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ABSTRACT

_ A-STUDY OF SHEAR DIAPHRAGMS
AND CLAD MULTISTORY FRAMES

e

Sithambaram Chockalingam, Ph.D. ; -
Concordia Univerdity, 1979. Ce : ‘

»

4

The research reported in this stuﬂy forms part of.an overall project
on the shear behaviour of cold-formed shear diaphragms and their appli-

cation as,stiffenihg elements in multistory frames. Because of their

" ipherent economy, 1ighf-gage steel parieis are wide]y'uéed in many build-

" ings as shear resistinb elements. When used in combination with steel '

frames, they offer considerable shear resistance to lateral loads.

The objective of this study is to develop a simplified method for
the elastic analysis of the entire structura! system consisting of the
frame and the claddings. The investigation consists of two parts: The
first part i concerned with the'analysis for the shear st1ffness and 7

strength of claddings (also referred to as shear diaphragms) .Based on

an assumed deformation mode, simple expressions are developed fqr fas;ener.

forces and shear stiffness of diaphragms. Since the ultimate she
strength may be 'cmled by failure of the connections or by o eraH
shear buckling, theor s for prediction of both modes of failures are

" presented.’ The accuracy of the proposed expressions are verifie by
, ) .
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2 .
comparing the pr/edic’ted. shear stiffnesses and stre_ngth'/s with the .

i

‘meigsu"red values of several diaphgragms having a wideﬂ./ range of variables,
The seéondl;;abt of the investigation deals with%he response of multi-.
story frames stiffened with corrugate ée] lad ing?. ?si‘mpk tech-
nique is deve'lope& to derive the stiffness matri/x of the cladding. The
* anglysis of the overall structure is:carried ,ou/}t by 'using the conventional
direct st‘tffne'ss‘ approach. "The lateral Toad ,esponsés of three ciifferen;
clad frames are predicted by the new approac énd the results are compared
“to th’ose from,other ?%eories. Design curves are d'ev\e1oped 'for the‘rapid'

t

analysis of qlad frames. Recommendations/for further research are
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. " NOMENCLATURE °
.o, . = Tota1 wwdth of dlaphragm (perpendicular to corrugation) : ’
| ;s.' ="SpaC1ng of seam attachments A ! o '/[
« A = Cross- sectlonal area of pur11ns . g ;/
b = Length of _diaphragm (para]1e1 to the corrugat1ons) (5/
b = Width of one panel in Eq. 4.20. '

C2,C3 Unity for seam c]inches (see Ref., 41)

Dx.Dy and ny = Orthotropic constants in Eqgs. 5. 7 t6 5.9 e //
- E = Modu]us of e]ast1c1ty of the material
F¢; = <Force in the side fastener ! - )
Fse = Force in the seam fastener )
FR = Horizontal component of eno fastener force , -
ng = Force in the girt fastener . S <
F(i“ = Yertical component‘of end fastener force ) '. T e
Fe .= Resultant torce{in end fastener \
JFp o= Ultimate strength of one girt fastener | , /{\
Fy .= o]ttnate_strength of one side fastgner - _ :%,@g Pt
. q;;v ‘ = Ultimate strength of -one seam fastener ' ?:v {yr ..
Fy = Ultimate'strength'of one end fastener ) '( it
Ip P ?:oss moment of iHertia of deck unit about vertica] centre
i ne axis in inch

4’

Iy Vs Moment of inertia of the cross section of panel per unit length
about the horizonta] neutral axis in inch®

G' = Diaphragm shear modulus (shear stiffness according to Ref. 12)

Tegs Igo Second moment of end fastener and girt fastener patterns |
about point 0 1n Fig. 3.4 . “

K = Sheeting constant from Ref. 42 ’ . ‘ o Lo




- xxiit -

4
K§ﬁ, Ksét{= Stiffresses of one side and seam fastener respectively

Ke}ﬂkg = Stiffnesses of one'end and girt fastener ‘respectively

-

[

Le Height of one story in multistory frame

L]

