , v
«

»

4,.4- ANALYSIS OF A CORE=SUPPORTED STRUCTURE

o [

N j

™ [N ° . /
@ : ;

it
¢

The strain based elements are now tested ca the

s

analy31s of a concrete core-supported structure analysed by

Stafford—Smith & Taranath [26]. The dimen51ons and_loadinb

_arrangements are sﬁown 'in- Fig. 4.10. |, This relatively

thin-walled. core with a high\aspect ratio deforms primarily
V
in a’ bending mode when‘ subjected Eto 1atera1 loading.

. Moselhi [21), analysed this structure with his simple

-

displacement based 6DOFD element and' therefére it should

prove 1nterest1ng to compare.his results to those obtained

. - “
. Due to the access openings, the’ core is- unsymmetric

producing warping stresses that equal the pending stresses

-

[2&f., A 3-dimensional analysis is thus required.

:

-85 -
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of freedom. The additional execution time however does - not
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w-s .

o
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s
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With the macroelement technique, the band 'of lintel
beams, is first replaced by an é€lastically equivalent
orthotropic membrane with a uniform thickness of one foot.
The equivalentw closed tube :is tHen .discretized into a
3-dimensional assembly of finite elements as shown in
Fig. 3.11. The mesh consists of 176 elements: 8 along the -

oL, B N b
Tt o e e =+

METHOD OF ANALYSIS MAX.ROT.” STRESS (ksf) AT
X.001 RAD A B c
o e Fom pmmm e +
MACLEOD & HOSNY 2.8 83.09 12.96 -90.43
_[207 ' co
Rt P omm g m o +
STAFFORD—SMITH & '
" TARANATH [26] 2.95 | 92.59 8.35 -75.31
Frmm e fommm L fmm e o o +
KHAN & STAFFORD-
. SMITH [18] 3.32 91.73 8.78 -73.87
o e e Fom e e e et Fom e +
| 6 DOFD | 2.85 "} 81,02 | 14.09 | -72.42 |
F o ————————— Fommmm e o ———— Frmmm e Fommm e +
| . 6 DOFS | 3.38 | 86.07 | 15.68 | -71.94 |
e fomm— pmm——————— fomm————— ST ————t
| 9DOFD | .~ 3.37 | 85.54 | 15.47 | -71.74 |
o ——— e Fo—mm o —————— Fomm e it
| 8DOFS |  3.38 | 86.36 | 15.74 | -72.11 |
Fom e e e pemm————— Fomm tom e ——— +

TABLE 4.4. COMPARAISON OF RESULTS FOR CORE—SUPPORTED /
STRUCTURE.

height and 22 elements around the perimeter.

The variation of floor- rotatlons with height’

and !

‘p

_the'

stresses at the base of, the core structure using both simple
and refined elements are. obtained ané'compared to those of:

5&) , Stafford-Smith & Taranath [26T; - (2) Khan &

Stafford-sSmith [1B] and (3) Macleod & Hosny [20]. The
- results are presehted in Table 4.4.
- 88 - | - ' S



Macleod & Hosny‘uged a discrete modified”framq method
and the authors of (1) and (2) employed Vlasovfs theory for
‘thin-walled elastic beams on an ;open and qiosed Esection_
resﬁeqtively. The closed section analygzs of Khan &
Stafford-smith le] can be considered closeg/ to the exact
solution - because ‘they alone account fogfthe shift of the
shear centér from its chation in an open/éection (caused by

th band of 1inte1 beams). By analys}hg a 'closed sectiop

the circulatory St-Venant shear stresse# across the coupling

)

. beams are taken into account.. /

The analysis of an open seqéion does not really

//

represent the true behaviour of the core assembly. The
effective shift of the shear cenF#t towards the centroid of
the section caused by the presence of the lintel beamé is
'negleéted. If the coupl?ng begﬁs are stiff then shear Tigw
can travel aiong the contqur,ayé this canqgt be; neglected.
. A closed section-analysis therefore offers a more rgt}onal
assessment of the behaviour of tﬁe core assembly. . .

Examination of the maximum rotation as obtained by
the various methods in/Table 4.4 iﬁdicates that the 6DOFD
element is indeed too /étiff for a prgvgilingly bending
deformation mode. Thé simple strain based 6DOFS element on
the other hand han / produces eimilar results as those
. obtained with the higher order refined elements.

