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a multi §§§3ey building subject

“by‘the she;; walls.

e v

\

‘4QSTRACT
. - John w McGrath f L

“Shear Wall-Frame Interaction In A Multi-Storey Building
|

? \ . . . . ..
H A .

-

The interaction of frames and shear walls in

0 l eral\lo ds is
reviewed and the results are applied to a ten storey

building which was prdVioualy dﬁfigned by ass ming that

-arbltrary percentggee of the lateral forces were taken

The Portland Cement Adsociation '

frame-shear wall interaction and flat plate computeh

programres- are used -in the'analysie and the results are:

" . included in the appendices,
. : - ’ . f{
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that .75% of the lateral forces were reeistedey the L e
'shear wallé and 25% by the frame.

‘and the other is for the shear wall frame enalysis (2)

'-considered could be assumed to be resisted by either

CHAPTER 1 ‘
© INTRODUCTION < _ . °

» " The'purpose‘of this reportwfs‘td analyse an
existing ten-storey. flat pIate./industri 1 building st
considering the shear wall- frsme interact on and to

comparée the results to the originﬁl design assumption

N @

R T ‘ ,
Two computer programmes, provided by the Port-

land Cement Association, are used to analye? the ) ':J,‘

structure, ong programme is for the flat slab analysis (1)

The prin)routs of the\results are included in the report.

~

\l

In many design offices the short time allowed

for the design of a structure necessitates many simplifi-

cations. for example the lateral forces on. the building

'

the frame action.or tne shear walls alqne. The use of .

standard computer programmes.for. detailed analysis and-

the economies possible are presented in this report;“

o

-




h

 CHAPTER 2

a

(3) (&Y, (5) "

=S

R WALLS -AND FRAV

.CHARACTERISTICS OF

S

v
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, ™~ 2. 1 FRAME AND SHEAR WALL’ ACTION ' - . 1
- . 2 : .
-l ‘ . ) . . 4!’ )

‘ ( N R § : <
’ R 4

The\framing was designed to transmit lateral
© - loads %o the foundation in multi- s};orey buildings\maﬁ
| —recent tlmes. Couservative estimatgs of the behaviour of -
" the whole buil&ing were ob{ained by using elastic methods
of frame design.~ The’ strength fand stiffness of the
building was clearly proyided by the walls and frame but

(%5 results obtained- by calculating the oomposite action varied

\-
"widely because of . the digferent but justifiable assumptions.

T, . At the present time the nee&eto allow for the effects of

walls becomes more 1mport&nt with the construction of -
:increaslpgly taller buildings. '

‘ The wallts can . be consiedppd to ‘resist all the - _"
horizontal loads and the frame bo take the vertical lodds

Ly . -

only. but this again is a simplificatlon. When hhe building
is very tall, however, tﬁe shear wall flexural deformations
become _very pronounced and hence induce deformations in the 3

e frame which must~be allowed for in tbe design analysis.'
ol S * Lo o

L ' °  The composxte action of the combined structure'
~:: - . causes the frame to restrain the shear wall ‘dn the uo;;r
B storeysvand the shear~wall to restrain the frame in the lower

\\“1 N




| e
storeys, hemi: reduycing the free deflection and improving

“the overall efficlency of the atructural system. -Pigure
“1(a) shows the shear i%ae deflection of a frame which can '
be dcfinedxgs a.systemaof:}mterfconnected“vcrtical columns
and horizontal elemeﬁ%s.ﬁ‘Figumo 1(b) shows the predomi-
_nantly bending modexheformation of a shear wall .or simple
cantilémer. The beha?iour of stair wells, elevator .shafts .
.and walls normally conform to this mode, Figure 1(e)
Bhows the interaction forcea_betweenAa frame dand a shear‘
wall. ‘ | | ' o
‘The modeo\of\deformation aép not always,eaax‘to‘
"camegorise, for exampie a row or rows of opcnihgs in a
" ghear wall may change the deflection characteristics from
‘8 bending to a ehear mode, .and converaely an infilled

_ frame will tend to deform in a bending mode.
. . y )

_ If the height to'depth ratio of ajshear wall is
low, for example less thq@%oné. the/shear deformation can
3 \, N

2]

"bc more important than the bending deformation.
: - ‘ °

) oo
e The arrangement of the structural members ‘is

‘usually restricted by the architectural requirements but

" there’ still remiins ample scope for %he engineer to. design
an economic structure. Figure 2 shows how the cost of )
construction varies with. the. height and th%ﬁ oportion of

the cost. which is required for wind or lateral 1oad9.

e
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The lateral drift or deflection is often the-

design criteria in” high slender buildings and mayﬁgg;er- S

"mine the‘type of structural system employed. ]
A . L ‘ ‘ !