Ly Vertical span of panels (distance between the pur1in§)

‘ Mcs Mp = Momentgﬂin clad frame and bare frame respectively

PPN e

m = Nuﬁber of buck]ed waves in a:diaphragm \
N = Saé;;“load per. un1t width of diaphragm
Ner = ‘Cr1t1ca1 buck]ing load of. d1aphragm per unit width
Ng = U1t1mate shear load per unit w1dth of diaphragm
P = Total shear load in daaphragm perpend1cu1ar to corrugations
Py = Lateral forces. at each floor level of multistory frame
q =" Horizontal projection of a single width of panel 7
q]; qs =-Components of‘working gshear in 1bs/ft/
Qq1t' = Ultimate shear load of diaphragm (parallel to, corrugations)
'r = Shear stiffness ratio defin;d by Eq. 6.13 o o
‘ o Ry, = 'Restra1n1ng forces offered by the claddwng
s’ = Developed width of a single panel ‘ Y

S, = Shear stiffness of diaphragmaor cladding - “
Tfsi’Tfse = Total force along the sides and seams ‘

Ts1 1 Tge = U1t1mate strength of the fasteners along the sides and seams,
tgst = Thickness of sheetinq | f~:
Thickress of sheeting at the bottom of vert#cal ribs

“ t‘l =
t; /t, = Effective .thickness. ratio of..fluted element in inches (Ref.41)
W = Width dt-one panel '
Xg = Location of Zero force in Fig. 3.4

858y = Lateral deflection of clad frame and bare frame respectively

Q\ )
. .
‘ ,/ ‘ '
o s
: -l
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" by Nestee1-Rosco Ltd, ‘one of the’ 1argest stee1 deck maoufacturers

. . oo \
. in this country. Since that time, steel roof deck has grown_ in

‘ . CHAPTER 1 N
A 7 INTRODUCTION. ‘
o . ' s T N )
1.1 General - . N N ,
- . . - o ' - w . “A,

The 1ntroduction of light gage steel for structural components 1n
recent years could betreaarded as a.major step 1n the evo]ution
_of structural foms from their primitive massiveness to the ot
types of structures~yh1cﬂ are slender,.11ghter apd more economical.
‘Exteosive use of 1ight gage étee1 can be éeen in the constryction
of roof%, walls and internal partitions éf many° pes of'odildings.

both on this continent and abroad “The first large 1ight, gage

stee] roof deck in Canada was erected about 40 years ago in Toronto

bopdlarity and it has heen reported that oVet 80% of all non-
domestic roofing 1n§taJ1ations employ ste®™ deck systems .

The same trend has been noticed in dountr1es Tike the United States.

B r
England and Sweden. T "

A " 2 P .
Mhen used priwarily as a means of enclosing the space, roof °covering

)and wall sheathing ar® usually-referred to as cﬁaddiggs. It has

been custohary:to treat these claddings as non-structural elements §
.. - . . . g’ , Y
in. the design of steel buildings. The structural use of light, o ﬁ
gage steel in buildings started only after the 1ntroduction of Q

corrugated panels. Many d1fferent sizes and shapes of panels can

> o
be obtainéd,féom 1ight gage steel by cold forming (F\&f.1.1,and-1.z) , <i:::§

» . [
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. Corrugatgp panel because. of its- 1ncreased ﬂexural rigidity, “

could support and sustain Targe forces “normal to- 1ts plane.

a o~

¥ 7

.'In addition, if the. panels are proper1y ffastened to each other .

and to the supporting frame, the resulting structure wou'ld offer’

e A B “
substantial resistance to, 'tn plape forces. - : ' . ’ .

C.