The efficiﬁﬁéy of the simple strain based element is
demonstrated by/éqmparing the total number of degrees of

freedom used. in modelling the core structure. 240 DOF were

// oo - 89 -~
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* bsed "with’ both simple elements, 448 DOF with the 9DOFD
fleméht and 41 DOF with ~£Pe 8DOFS element. Thus,
apprgximatively 45 3 rgduction. iﬁ DOF ‘(énd a 'similgr
decrease in computa;ion time‘using the TUBE program) with

" comparable results. , . SN
- o ~ ’

The' floor rotations glong the core height obtained by
using the simplg elements and thosé obtained by the other
methods are shown in éig. 4.12. Althdugh,tﬁe 6DOFD element
agrees with the results from the-open section analyses of
Macleod & Hosny [20] and Stafford-Smith & Tarapath {26], the
6DOFS element compares well to the maximum rofation obtained
by Khan & Stafford-Smith ([18] using!the mgre appropr}ate
closed séction‘anglysis. ' ’ ,{

The simple st;ain based eleﬁent has now be shown to be
a good element for the analysi§ of a corewall aSSeley.
Wit such’ an element the macroelement technique can now be -
aéplied_'to the case of ffamed tube struéfures with service
cores, i.e., "tube in tube"Ystructurds. With the continuum
analogy, the' problem .of combining syebr/corewalls to planar
frames or framed tubes is easily‘ accomplished: oNo othter .

method of analysi¥ can handle such a "composite“ structure.

~ »

2
4.5- DYNAMIC ANALYSIS OF A BOX CANTILEVER BEAM

s

A Dbox cantilever beam 1is now  analysed for natural

® f

frequencies. The properties and dimensions of the structure

» ' - 91 -
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U4 x 12" s e
D—>————>———>
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—k—r—hk

4
Al S
. " ’
777777 ,,//./,,"—=X & N S
\ “ground motion_ fe—f )
o C2x 3 3"
(.b) E?evatiop _ Facade No. .1 Facade No. 2
Y. . (c¢) Structure Idealization (Mesh. 13
? N .
= [ x ’ . : ’
< G qu . {d) Properties (steel)
. ‘.””'/:”J - Young's modulus 30000 ksi.
12 ' _Poisson's ratio 0.25
' P . . 3
~_ground motion -sp_ec1f1fz weight 0.284 1b/in )
(2) Plan - - *'1=25.4 mm
- Only the shaded portion .1 ksi = _6894.8 kPa
is modelled . 1 1b/in3 = .00927 Kg/m3

i . . FIG. 4.13 - BOX~CANTILEVER BEAM, [23]
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are given in Fig. 4.13. This holldw ' steel ‘shaft was
analysed by Mule [23] with the refined 9DOFD element: lThe
macroelement results will be‘cempered to .those obtained by
engineering beam theory and to Goodno's  and Gere's
superelement method [11] | )

The 32-DOF box shaped syperelément of Goodno and Gere
is an essembly of a conformlng‘pLete bendlng.element rand a
;efined plane stress element. Eight snchelemente'were used
to model thegrectanéular shaft._ An ,agsembled lumped mass
formulation was used to arrive at the mass matrix.
‘ In the present method,’ the qnflysis commences directly
with dieereti;ation of the 3-dimensional continuum. A qesn‘
eons” ting of 12 elements (Fig. 4.13), is used and the mass
iefgz:seduentlx lumped on 4 1lévels, The tesults _from
efigineering beam tneory which include shear deformations are

q -
considered here to be exact.- Table 4.5 gives the first four

frequencies of the shaft as obtained by the various methods. .