The dietribution of applied'horizontal Toad on \
a frane-shear wall structuf\xcan.be demonstrated as shown'n
in Figure 3 where the variation of shears carried by the
}elements are ‘indicated. It should be noted that the/tctal
| shear carried by the frame at the top storeye can exceed ‘.

e the applied etorey shear at these levels. Distributing Co
.!' Lo the applied shear to the reeisting elements in proportion :
| - to .their relative stiffness can 1eed to erroneoue results. oD :. N

The large variation in the shears at the lower etoreya is |
caueed by the shear wall being carried by columns and

indicate the force concentrations which oceur in regions

r\

‘of. shear wall discontinuitiesﬁ

The arrangement of the /structural elements may R

eaaily modify the mode of deflection as indicated in _ .

b . “Figure b, o " T ;
‘ lateral load analysis is comparatively simple
P © o if all tﬁe vertical conponente of a~structure‘behaVe in a S %QE'*“

. ¢ gimilar manner due to lateral load. For example, 'if they '-“}
; . are-all shear walls or all.rigid frames the load cap be B
dietributed directly to the units in proportion to their . | _
stiffness. When walls and frames are combined in a- o ~ gui &

structure, non-uniform interacting forces are developed by _ 1

~
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'_ openings and irregular column size and layout,

and girders. or the columns and'floor slabs'invtne case of

4

wo !t "
.- t@;_ ' . M . . 4
< .

the difference in reSponse under lateral load in com=

, bination with the in-plane rigidity of the floor slabs.

It is the non-uniform interacting forces which make the

analysis .more complex. . . . ' - .

| flat slab'buildings consis$ of reinforced con-
crete floors of uniform thickness or with drop panels at
the" columﬁs. suppgrted by columns. The flat slab building
in its moet regular form thus becomes a structure consisting~i

of a series of parallel plates pierced by a series of uni—

‘form columns. In reality, the flat slab building departs
~from this simple definition due to such features as stif-

fening beams either around the perimeter or around interior

A )

. | floor slabs are usually considered to be fully P )
rigid within their own planes for analysis. which means .\
tha't there will be no relative movement between the verti-
cal units at each storey level. It is possible to allow -
in-plane deformatidnfot the slabs but- this deformation

‘ia seldom of any significaht importance.~‘

_Pigure 5 (a) shows the geometry of a framé before
lateral load is applied: Pigure 5 (b) 8hows the displaced
position of the frame due to- lateral loading. The-columns

L a flat slad structure, combine to resist the load by.
L bending and take the displaced profile of the classic

\

'%{9
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‘"framsjaction”i : o

columns are cut at- mid-height above and below the jolnt
ana the girders and slabs at mid-span. The deflected .

A typical frame joint is shown in Figure 63 the E

“ positions are indicated by dashed lines and the unloaded .

position by solild lines.

+
DY

sional action of the slab in the. flat’;late building.
| Maximum deflections oceur at the X-X axis and deflections
of points on any cross section parallel to Y-Y vary along
the section. The lines of inflection AB and CD show how
the shear Q varies across the section.. Some moment, MY on
\the panel centre 1lnes EC' and hp/{s transferred to adjoin-
lngﬁﬁnits. )

_The fundamentally one-dimensional oharacter of
the column and girders is contrasted in Figure 6 (b) from
%1, C points AB and CD to the column. Moments and deflections
' ' are considered congtant across any transverse section of

the glrder and the end shear Q is evenly distributed. The

perpendicular girder FG rotates with the.joint but due to
the assumed symmetry does not twist and hence does not

apply & moment to the-unit; Herice for the column and

y . Figure 6 (a) shows the fundamentally two-dimen—

&

girder structure it can be assumed that there is no trans-

verse interactidn between various units -of the frame or
transverse variation of defleotion.moment or shear within

an element of the floor system.

-
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2.2 METHODS OP SORUTION ST
-7
Methods of solution are easily formulated for
the relatlvely simple behav1our of the. column and girder

frame as opposed ‘%o« the complexity of the flat Plate-
o
analysis, Slope deflection equations form the basis for

: d method of solution which is well suited for the

analysis of frames for gravity and lateral loads; this

method is readily adaptable for electronic computer

&

compuxation.

-

The 51mple methods available for a two-dimen— «

sional analy31s of & column and girder frame have led

. to repeated attempts to reduce the basically three»dimen-

sional plate structure to an apprb«imately equivalent

“two= dimen81onﬁl frame. The current A.C.I. bugiding code
" uses this approach and represents %he flat plate as &
two dimensional mathematical model. A row of columns and -

that portion of the slab within the panel centre lines on

either side" is considered the equivalent structure. One.

‘of -the provislons included is that joints .can be considered

rigid, with the rigidity extending in the slab and column
to the limits of the cross-sectional area common to both.
The code has only one direct reference to 1ateral load
design, which reads,in part: "A slab width between lines
that are ¢/2 +1-'5t -each side of the column centre line .

may be considered effective for transfer of bending
»

\

et
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‘ which have considered the column to ‘panel width ratio,ee

" the equivalent beam when adjacent frames differ signifi-

12,

monent between column and sdab. where % is the thickness
of the elab at the column and ¢ is ‘the width of the |
column . \Succeesful field experience ie evidently the

N

basig of this provision.