As e‘ar1y as 1947, tests were performed in the United States tz]

to investigate the shear behaviour of isolated ;par:els and pfal T
assen;bHes and their effects on framed buildings [3-6].0 T-‘ Py =,
sults h'ove‘ proved that the'calculoted values 'of ‘stresses *c '

ond ’def"}ections of frames without con;siderir/g/,tﬁe claddirigs,-v’vere \

much higher than_\fheir correspofiding measuréd values, THS pro;

vided strong ence to ‘'support the fact that the supposediy non- .

" structural ,elements offer considerable Shear resis‘tancé to loads

" there was some hesitation among the engineers in the past to c"onsider:.' )

acting in their p]ane Because the cladding is connected to the
frame, 1nteraction .of the c]adding and the frame wﬂl always be
there, even 1f the bui]ding is not designed for the effect of, the
c'ladding,. By virtue of ﬁ;s shear stiffness the cladding will

" attract its shg\re of the appHed load and hence,a.ao proper and

safe design procedure would have to consider the effect of the .

.cladding in the overall behaviour of the entire buﬂding." However,

[

t'he effects of these non-structural elepents. The reasons for ' )
‘this may be stated. as fo'l'lows' . : ‘1‘,\ L ’ . Y.

i) Cladding had been tradaltionaﬂy treated as a component which

w

could be removed later do.f;ing the 1ife time of the buﬂding,

-
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| ' .Jii) .»Theré was no generally acceéted theory to calculate the

o

stiffening effect.
"~ Thus » 1f the roof sheeting ‘and wall sheathing are to be taken

\

“1nt'o account in the. design,*tney) must be regarded as.permanent
structural elements and proper attention must be given in the
desfgn of the connect'lons When treated .as structural elements
and designed to resist in-plane forces, claddings are generally

° L

referred to as "ehear diaphragms". ,

".1.2 Shear Diaphragm Action in Structures

PRI

Buildings may be subjected to latera] loads “from a variety of sources
s”u’ch as wind, earthquakes and blasts. Referring to Fig.1.3, the
building is subjected to horizontal forces at the level of the
. -roof and can be designed as a pin—jointed frame with x-bracing
(F1g 1. 4a) or as a moment res1stant frame (Fig.1.4b). Al ternate]y,
the roof S‘heathing or c1adding could be designed as a shear dia-
' phragm to provide the required lateral -sti ffress (Fig 1.4c). By
4\ utilising the 1nherent shear strength of the cladding one could.
obtain a: thter structure with considerable saving in the overall
T . ‘ . cost of the building. "l',he roqf diaphragm ,when properly connected -
‘to the supporting.frame, would ’act as the web of a ée-p nLate girder‘
"with the framing members AB and CD as the flanges (Fig 1.3). Similaru,

,wa'ﬂs may also be desfgned to 1ncorporate diaphragmic action mth WA

oo \ , , panels spanning between girts as-shown jn Fig.l_.s and thus eliminating
g - N M'd?i'agaonﬂ. bracing in the end fraies. Many shed'Eype buildings have Sy
| " ’ ' .‘ E ' |
. e ~ . T - .
; -0 S
R ) . . - B L (““ ‘
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:aw:‘ '.:f been\:;nsfructed by utilising che cnncept of shear diaphragms and
have proved to be safe and economical. The use of shear diaphragms -

AT _ 1s,‘however, not restricted to single story .shed t}pe buildings.

. Research is underway tq‘utilfsé the'&tjffen1ng effect of<cJadd1ng

y .- ' on multistory frames and is discussed in the next section. o

!

\ .

z

1.3 Effect of Cladding on Multistory Frames

°
[ . .

Shear'resistance of light gage steel claddind may also be_used for.