The efficiency  of the present method is demonstrated by

comparlng it to the superelement methpd. Both the

macroelement . method, using the 6DOFS or refined 9DOFD and
-8DOFS elemerits and the SUperelement method 'give comparable

results., The 6DOFD element is clearly too stiff in this

predomlnantly(bend1ng deformation mode. The s1mp1e strain
based 6DOFS element and the refined dlspladEment based . 9DOFT}
element requ1re only 1/22 and 1/11 th- of the total number of

degrees of freedom used with the superelement respectively,

- 93 3. ¢




L3 .'
- ' B
o R4 . ,
e o ————————— R — e S _—t
1 - : | Tfma |
e N et s S e et e e T B A s +
: - Beam Super- SIMPLE 't REFINED *
Theory Element 6DOFD/6DOFS* 9DOFD/8DOFS\J !
e ———— fomm—————— o ——— et e atata Lt i>\\
Num of : . i )
|elements -— 8 > 12 * 12 )
T et S ettt pmm——— r——————— o L3
Total '
DOF inf. o 352 16 32/28 i .
fmm ommm e ettt pmmm—m e +
Strébt. , v,
DOF ]l ‘inf. 16 4. 4
e Fomm e e e M + '
| wi ] 1186 | 1267 | 1357/1272 | 1271/1270 |
h———————— o Rt e o e Rt e +
| w2 | sBls | 5702 | 6015/5781 .| 5776/5756 ] .
e $omm fmmmm e et L L N +
| w3 . | 13189 | 12992 | 12039/11718 | 11751/11667 | °
e s S D D tommm e e e ittt T + .
| w4 | 21488 | 21162° | 16107/15865 | 15974/15829 | , '
e fmmm————— T ettt L LT Fomm
TABLE 4.5. FIRST FOUR NATURAL FREQUENCIES OF BOX v
CANTILEVER BEAM (rad/sec). -
and only .1/4 of the global (retained) degrees. of freedom,
In this example, the simple 6DOFS element and the

refined ‘elements produce similar results.

based element on the other haha requires only half

degrees

1 2

égain proven

4.6-

of freedom.:-

<

The simple strain -

as many

[

The new strain based element has once

\ . .
beign efficient simple element.

v TECHNIQUE

In Chapter III,

superior to the

’

+

6DOFD element *

- 94 -
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the 6DOFS element was shown to

simulating
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behaviour. The results indicated *that:the simple strain

- based element converged more rapidly to exact results,
o However, when applied to the’ anélysis of tall frame,
structures,. the superiority of the 6DOFS element 'over the

6DOFD element was not as pronounced.

?

« The reason for this ,fs that the raéio of bending to .
’ o

-

shear aefotmations (DELTA-B/DELTA-S) of a solid section. ;8"

far greater than that of a perforated .section. The ratio of
_eﬁding to - shear deformations of & cantilever beam of

rectafgular cross ¥ection may be written as:

LY
n

- DELTA-B/DELTA-S = C (AR)2 Gy /Ey Y (4.1) =

v ~~ where the . constant C is a fﬂhcti&n»of'the type of loading,

‘AR’ is the aspect ratio of the beam and Gﬁy and Ey are. the

elastic modulil of the material. 1In spite .6f the fact that

the amount of bending varies with the sﬁuare of the ' aspect

-

ratio, it also is a function of the stiffness parameters C;y

cand B, of the equivalent membrane. . For  isotropic o

—

materials, the ratio Gy, /gy, is equal to 1/2(1+2,) = .35 to'O
e '45' (5)3045 (to '10) A ! R . . -

-

¢ In ‘the case of -an élastic orthotropic membr#ne
simulating a perforated wall,the ratic of bending to sheak

@. deformations i generally much l‘owe:r.‘ Th_e_ Exy / Ey ratio of

s a typical equivalent membrane'usually ranges from .015 to

.15. ‘For example in the planar’ frame of Sec. 4.2, this

1.

r
ratio worked out to be .041. The aspect ratio of the 49,

sforey frame was equal to- 5 and the constant C, Q?x a .
. ‘ Y gali .

\ .
)
v
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95 ’
- - i
, ; '.-
.

-




oy
N N /

N \ hd

‘ i
hn1f9£mdy d1str1buted loadxng,feqUal to 2 0. Plac1na these'

valuef 1nto Eq (4.1) indicates that bending agcounted for
&

only 67 % .of thex maximum lateral deflection. The simple:

strain based‘elehent is found to-be only more e icient “than

the . simple “31§placement » based element wh bending

< L - ¢ . ]
" "f/fdeformationbwaccount for 90 % or more of the maximum lateral

deflectioﬂ} This is shown in Fig. 4.14 wh1ch indicates the

v X

" .effectiveness of the s1mpl; elements as the ratio of bending

~ to shear deformations is increqﬁed.