’

' The problem of "effective width”. eee Figure 7,
has pr&duced many experinméntal and analytical studies

%

- thezéoverning variable and have recommended efgective slab

uidth ratios renging from 0.; to values greater than unity.
As the column to panel width ratio increaeee, the effective
width increaees. However, there may be other factors which
have siénificant effects on the effective eleb %idth. such
as-the slab stiffnese, the slab span to width ratio, and

the dimensions of the column in the plane of the frame‘

/

;~re1ative to the slab span. Adjustments may be necessary

in the values of both stiffness and carryover factors of?

cantly in the spacing or stiffness of the vertical elements,

\
' Lo o
‘To prOperly model the acgi’//of a slab, for use in

a plane frame analysie. the stiffness prOpertiee of an
"equivalent frame" muet be determined (6)s A distinction

hae to be drawn between the criterion of equivalence to

‘ be used depending on the object of‘the analysis. Thus an

'analyeis undertaken "to provide values of glab design momente

*
may require different. equivalence criteria compared to an

- analysis intended‘to serve as & basis for column design or

e wh et e G EY b BN Y NI S La¥e f My e geseagere ol
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an analysis of overall frame deformation. fdr the'purposes
- of this report tbe'éifective width has been assumed to Jbe
the distance between the panel centre lines on each side R
of. the ¢Bumn, -~ L. . -

A plane frame computer prégramme can be used to..
analyse a shear wall-frame structure, provided in-plane-'

! deformation of floor slabs and - torsion can be neglected.

The ‘basic idealisation fmwshqyn in Pigure 8. The vertical
units are connected at each floor level by link bars that‘
simulate the effect of the floor slabs in transmitting the

-

1oads in their own plane. o .

| ‘l‘he effect of the parameter P (Ec xola)}(s» Is /e)
* the ratio of the column to beam stiffnegs ﬁ; shown in
Figure 9, If A is low. the beams are stiff and the frame .
: deflects in shear mode, Figure 9(a), As‘k increasgs. the . .

bedms become less effective’ until. when they have no

h bending stiffness and ;he load is resisted by the columns
‘ g B
Ok

I

alone, as in Figure 9(b)

\\\‘/tf torsion is considered 1A ‘the desigh. of a

building framework, a space frame analysis must be carried \

S

out. The 1n-p1ane stiffness.'of the floors can be idealised

" ag shown in Figure 10. The properties of the link bars can
be established on the basis of a framework. analogz An
analysis of this type is beyond the scope of this\feport.
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. GHAPTER 3
_ . - COMPUTER Pno‘caxmss .
- : . . .
_The flat plate (1). and’fiame-shear wall inter-
action (2) programmes supplied by the Portland Cement ,.‘
1 ]
AAssociation are ‘the basic tools used.in this report and

' (are described at length in this chapter.

The flat plate programme is not very complex,
the analysis part could be carried out . using any frame
' analysi\\procedure, for example matrix analysis, slope K
deflection or Hardy-Cross. The ‘bulk of the programme
“time is used to calculate the number and size of rein~s

forcing bars ‘and to- check the code requirements;

The frame—shear wall interaction programme -
(STMFR 60) is very complex and a study of the theoretical
basis would be a major investigation in itself. The
programme is not documented in defgil but has been bésed‘
on reference (?) which is. mainly concerned with the :

3
: manipulation of large matrices. ' ’-

*

. - - The programmes are written for an I.B.M., 360
computer and’ the time of solution was 1 minute 12 seconds
' for the flat plate programme and b minutes 33 seconds for

" the fname-sheap wall interaction programme.

There is a»supplementery‘programme CK DAT=60
avallable which cnecks the inpnt‘data for the frame-shear’

. wall‘interacfion programme.
\ .. N .




.designing flat plates. at slabs (flat platee-with drop.
panele), waffle slabs an continuous framee. It can |
combine vertical and hor zontal loads and design the .
structure in accordance yitc.xhe A.C.I.-318 1971 code.‘

. The equivalent frame method of analysis is the .
baeis of.;he programme in accordanee with section 13.4 of
" the A.C.I. code, The st cture ts coneldered divided 1nto
a series of bents, each onsisting of a etrip of’ slab

supported by columns)

The progradhe input consists of the physical
dimensions of the structure, conditions og,loa&ing} pro- . .

perties of the concrete d_reinfcrcing steel, specifil\:/(
ca%ion of design,ﬁethod d lateral loads, if the

: coﬁbination"of lateral and vertical loads is required.

Two types-of structure can be aﬁh;ysed. either
flat slabs and columns or’beams and columns. The programie
also allows the user to choose between lightweight and
’normal welght concrete and between ultlmate .8trength

and working stress design. The sequence of operations

is in accordance with thT pertinent design criteria of

the code.
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o

The carryover factors, fixed end moments and

gtiffness 'factors, are‘caiculated naing numerical inte-

.gration. The elimination method is used to solve thé .
VT o .

set of simultanecus eqﬁﬁficns for each bent. Punching .
shear and momdht transfer shear are gieated together )
under the heading "ghear stress”; it is assumed that each
type of shear acts on the same critical section. The
A.C.I, code defines the critical section as a peripheral
vertical eurface through the -slab 1ccated at a conete?t

" distance of d/2 from the face of support, where d is the
thickness of the slab of drop panel at the column.

At an interior joint the algebraic difference

~between the end moments of the. two continuous members is

the nnhalanced moment, wherees at an exterior joint it is
_the. member ‘end moment. Tests have shown that‘for square .
colums 60% of the moment should.be considered transferred
by flexure across the periphery of the critical eection and
ho% by eccentricity of the shear about the centroid of the

\critical eection. The A.C.I. code states for the general

case of square or rectangular ¢olumns that the portion of
T
the moment transferred by flexure increases to a fraction

given by |/4;.%3]§EE?), where(c;.d)is the width of the

. face of the. critical section resisting the moment and

(c.+d) is the width of the face at\right angles to(Ces+d)

'The remaining moment produces shear stresses in.the same

peripheral area used for the punching shear calculations

L

v




subtracted from the punching shear stresses as appropriate.