_controlling the lateral deflection of multistory structures. The
ontribut1on of the cladding and internal- partitions to the strength
and stiffness of the structure has been general1y ignored in the

. des1gn because proper dbsign methods were not avai(ab]e to account

" for the integrated behavvour. As in s?ngle story‘bu\zdings measured
deflections in the case of tall buildings were considerably smaller
than the computed deflections. In a sxudy canducted by Rathﬂurn[?]
on the laceral’déflection of the Empire State Building in New York,

. e oo

; ‘ " ‘it was observed that the actual deflection was about one_fifth T
of the ca1cu}ated value, This large difference arises'from ignoring
the effect of thé‘neawy'stone and masonry walls in the calculations.’
' In~anctﬁer study on a056 story concrete framed structdre.apartment’

) L ' building, Wiss and.Curth [8] found that the measured deflection ~

M
B O N 2 L LR T R P

of the top sfory was on1y13 3 1nches.as—compared to the\caICdIated

v
-

it
’

" value of'8'9-1nches These studfes 1nd1¢ate that the cladding ele-
'ments do haye a significant effect on the st1ffness of multistory

-~ ¢ . 4

- frames - -



Since, in the design of tall buildings. the member sizesiin the

. Tower stories are often controlled by lateral defiection 1imitations

rather than by stress considerations, accurate prediction of the
'laferai deflection is of paramount importance. Only recently,

" some gttemptsyhavg'been made to include the eifect of shear*dia;
phragms in the aneiysis of multistory frames and it has been found
‘thet the lateral deflections are conSiderabiy'neduced with even the
lightest form of claddings [9, 10]. As an exampie Fig. 1.6 shows
.the latera1 deflections of a 3 bay; 26 story frame with and without
cladding. The infi]ied frame consisted of light gage stee] pane]s ’

| (thickness of sheeting iﬁ-gage or 0. 0635 inch) piaced at the central.
bay. The overa]] dimensions of the frame and member sizes are
~,.sho;»\'n in Fig.l1.7. In addition to the significant reduction of the
lateral deflections dne/to the infilis, substantial reduction in

“’bending moments and stresses has also been observed [97.

1.4 Components of a'StructurglﬁCledding

[T 4

>
. B .
* v . ’ . 1

A typical stnncturai ciadding or a shear diaphragf is a two;dimen-
sfomal structure consisting of four different components_as described

belowi(sée Fig.1.8): L ,_ .

Ca

1)x_ .Corrugated Panels: The péne]s are made of gdivanized 1{ght
.gage steel sheet on aluminium sheeting and are availabie.in
T different sizes and shapes, The width of the panels vary
'*from 18 to 40 inches and the iength from 12 to 50 feet.
Thickness of the- sﬁeet meta] could vary from 8 gage to 31 ]
gage (8 gage corresponds to 0.1681 inch and 31 gage corres-

‘_____/\

ponds to 0.0142 inch).  Panels witn sheet thickness Tessg than

-

S

PR
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20\ gage (0.0396 inch) are usualiy referred to as light gage
g panels..(Table 1 gives the Gage Number and the correspondi{tg
thickness in inches). Corrugated panels availabie in Canada\ ' .
are of standard widths, 24, 32 and 40 inches and thicknesses

ranging from 20 gage to 26 gage (0.0396 to 0.0217 inch).

. »
if) Panel to Panel Fasteper: These are seam connectors or

side lap fasteners For panels with sheet thickness less

than 20 gage, the seam fasteners are usua'l]y mechanical

chnches made by a special tool as an alternative' to welds

which are often used for heavier gages. In England and other
European countries, however, the fasteners are either rivets

or screws. The main function of the segm fa.steners in a

)shear diaphragm is to transfer the shear from one panel to

the next, and because of their criticel function, these fasteners

could be regarded as the most important -component ina dia-

\ !l

phragm.

111) Connection between the Panels hnd the Framing Members: These

fasteners are referred to as edge and end connectors. The

" fasteners between the pene1 sides and the framing memb " .

are called edge ‘fasteners (sometimes as side fasteners) and oo W,
- those,bnetween the framing memlgers and the panel ends as end

LN

«fasteners;(\sheet-purnn fasteners). In North America, screws,

o o rivets and. nost often we1d1ng are -used for these fasteners. o / .