. .
This graph was obtained by analysing a cantilever

beam of rectangular cross section subjected to a uniformly

dlstrlbuted ‘load. , ‘Various bending to shear deformation
>. ’
ratiqs were obtained by varyirng the aspect ratio and maklng

<

use of Eq. (4.1). Results were then compared to those

- obtained by éngineering beam thebry. A 2x10 ﬁesh , of

~

".elements was used in the analysis s, 4hown in Fig. 4.14.

*

Points for bELTAwB/DELTAfS fewer than 10 could not be

obtained as thiS/fesults in a beam with an aspect ratio less

|
than 4 and results from beam theory can no longer be
. . ' . §

- ‘ ™
considered as valid. .

Iﬁ conclusion to this point ‘the 6DOFS_element can only
. s Y v ) '
be’ expected to i@g@oye the results obtained by the 6DOFD

element . if. the ratic\ G, xy /Ey Hs greater. This was.
demonstrated in the examples of Sectlons 4.4 and 4.5 in the

analysis‘ of solid ‘sectio . In these examples the 6DOFD

element was found to be too stiff while the 6DOFS element
% B )

produ&edi results equal to those of the higher -order refined.
-« . '

. " . ’5
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“ express éhis variation adequately.

‘ £ ‘.
\

elements, Note that in framed tubes with a small amopnt of'

' shear 1ag,_ i.e: smith good tube action, a higher 5 xy /Ey
ratio is, achieved by deeper Spandrel beams. -

A‘possible disadvantage to the 6DOFS as a macroelement

. is. its low order, or- simple state. A macroelement, which

may Span other several bays and storéys should be able to

properly express the stress variation across its span. Low

K -

.
%

.The refined stxain based BDOFS element, on the other

. hand, is well sujted for this problem. It was found that by

usiné a straihf approach} a’DOF'could be removed from the

-

9DOFD element without any significant loss in accuracy But

as was pointed out earlier, an adequate method for

.
¥

determining'thevinternal member forces from the stresses' in
L8 R , . . . '
the continuum has not yet been found.

h
)

——

order eléments, depending on the mesh, may not be able to_'

* In’ conclusion,. the overall parameters such‘as»maximum

i . . N . \ . o e i .
lateral deflection and natural frequency are not

significantly affected by. the clioice _between the simple

.strain based element and the refined ’e{enentsl_' The"onogs'

. (. ) . - ' : . i
element is therefore recommended for genereal use in this
. v ) ’ 4 * 4

’)macroelement technique. This simple ﬁeiement is specially

well suited for the analysis of shear/corewalls Where

P‘
bending is predominant.

4

T Keeping in mind that the macroelemeng technique is. an -

approximate 'analysis method,' the: simple 6DOFS element can
provide a designer with an acceptable approximation without
’ - l. T e H ) o '
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J . CHAPTER V ~ S L )
’ P . . . .
' LIMITATIONS OF THE - )
) MACROELEMENT TECHNIQUE
L ‘ |
5.1- INTRODUCTION ' . .. - B .

" The search for finite elements for use in' macroelement

analysis . requires a good understanding of the téchniéue.

N -

The salient qualities and deficiencies of the macroelement

technique . found throughout this‘sfudy are presented in this

! .
B e

~  chapter.

(8
~f

-

5.2- QUALITIES .OF THE MACROELEMENT TECHNIQUE ¢

Generally speaking, the macroelement technique 1is an

efficient, simple 'to use, approximate method of analysis of

framed tube structures. The method applies to multi-storey, '

mult’i-—ba’ys frames having a wide range of aspect ratios and -
. . ‘- r ) . . , m’ [ e
stiffnesses, coupled shear walls, clad frames, planar and® .
‘ tubular stFucth:es consisting .of frame and shear. wall
¢ . . .

‘Essemblies, and core¥supported structures.

o

»

The nuﬁerical examples of macroelepent analyéis of ' the

" last chapter demonstrateé that the tecpnique is good‘fo?
evaluatiﬁé_overall behavioural*paramefers such as structure REPR
disglacements or naturai frequencies. The, methoaljig' ;

-~ . . .
. i
a -100- . - .
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' therefore highly recommended for this purposé because of the
felatively small amount of computatithl effort.

i

5.3- DEFICIENCIES IN THE MACROELEMENT TECHNIQUE

The inébifity of the macroelement techniqgue to provide

reasonable results for the analysis of tall frame structures

' . \ L. .
with .  Moselhi's simple " element without  increasing

computational .effort was the first defect. . This was ,( caused-

by the poor performance of his simple element when subjected

A\l

to a predominant bending deformation mode. This defect was

the focus of the present ‘study and has been corrected with

'tbe new simple strain based element. There 1is however,

further room for improvement in the macroelement technique.

q . . [
' !