\

\ . A
- L |y i e g— 3 s P P g cagmae . e b e

~-'~.‘ R . o . .. ' , . ) R & ‘
£ : 9 T

at the supportsw‘ The shear stresses resulting from " ) . C

transfer of moment are of opposite sign and are added or™

i

/ . H ) ‘ ' :
see Figure 11, ‘ -

The laterallloads can be entered as direct Torees'qr ~

N

as monwnts at the Joints. The programme will generate the

lateral load moments internally with the stiffness matrix-

‘ method based on the assumption that points of inflection C L

are ‘at the- mid-height 6F the columnsy the idealised struc-

Qure is shown in Figure 12. This assumption produces | >
reasonable results for the intermediate floors with similar- - di:‘.
storey height and floor thicknesses. The columms eutside T B {

the simplified frame are disregarded and the value of % I

is taken for the‘momen%'of inertia of the floors above

and below to compensate for this assumption.

v

AN . S

At the top and bottom of the building the lateral

1dad moments should be used as dlrect input. ~
. \

. The programme consists of three main line pro-. LS

¥
grammes. fourteen sub-routines. and three function sub-

programmes. - B

* The operations performed by the components are in

general as follows:

e A
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‘ end shears for all cases, ' ‘ | ' g ’

A flow chart for the programme is shown in Figure 13.
which also indicates de.ta interfaces. '

*

‘reads input data, sorts data and prints out

~ end moments in slabs ahd columns, and computes . . o

' outputs results and optional ‘table of statics. ‘ g4

. determines negative ‘moment, points»of contra- N

column and middle stripe. and outputs results.

determinee positive moment. points of contra-

* for column and middle bands and.outpute results.

"detalls bottom reinforcing, calculates weight

‘of reinforcing and volume of concrete.

T e —— e ;

echfpof data, -

L . e . .
determines et‘iffneee.ea', carryevere.\ and fixed .- Pt

end moments.

- ,
determinee 1oading tb be used in each loading

pattern.#uees sub-»routine SALAD to determine

5 \
determines reactione. aheare. unit shears. and

flexure, area of tc)p reinforc@g reé;uired for v P

ﬂexure, and aréa of bottom reinforcing required

deta‘ilas reinforcing steel over columns. o i\

f .
con_lputes deflections, checks againgt code
requirjements; ‘ |

L4 . ! W

+
e




Pig. 13. Flow chart-of the flat plate programme
¥* o S ~ % ‘ ) [ : ' ’
v . .\ i
) START] . . . @
{ Title Page Fenuired?%
- ) ‘ .yes} - . '
’ ' " "UTITL
I?,Ott::; Title Reads Title Page and | . <TILES '
e s ____ Printout o 32000 _)
. . / : . (Upper part of title)
N Ol
. ’ . .‘ N *
PLATI],
. (Geometry of 1%1 Reads input, arranges data .
structure, loadings in proper array, and checks . I,
'material properties,| | input erroz. Also reads wind |’ .
design specifications| [load moment or gederates .
wind load morment mbments due to wind load, if
or wind load’ if ap-. -applicable.
licable. i ’ ;
N {_Input Error” > : yes—= [ EXIT
ECHO PRINT, 4 1o . C
1. PLATZ _
—~—— Generates loading pattern prop- N
erties, sectiop propernes. carry-
\ over factoxs, fxxed end moments,
» PLAT3
Analyzes structure and deter-
i ‘mines shear forces,
} 'y
[shear stresses |« o -
required steel’ PLAT4 . . . ;
Calculates shear stresses and ‘ ~
area to tra.ns fer < . ) .
. determines required.steel area
unbalanced ; :
to transfer unbalanced moment.
moment, -
. N




Required area

of bottom re- |«

PLAT6
Determines Yequired area of, c -0
bottom reinforcing . ;

.

Reinforcing de-
taily of colurmn

over columnns,

and middle strips

' —

PLAT? ' -
Reinforting schedule over o ‘
columns, Co ‘ e S

y - L

Reinforcing de-

hilg of columns |

and middle strips
in spans and
weight of steel
and volume of
toncrete.

\

[Elastic and long-
time deflections

PLATS ‘ . .o . T
Reinforcing schedule in spans |- - ' '
and material quantities.. ‘ -

. . e

PLATSY v .
| Deflections ‘

- ‘L

<. Another problem follows? ) .
. no ) s : .

[Ex1T)

R | : (‘ . L
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3 2 LATERAL LOAD ANALYSIS OF N‘ULTI-STOREY FRAMES WITH

SHEAR WALLS

Programme Description.(2) ' -

©. This programme performs a static analysis to
obtain member end forces and joint dlsplacements of a
lmear, elastic, rigid. Jointed frame, or several frames -

lmked 'together, subjected to-gravity and/or lateral. loads,

. Equal lateral deflectlons, imposed by the assumption o:t‘

rlgid floors » 1s modeled by using hinged rigld links to o
tie the ‘frames ﬁogether: see Figure 14, Fictltious

members with neghglble st,ifﬁ'xess can be used to accom-, )

e

modatle irregular frames .