" Howevér, in Europe, welding is seldun in favour. The end

and edge fasteners provide the shear trensfer from the panel s

¥ -

to the framing memhers,

- R . . . L
! . : 4 - e, N L R
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1v)  Marginal Framing Members or Perimeter Members - Framing -

¢ . .
members or supporting members are usually hot rolled steel
/

secttons of snﬁg&ble size In recent years, however, cold
formed structural sections are also used in the construction

of decking. The purpgse.of the framing members in a shear

¢+

diaphragm is to carry axial forces. . R

Somé'of.the nost commonly employed panel shapes and the various -
types of weln;d:COnnections are shown in Fig.1.9, When
welding 1is used for’seam connections, they are of 1 to 2
inchés long. The end and edge welds are generally of 3/4
to' 1 inch diameter puddlie welds.

L

When nll the above comﬁcnents are connected togetnsr

and the resulting structure is subjecten to a load as shown
in Fig:-1.10, the deflection at the loaded edge is the
measure of the shear flexibility of the diaphragm.

'In addition to the shear flexibility ’ another important

“

T
P
o
\\

3 characteristic known -as the 'shear strength' representing
the diaphrngmucapacity, is also required for the design of
.*the clad building. Since these two characteristics depend
upon a large number of variables [6], their predictions are .
“not a triyial matter and many attempts have been made_in ,
the past 25 years. A revicw of the relateq ctudies i; pre-
_ sented {n the ndxt chnpter. Most of /the reported research on
chear‘diaphragmt are either from‘North America or Engl;nd and
"hence thcy are-discussed under different sections for the sake

pw comparison.
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1 S - CHAPTER 2
' / o ” . REVIEW OF PREVIOUS STUDIES AND
N OBJECTIVES OF THE RESEARCH PROGRAH"E

2.1 Research on Shear Diaphragms in North America

Resedrch on light gage steel Eladding started almost 30 years ago,
when engineers recognized the substantizl effect of cladding.on

the behaviour of the stnucture. The first test related to diaphragm

action of cladding was conducted in 1947 by C.B. Johnson and

J.F. Converse [2]. This test was carried out on'a full-size clad

building subjected fo ateral loads app]{ed through cables attached
"to the side of the bulldt _Johinson presented the results of the

tests in the i950 ASCE meeting in Los Angeles and called for more

. research pertaining to diaphragm acéioh. As reported in Ref. i,

the next group of tests were performed in 1950 by S.8. Barnes and

associates using cellufar type of panels.:

In 1955, ‘a -major research project was sponsoréd by the Fenestra,

Inc; of Bufallo‘and by the American Iron and Steel;lnstitute and many:
fu]]-sgé]e tests were carried out by Nilson{11] at Corne]l‘Univeﬁsigy.
This was the first systenatic research nrogram on the cnmplex problem

of shear diaphraqms. After conducting a number of tests on large size

diaphragms, Nilson squested that the shear strenqth and stiffnes cou]d‘

be obtained more consistently from a'cantilever test set-up (Fig.1.10),

. variof® factors influencing the performance of diaphragms such ns the
connections. panel lennth thickness of sheet, panel ‘width, orientat?on‘

of th; panels are discussed Ni]son recognised'that the flexibility




55""

'6f the d1aphra§m is caused by: : :

s

[Ro——— m ) e R o e -

)

i. the deformation of the conpections;;

ii; shear &eformation of the sheeting; and

ifi.deformation of the perimeter members due to bending‘in'tﬁe-
plane of the panel. l~

One of the major contributions of Ni1§on is that the c;nti1ever

test set-up adopted in his research project has been incorporated

as a standard testing procedure and is now being used all over the

world. The plan view of a typiba] caritilever frame with paneis

- is shown 1in Fig.l.]O.Coﬁp]ete details of the testiﬁg‘proceduéé and

design aspects are intluded in the manual for the "Design of Light °
Gage Steei Diaphragms", published by the American Iron and Steel
Institute [12]. Recently, the American Sbcieiy for Testing ﬁateriq]s
has 1nc1uded'theaabove testing procedure in the ASTM Standards [13] .