.
.

5.3.1- BOUNDARY EFFECTS !

The concept of deriving the elastic properties of the

L} -

equivalent membrane from the deformation modes of a

béah—coigmn'ggid anit bqundéd by four inflection points is a

big source of appfoximation. It would be fairly simple to
examine the effect of using a more appropriate half.qiEd

unit to  produce  a special set of quivalént elastic
properties along the edges or boundaries of the membrane.

As the. number of bays and stories increases in a frame,
1 . ° . r,’ A
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the error caused becomes negligable and the complete grid'

approxlmatlon becomes more acceptable. A limitation for the
technlque for a more precise number ‘of bays and stories

would be worth 1nvestlgat1ng.

/

However, the equlvalent elastlc properties’as they are,

have been shown to be qu;te accurate for the" evaluation of

[}

the overall system parameters mentionned previously. The

additional burden of requiring a special mesh of elements

A : At

for this new set of equivalent elastic properties may render
the technique 1less efficient without increasing the’

accuracy.

5.3.2- LOCATION OF INFLECTION POINTS

-

e

-,

Tall slender structures subjected to lateral loading/
. - "/

cause points of contraflexure to deviate from' mid-span ,in

/

the lower stories and outer bays. When this hapbens, the

intefnal member forces ohtained by the macroeiement
technique at these locations are severely upperbound. For
example, in the 40 stofey 14'bay planar frame of Sec. 4.2,

the 1nflect10n point in the cornerlcolumn of the first floor
(of helght H), is situated at ,0.6 H from the bottom. The
axial .force in the column as obtained by the macroelement
technique is approximatively 31 % higher‘ than the axial
force obtained from the (upperbound) TABS CL analysis. This

amount of error can no longer be considered acceptable.

- 102 -
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5.3.3- INTERNAL MEMBER FORCES S

+ v
R . ;
’ ! . !
v ’

. N ) ’ ‘ ’
. : o
. . Vs

/ . ,/,
Generally . as the, number of bays 1is increased, the

inflection points tend to 1locate themselves at mid—apaﬁ.
Q [y

The error induced by the assumption of infleétion points at

mid-span is also more pronounced in the edge columns than in
the innermost columns. Furfhermore, the inflection points

in the lower stories deviate from mid-span as the number of

stories is increased.

JJH

3

v

- The ' present method for determining the internal member

forces is inadequate. Theoretically, it produces zero shear

fbrce in the outer columns and it severely oyereéiima;es the
column axial forces in the lower floors for a .tall slender
siructure. A new scheme \for determining these internal
member forces is therefore required.

In order to be efficient, it is believed that ' such ‘a

‘new schemé for internal member force' evaldation should

" account for:

0

- special treatment for the members located . along® -the,

edges of the frame. AR ‘ .
—.special treatment of the problem caused by the meémbers

whose inflection points are not, located at mid-span,

i

such as the members in’ the lower ‘floors.

*

’ € 4103~
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- Should account for the particular stress variation of

-

the element deing used (6DOFS or 8DOFS). ‘ .

PR N

The last point ié an important one. The trhé'vgﬁ@gtién

of internal member forqes. within a frame 1s‘ﬁore compiex  "
. than éhe variation offered by the existi;g macroelemenés. A
macroelement may‘épan seyéral bays and stories and therefore
should, be able.fo'approximate this variation in ah‘ adequate
. - manner. Thé understanding.of the interpolating capabilities

of a mScroelement is also essential‘ for -proper  ‘mesh

seiectionfﬁ

-
'
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[ o CONCLUSIONS
.Two strain .based fijnite elements (simple and refined)

have been developed for tall building analysis. After

superior to  Bimilar displacement based elements. This

superiority manifests itéelf~either'by improved performance

or‘by the use of fewer degrees of freedom. . o -
Paragitic ghear'in the existing éimplé displacement

based, linear element makes a structure too stiff when

. re
subjected to a predominantly bending deformation mode., The

new strain 'based 6DOFS element performs remarkably well in

. both shear and bending\ deforma&ion modes and its fast
convergence rate .make it a better, suited element for
macroelement analysis., o ’