L N
¢ .

. The programme. can analyse & structure with a
maximum of three linked frames, each havine a maximum of

sixty Stofey's and ten column lines. The loads may consift o~

" of ‘vertical loads, uniformly loaded, and.one cohcen‘prated

, 1oads at the ﬂoor levels.

'load on each beam Span combined with é_oncentra’ted lateral

-~

4 | _ 'é
The following options are included in the pro- 4

.gra.mme:‘ . (:4

1) Finite widths of members can be }.onsidefed, 'particularly

- ~\

useful when frames mter-connected with shear walls are’ -

be ing cons idered.

2') The ei‘fect of shear deformatiori' in columns can be con< «

sidereci. This may be desirable for the analysis of

shear walls,
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‘ . Column line noy )
level : ¢ B
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Fig‘.‘ 14 Typical linked frames
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Fig. 15  Effect of finite width' of members
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3) Partial flxity factors Wlth reSpect to rotation and ) .~
verticéal dlsplacement can, be specified for the bases '
’ 'of the lowest storey columns. Settllng,of bases'can
ibe handled using thls option,’ |
L) eoﬁcen%ratéo vertioal loads, moments, and a single
. conoéntra@ed‘horizontaliload,épplied to the top storey
~ joints can bé,ngcifieo.. This optioﬁ'ma& be osed when
' alstructure:is segmented,  A ' - -
T .\\ g w R e f
- ' 3.2._3. PROGRAMME L;MI?ATIOﬁS AND ASSUMPTIONS o
® . - A .

a) The frame to be:analiéed must be rectangular, i.e., the.
-, ~ colums are vertical and the beﬁys hofizontal.
,5) Maxiﬁum,numﬁer of frames = 3.

" - c¢) Maximum number, of storey levels = 60. _ K
l | ‘ deMaximum‘number of columnfiineé pef'frﬁme = 10,
| o + e) Axial deformation in the beams is negleoted i.e.. the .
’ B beams are assﬂﬁed to be 1nfinitely stiff with respect

: to .axial deformation. Axial deformation in oolumns is
- o considered, ‘
| vl : _f)&rhe frame members @re assumed to be of uoiforg‘qfoss-
| | ‘secfion throughout fheir entire length, i.e., for a R
column in" storey level or a beam between two adjacent
) columns, . . ‘= | | _ |
{ . | _ g) The effect of tht finite wiqth of memberg~is considerod
| by assuming the segments from the face of the member . to
its centre line as having infinite flexural stiffneso
(see Pigure 15) |




3

\ . : ‘ . ‘
x//h) The types of loads in the plane of the trame are o o

e : linited to’ uniformly’ﬂistributed vertical loads on °
Ce .entire span of beams, one concentrated vertical load

'per ‘beam span and concentrated 1ateral loads at the

. lfloor.levels.

g .
-

PN N LY .o -
- . by .
. * Ta ' . . . 3
¢ . . , , . . . . -
‘ . . . *
: : | . . . . . .
. N . . . . B
. "
.
~

- 3.2,2 THE METHOD OF SOLUTION , B SR R

o . o IrrespeCtive of the procednres employed, the . L ", H?
| 'determination of the. interaction of shear valls and |
frames in a multi-storey building resolves to the task

of making the~1ateral displacements of the frame or.

frames’ and the shear walls compatible at each floor

.level. The structural analysis of large building frames

\;constitutes an 1mportant field of. application for digitalf}
computers because of the large number of computations
required to evaluate their complete stress and deflection,
distribution. To analyse such large structural systems
efficiently it is necessary to use special techniques to

' take advantage of the sparse nature of the stiffness )
'matrices. _The basic technique is to use the displacement
method of’ structural analysis, arrange the s iffness mdfrix

" In the form of a tri- diagonal system of submatrices. and

“then obtain the solution by means of a recursion eqnation.

This method has the advantage that manipulations (i e.
inversions, etc;) of matrices involve relatively small—.
.8ized matrices, the size being dependent on the number of

‘ , \ . ) ‘ e



Lkt . o sl

b

[}

_column linee in each frame.. The final lateral stiffness

‘matrix is an N x N matrix, where N is thevtotal number of

storey 1levels. o e " o

oy

Standard plane, frame programmes are available
that will determine the member forces and joint: displace~
ments in an arbitrary plane frame, given only the nodal

pointigeometry, the'member properties and the applied loads.

- However, the difficulty arises not from amy deficiencies in.

the theory. but in the size of the computational problem.
A typical plane frame analysis is generally limited by

the storage capa01ty of the computer to the direct analysis

of flrames “having fifty joints; this number of jointe would
- lead to a stiffness matrix of 150th order; composed of
.. 22,500 elements. On the “other hand, a praefical large |

scale building frame analysié programme should permit

treatment of at least 1, 000 joints, for example fifty
RS

, storeys by twenty column lines._ Thus ‘the building analysis

fframe.

programme involves an entlrely different order of magnitude

in the volume of data to be considered, and hence the

developmeﬁk of‘new methods of solution to, take advantage

of the*apecial characteristics of .the’ rectangular plane
= . ‘.t‘

The large size of the typi al’ building frame RN

,lanalysis problem cauees two distinct types of difficulties:

‘ First the definition of the problemxsrquires the spec1fi- o
PR ' o ‘_\‘,'_‘ ~ ,\' ‘.‘. \




» cati‘on of a):'tremendous volume' of /datar and. secona,‘ the l‘ -
V simultaneous equation system is large and its solution .-
' is a ma,]or oomputational task. Fortunately. the regular

nature of the rectanglxlar buil\ding frame makes possible
'.great simplifications of both these problems.