. Both refined elements, the strain based 8DOFS and the

.displaceﬁent' based QﬁOFD, pgrform'well in all cases. The

effectiveness of these elements is attributed to Eheir
- .

higher order.’ It has been shown that with a strain based

approach, the BDOFS element is equally effective -or better

than the 9DOFD elément in both convergence rate and

¥

‘accuracy.' : (
When the 6DOFS element is applied to the ' macroelement
technique of analysis of a perforated wall of a framed tube,
£ . .

the imprébement in results is only margingl. This 'is
« b . . '
) N
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X
1Y

because:- of the: piedominantly shear mode of

’ 1

deformation in the frame. The GDOFS'glement' does however,

racking

provide good approximate results. . L

v . ‘¥

! ‘ In the analxsis of shear walls, coupled shear ‘walls,

, corewalls or any solid. sections where Dbending is

predominant, the simple strain based 6DOFS element is a very
efficient element.

For general use, it is therefore recommended .that thHe

6DOFS 3strain b;sed élgmént‘ be -adopted. . Any supposedly

A e 5
, ihcrease.in accuracy achieved by the refined elements does
C - ) /’/ o . - - . )

- ‘ not seem to warrant their use because of the significant

'/‘ increase in.computer'timea R
The refined strain based 8DOFS element wifh'its better
interpolating

- '

capabilities howevei, may. prove to be useful

i with. a new scheme for détermining internal member. fbrdes.
jr - - N . ’

‘.
) , o

e 3 ' o

ot C

o
PRI R



[2]

PR

NE)

[4]

(5]

- [6]

(73
(8]

(91

- Aug.1971, pPP. «2097-2105.

Ast, P.F., and Schwaxghofer, J.,

Building Science, Vol.9, 1974, pp. 73-77..

Chan, P.C.K;; "Static and Dynamic Analysis of -
Framed—-Tube Structures", Ph.D.Thesis, McMa ter
Unlv%551ty, Hamllton, Canada, 1973. . . ‘

- R

. ,.,.»{" «” n

Chéum;”Y K.; and Swadd1wuﬁh1pong, S., "Analysis .

of Frame Shear Wall Structures Using Finite Strip

"Elements", Proc.Instn.Civ.Engrs., Part 2, .

1978, 65, Sept., pp.517-535. -

-

Cook, R.D., Concepts and Applicaiions’df'Finite .
Element Analysis. 24 Ed.., John Wiley & Sons Inc.,

" New York, 1981.

Coull, A., and Bose, B., "Simpliffed Anaiysis of
Framed-Tube Structures", J.Struct.Div., ASCE,
Vol.101, No.STLL, Nov.1975, pp.2223-2240. .

¢

Coull, A., and Subedi, N.K., "Coupled Shear Walls -

with Two and Three Bands of Openings", ulldlng

.Science, Vol.7, 1972, pp.8l1-86..

"Coull, A., and Subedi, N.K., "Framed-Tube .

Structures for High-Rise Buildings" v -
J.Struct.Div., ASCE, Vol.97, ST8,

- %

¢

'Qouncil on Tall Buildings,‘Groub CB, 1978, .

Structural Design of Tall Reinforced Concrete and

"Masonry Buildings, Vol.CB of Monograph on Plannlng

conomical o
- Analysis of Large Framed~Tube Structures '

" and Design of Tall Buildings, ASCE, ‘New York. '~

Council on Tall Buildings, Group SB, 1979,
Structural Design of Tall Steel. Buildings, VoliSB
of Monograph on Planning and Desiqn of Tall
Buildlngs, ASCE, New York. ‘




p o
. . .“[1‘0] DeClercq, H., Analysm and Design of Tube-'rype
. _ R Tall Building . Structures™, Ph.D.Thesis, Univers1ty X
. o e of California, Berkeley, 1975.
_ 1) Goodno,,B.J., and Gere, J.Mg, "Ar{a{iysis of
. ' Shear Cores Using Superel nts®, J.Struct.Div,, .
' ’ 'ASCE, Vol.102, No.STl, Jan.1976, pp.367-383. . ‘

Ha, K.H., Fazio, P., and Moselhi, 0., "Orthotiopic —
Membrane for Tall Building Analysis", . /

o J.Struct .Div.,, ASCE, Vol.104, No.ST9, Sept.1978, '

Yol  pp.1495-1505. " ' : '

[13]  ‘Heidebrecht, C., and Staffotd-Smith, B., "
"Approxlmate Analysis of Open-Sectlon Shear Walls
Subjected to Torsional Loading"™, J.Struct.Div.; -

* ASCE, Vol.99LNe.ST1'2, Dec.1973, pp.2355- 5-2373. . "
, (14] . Iyengar, S.H., "Stab111ty of Overall Structural ¥

Systems”, Proc. Int. Confer. on Planning and -
. Design of Tall Buildings, Lehigh, Techn.Copm.WNo.l6,

Discussion No.4, Vol.II, 1972, PP.564—567 -
: ) - {151 .. Khan, A.H., "Knalysis of Tall Shear WalAl-Frame and .
g -t - . Tube Structures", Ph.D.Thesis, UniverSity of .
' Southampton, U.K., March 19‘74'.' I .
[‘16] ~ Khan, F.R., and Amin, N.R., "Analysis and Design .

. of Framed Tube Structures for Tall Concrete
Baildings", The Strugtural EnLneer, No. 3, Vol 51,

1973, pPP. SS—QQ . R .
nn Khan, A. H., and Stafford-Smith, B., "A Simple Do
.+ ' Method of Ana1y51s for Deflection and Stresses in -~
P Wall-Frame Structures", Building ~and Environment, \_\_
0' Vol.ll, 1976,. pp.69— 78. ] *

. , . ) . \ ' ) o .
[18] * Khan, M.AA,\ and Stafford-smith; B., "Restraining
e |Act1on of Bracing in Thin-Walled Open Section

' . Beams", Proc.Instn.Civ.Engrs., Pa:t 2, 1975, 59,
‘March, pp 67-78. . :




Vo

(211

(221

" - Concordia University, Montreal, 1978.

Jan,1974, pp 115-125."

. , ‘ N A
A v . Al B
} . N M [l ' ! . '
/—_ iy -t '
. .
.

L
Liau%,il'r C.y olution of New Stﬁructural Systems

for Tall Bu1ldmgs", Proc. Regional Cébnfer..on Tall .

Buildings, Bangkok, ASCE-IABSE Joint- Committee,

=

Macleod, I A., and Hosny, -H.M., "Frame Aﬁalysié
of Shear Wall Cores™, J.Struct.Div., ASCE, Vvol.103,

No. STlO, Oct.1977, pp.2037-2047.

=
o Y

e

Moselhi, 0., "Analysis pf perforated Walls and
Tube-Type Tall Building Structures", Ph.D.Thesis,

~

4 B . .
Moselhi,. 0., Fazio., P., and Zielinski, 2.,
"Simplified Analysis of Wall-Frame Structures",
{J.Can.Soc. of Civ.Engrs., Vol.5, No.,z,

June 19‘7@, PP. 262~ 273.

Mule, A., "Dynamic Analysis of Tall Planar and
Tube-Type ‘Building Structures", M,ENG.Thesis,

Concordia University, Montreal,v 1983,
e =z .

‘ Sabir, A. B., \"Private Gommunlcationg

with Ha, H.K.

<y

Santhakumar, A.R., "Analysis of Non-Uniform
Coupled Shear Walls with Two Rows of Openings",
Proc. Intern. Symposium on Earthquake Structural
Engipeering,. St-Louis, Aug.1976% pp.l249-1262.

i

Stafford-Smith B., anén%a'r‘a ath, B.S., "The
Ana1y51s of Tall Core- poﬁ:led Structures_

Subjected to .Torsion", ProciIlnst. of Civ.Engrs., -
Vol.53, Sept.1972, pp.l73-=187=

\ . .
Wilson, E.L., and Dovey,  D.H., "Three Dimensional

‘Analysis of Building Syste,ms—TABS", University of

California, Berkeley, 1972. |
‘ p ! j 3
|

‘,_“1(‘)9 - e

P

KinuiBnNagus v v