S | " Because the'reduction of the frame stiffness
| matrix imrolves the inversion. of relatiVely small

matrices, the rour::l-off errors that characterise t)}e
ﬁ/x ) :

dire@t solution of large systems of equations is avoided.

\
A reasonable solution time aﬁ well as good accuracy is

~ rd

" unbalanced ‘forces at e.ach Joixjxt and storey level, which is

. & measjire of the accuracy' obtained for a~§artieula*°

_ problem. The, yalues of the unbalaneed forces must be
e

”

close to zero. to satisfy the equilibrium check. .

"o

"The flow chait of the 'frame progrémme is shown e

-
N -

in ‘Figure 16 i o /
*The method of analysis used in the P.C.A,

: Program STMFR 60, @r the analysis of multi-storey frames,

the formtnataon and method- of solution of the equilibrium

equations fs discusged in detail in reference . (7).

.\,

-

3,203, DESCRIPTION OF OUTPUT - .

4 [ -~

e 'l‘he dhtput consists of tabulatie,ns of the
following pricipal items:

G \.-29

_ obtained 'as'a result. fl‘he programme lists if desired the,., .

e

a
" -




Iﬁput Dota
“'Deck

AN

LY

RN
“

”

. Subroutine (a) - UTITL

Read header information and print

title blocks

-

L N TN

N .

. Subroutine No, (1) - DS.'{OB\

Read general data on frames from
cards.

1)

1

Member.
Properties
& Loods

A

| -

Suisrou'tix\;}wo. {2) - .DATAR

Read data on member properties & |

loads ffom cards

1

R

‘ . No * - ’ Y.' \
b Data for all frames, xead in?

 ———
Subroutine No, (3) - RITDA -
. Write out input data

Subrottine No, (4) - FXFOR
Compute fixdd-end forces and renﬂq
) tant joint forces

’ o s

r

Subroutine No, (5) = STFAC .
‘Calqulate stiffness factors




. \ o
Subloutine No. (6) - STMAT "

Assemble (txi-diagonal) frame stiff~ '
e T ==

]

Snbj]ontine No. {7) - REDL}

_Files >
' ¢ Files_> _»|  Preliminary reduction of stiffness
N S |
P
»

matrix

N

" Subroutine No.‘(S) - REDLY
Final reduction of freme atiffness

. matrix t0 "lateral stiffness matrix"

! J l -,

All £ramel'| in at.mcture conside:ed}v_—.-_:- o
- i \
R
+ ‘Subroutine No, (9) - SOLFN

¢ - Solve latey3l force equilibrium equns,
L -] for horizontal story displacements

o

)

-

1

Subroutine No, {10) .« DCOMP’
Calculate joint rotations and vertical -
displacements

5

" Subroutine No, {11) - MBFOR
Calculate member-end forces

i ¢

Y

/
Subroutine No.. [12) - RITDF -

" Write out joint displacement eompo-
nents apd member-end forces

Jolnt " Qisplmt.
cognponents &
Mémber-end
forces:

"a)
o’

(

@

' \

]

Yo oty e e e - e



Unbalonced
joint & story
forces .,

. Subroutine No, (13) - CHEQB.
Check satisfaction of equilibrium
* . conditions .

N

. K

. Displace‘mentl and forces in
all frames of structure calculated?

.

Loading cases considered equal
' to number specified? .

. 2
« 0 '

Consider m\;xt'st:jucture,‘ if any

L} 9 ) ‘
0 * )
. )

- ) ('. \
. ' ‘
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1
SR TV N

Fname dlmensions and member propertlea
'b) Applied 1oads

¢) Fixed end foroes\end'fesulfanf'hoinf’forcee-.Hn L
_d)'Lateral displacement or. Mdrift . ‘ P

e) Joint displacement components e

/" £)- Member-end force.s {ie., moments, shears and ‘axial

.
i

' forcesPi,n COlumns)

g).Unbalanced joint forces and storey sheare..

The output can be controlled and any of the above :
itema in tne output may be suppressed.

- . a,

AR o
Lﬁf“.: i .

S




Sign Convention. o

" The sigh conventions used for the principal
output items are explained at the beginning of the
R listing for each item: | . K

~

a) Sign convention for joint displacement componentss - /

Horizdntal co?pgnent w - positive ﬁhen dire%?ed to right
Vertical component.1{ - positive when directed upward
Rotation, wr - positive when directed clockwise

i b) Sign convention for member-end forcea: -

* All- the forces acting on the member-end shown below are

- positive: I | f’%\\“ o

. \ B
o X <:J e tj>' : In Columns
T . In Beams’ S ,
) W. ] . . ' ) ) p— ©

. A column is identlfied by the pair of 'indices (L, J)
denoting ”Storey Level" number, and "Column Line" number re-
spettively, attached to the joint at its upper end, while a '
beam.iq identified by the indices describing the joint at its

. ! . Joint (U) \ . ] . o . .
5 ' @ . )
B ‘?:::IG} L B P
- ‘ . - . \'t—BEom(Ln' C ;
- . .- . I : ot

~———Columa (i,))

e e . . ' 1
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CHAPTER h .
ANALYSIS OF EXISTING STRUCTURE

-

Ba DESCRIPTION OF BUTLDING

The building. analysed is” 1ocated in the city of

| Montreal. Th!'dlmensions of the building together with a
QFosg-section showing t@g maxn structqralrdetails are ‘
shown in figures 17 and 180 The bqilding‘is orientated

éo that its longest axis runé east-west, iﬁ:the north-
gouth direction fhefe are:sgven bays and in the east-.

west direction thirteen bays on a 24'-0 grid. The building
'_is tén:storeys high with a mechanical penthouse on the |
roof and a.full basement. The storey heights are 13'-6

from tha'éround.to.second floor and 12'-6 from the secend-

floor  to the roof. A ten inch wall extends from the ground

_ floor to the foundations to enclose the basement.
A : .

'The-struétural framework consists of a combined

*

-

- systenm of:a frame and shear‘walls; both constructed in
reinforced concrete.' The frames consist 9f7a flat plate |
' (the siab is 8" thick with drop panels 8'-0 x B'.-0 x 12"
‘thlck around'fhg columns) and'columné (inlerior columns
are 24" x 24" and the exterior columns are 20" x 20").
There  are no perlmeter beams . AS shown ih'figure.l? the
shear walls consist of the shafts for' the elevators and
‘stalrs.. The walls of all the shafts are 8" thick and are

reinforced to resist the moments and ghears, produced by

Al

' the 1ateral loads. TN




for all structural - elements.

R ) o e e it s S 51 W54 oot e oo % s

36

~ The shear walls are grouped close. to the centre

' of the building and because of the large number of frames"
At 18 not considered necessary to include an analysie for )
.toreion. Based on the cross-sectional areas of the concrete

sections, the ratio of the sum of moments of inertia of the

shear walls to that of the sum of the individual columns is

. of the order of 50/1 An the N-5 direction.

‘The flat plate floor can be considered as a

‘system of eonnecting members between the 001uhha in two

directions, hence the number'of horizontal members is 2000,
. 1

vertical members 1080 and number of joints 1188. The cost

. of analysing this structure as a'three— dimensional space

frame would be prohibitive therefore the. advantage of using

N\

a specialised programme becomes apparent.

u' The s8lab concrete strength is 3 000 Pes. 1. at
28 days and the concrete in the cqlumns and shear’ walls
from 5,000 p.s.i. at the ground floor to 3.000 p.8. i. at
the roof. The reinforcing yield stressfis 60 000 p.s.i.

Tk
The column and shear wall foundations are .bear-

iﬁg'on rock, therefore differentiai settlement could be

' ignored. The conditon at the ground floor will be

considered as "fixed", as it can be assumed that the

basement perimeter walls are very stll; and the vertieal .
“ * ) \ : )

elemenis are not free to displace horizontally due to the

in-plane rigidity‘of the ground floor.

¢

.
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.2 DESIGN LOADS.

. The floor live load was 125.0 p.s.f. for  light:
. N

o ;i_gns%fial o€cupancy.' The lateral load énalysis was
| ..‘carried out using the National Building Code of Canada
(1970) and the earthqua%; lateral loqu governed in each
directiqn. ' . L
" The earthquake loads were calculated ueing the
1statie analys;s factora as follows: ‘ '
.R =2, 0 - Seismic regionalisation factor
K = 1.0 -~ Numerical coefficient that teflects‘
o . ‘type of construction o

1=1,0 -'Impoptance facxor

o F =.1,0 - Foundation factor -
LEVEL® ' . FORCE (KIPS)
- Main Roof - 465,8 . »
° ’ ., N\ N o y
‘ 10th Floor - ¢ . 8352.0
| gth ' 313.9
8th &~ g 275.7
7th " - 2360k
‘ 6th " _ 197.8.
5th, " .. . . 1 .158.9
" DR -
Ith " o . 119, u.. o
rd " T "

\ . R t

#L.b INPUT DATA FOR PROGRAMMES

St N . ' . ‘..

The structure was idealiaed as three frames for

- input into the programme. The first (Frame #1) consisted

I

of & combination of all the columns and glabs, lines 1 to

39




V 5 and ;;o to 14; this is the portion of Q}:he structure -

that does not include a'shear wall. The second frame -

(Frame #2) consisted of the stair and elevator shafts R

and columns on. lines 6 and 7, and the third frame (Frame #3)

. consisted of the stair shaft and columns oh lines 8 and 9.

The frame-shear wall interaction programme does

; not have. the capacity to incorporate members having a
variable moment of inertia, hence the additional joint
stiffness due to the drop pahels cannot be included. .The -
input data for the frame-shear wall programme includee the
'~dimensions and properties of the members and the dimensions
of storey heights and bay widths, . The lateral forces due
.to earthquake, described in section 4.2 are the only‘input
loads for the frame—shear wall interaction programme,

The moments in the slabs, due to. the lateral loads, are

" obtained from the frame-shear wall ihteraction programme

and are then usedvzs part' of the input data for the flat

_ plate programme. The€ remainder of the input consists of

the floor 1live load and-the physical propertiesdof the
members and steel and concrete strengths. The flat'plate
‘programme combines the dead. live and earthquake loads

and applies'the necessary factors to obtain the ultimate :

" moments and shears, in the ‘slabs and columns at one ;loor

’ level. . N |
~_ The earthquake analysis was only"considered.in the

N-S direction"for the purposes of 'this report, -

s

W e
.
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' CHAPTER 5 T
DISCUSSION OF RESULTS AND CONCLUSION : Ca

‘\

. : ' The moménts and -ghears in the slabs and columns

‘of one typical frame ‘are shown in’ Figures 19 and 20; the

. i maximum va}ues occur at the sixth.floor and these values .

e

P ' are used to analyse the fldor slab. The maximumfmomemt
in thé slab is 48.6 kip-ft '(65.6 kip-ft ultimate) which
is combined with 460.5 kip-ft, the ultimate moment'due_to
Yo L o ‘ dead amd live lioads. in the flat plate Jpro'érame. | ﬂe |
resalte from the flat plate prOgramme (Figuree Zl(a).and
- 21(b)) ehOW'that the design moments due to dead‘and live
.loade are almosgt the same as the combined dead + live +
earthquake loads in thia example. The weight of reinforqing
T steel is 1.475 pounds" per square foot for dead + live loads.
‘fbompared to 1.478 pounds per Square foot for dead + live + -

earthquake loads; this is an insigniflcant increase.

The effects of the lateral- 1oads on the frame

columns are shown in Figure 20, and the maximum axial force e

o 18 4.4 kips on the e&terior columns at the greund floor. -
The additional axial ;Oad on the column is not great com-
pared to the combined dead and live load of 840.0 kips and
can be carried by the column without modifying the reinforc-

N . ~t fng steel. o TN
| An important aspect to be congidered in tme |
analyéis of the columns is the definition of a ”braced” as

Opposed to an’ unbraeed frame’ The A.C,I. code definesva

braced column as a member in a storey in which the bracing



i

-

. . 24 and ,‘%‘5) taken 4by the walls above ‘the first storey is

-~}

elements have a total etiffness resfsting lateral movement

at least six times the sum of the stiffnes%es of all

—

“¢olumns resisting lateral movement, For the building con-

sldered in this report the ‘shear walls are more than six

times stiffet than the columns, therefore the frame is

e .
braced and the slenderness factor is not significant, but the:

slenderness of the. columns must be carefully checked in all
bui ings where the columns are part of the lateral load "

~ resisting‘frame. ‘ T, i

‘ ” The results show"that the moments and shears in
Yhe shear walls are reduced considerably by indluding the .
frame in the analysis. The moment at the ground floor in -
' -the freight elevator shaft, for example, (Figures 22 and 23) -
is reduced from 2#‘739 3 kip-ft to- 13 733 7 kip-ft.
reduction of hj% and hence a reduction in the-quantity of

‘.reinforcing stee; required for bending The shear (Figures

/

¥

] reduced by 1nclnding the frame.  In the first storey, the

p ghear is higheﬁ for the combined frame and- shear wall by

.&

s

‘approximately 205, this increase in shear is not significantl

!
~

asg the shearicapaclty of the walls can easily be medified by

1ncreasing the concrete strength.

’ ‘\yr
The most significant aspect of the frame programme

results in the .non uniform distrlbution of the shsar forces

"and bending moments between the’shear walls and the'frame.k

The percentage of shears an® moments taken by the frames
lincreases ‘with height. as seepain Figures 23 and zu. as
. { ot .




B .perc&'xtage of the total ghear assigned to the elements
- percentage of.the total shear taken by . the frames\ v‘aries '

‘ the roof level the frame induces forces in the walls which

'domine.nt in'.the upper floors.

. grammes clearly show the economies poesible by considering/ '

impx:&tical to calculate the interection forces by mam@l

Er

opposed to the origin[al‘ de“sig'n which ass’umed a fixed -

at ea&h floor. The frame programme results show the

\

from 6% at ‘the base to 57,0 at the tenth floor. while at

cause reverse'bending in the v)alis as s}iown in Figure 1(c).

TheSe results demonstrate that the frame action becomes

The results from the frame and flat plate pro-

the frame 4nteracting with the shear walls., It would be

'

methods because of the large number of joint}s to be

\

considered ..

" This report has den{onstrsted that the :t‘rame action .
should be considered in buildings to resist lateral. loads
in order to take advantage of the 1nherent -strength of the

*

joints in reinforced concrete construction, \

N\t
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MOMENTS (KIP FEET) -

'Distribution'of‘mqmentp'1n‘framé and shear walls

.

N

s

-from frame-shear wall programme.
' Fig. 23
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SHEAR .(KIPS)

Shear in frame and ‘shear walls with arbitrary

distribution of 75% to shear walls and 25& to frame /




' \Diatribupioh of shear in frame and shear walls from

‘e
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