‘for testing shear diaphragms.

Nilson's work was continued by_Luitrell (6] and Apparao [14] to '
isolate the contribution of the different variables to the overalf
load-displacement behaviour of diaphragms.. Panels with box ribs,
trapezoidal and sinh;oida1‘qgrru§ations were usgﬂin the test dia-
phragms . %he effects of the following parameters have been fnvesti-
gated: type and size of pqﬁel-skeet; spacing and type of fasteners
iboth screw type fasteners and welded connectionsi{ number of ° -
purlins; and the size of the framing members. Over 100 tests

h;ve bgen’performed'with some tests to 1nc1ude'the various combin-
ations of the above variables. For tﬁe first time, behaviour of

' >
7
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‘panel assembly’'was subjected to repeated and reversed loading.
Although it was not' possible to formulate a general ‘theory, in
empirical expression and ¢esign cpart was established'to determine
the shear stiffness of O,lzecladding. Part of ti\e recommendations
for the 'des'igri of shear _d'laphragms reported in Ref. 12 is from the

P ‘\ -
work of Luttrell [6]. ) T

1

.lEasley proposed a new theory [15] for the analysis of shear diaphragms,.

after conductmg a number of full-scale tests [16, 17] The theory is

based on the assumption that all the fasteners would have identical

load-deformation characteristics. This assumption makes it difficult, -

if not impossible, to adopt the theory for diaphragms where the seams

and side fasteners are different from the end fasteners.- A more

Q

simplified approach has been suggested’ 1n Ref. 18 for predicting the

v

has been modified [1\9] to diaphragms where the fasteners may have

- different load-deformation behavior. .

shear stiffness and strength of diaphragms. Further, Eas]ey s theory

. ‘B'y' using the finite element technique, Ammar and Nilson [20] ana]ysed

the shear behaviour of diaphragms and reported that the test results’

of some diaphragﬁs were in good agreement with the predicted values

for the shear stiffness and strength.» I't is worth mentioning thatﬂ

Amnor and Nilson w_erfe the first to employ the finite element method P

for the analysis of shear diaphragms.

&
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From the assumed deformation modes of the panels and framing

" members, Ha [21] has developed a new technique for the analysis

i corrugatéd‘khear diaphragms. The method is based on the stiffness
approach and the load-deformation curves for the fagggpers are
represented in multi- 11near forms., The anaiysis ié carried out by
using a specal computer progrdﬁiand the method has. the.advantage
that it can be easily ipcorporated into conventional frame programs
fqr the analyéis of clad muitistory f;ames. The computed values of
shear stiifnesg and strength are in good agreement with'the‘finite
element analysis and test datéi However, the méthod 1nv01ves the use

)
of special computer programs which are not readiiy available to designers.

2.2 Research on Shear Diaphragms in England

Iﬁ/England: studigs related to“’the shear behaviour of didphragms

started almost at the same period as in Americ;T“ While the—experimentai

. approach [12] has been successfully used in the U.S.A., researcher; in
England attempted to solve the problem ana]ytica]]y., Bryan and Jackson
[22] suggested a simplified approach for ca]culating the shear f]exnbility
based on certain $1mpiifying assumptions on the distribution of forces

in the diaphragm.. The energy approach was used to eva]uatg the flexibil-
’ity of a sing]e»rgctangu]ar corrugated panéi. The flexibility componén;s
~ of the connections were obtained“from individual tests. The total flexi-
"bility of the diaphragm was obtained as the sum of the flexibilities ‘
cBntpibuted by the pane]_distortion ?nd the slippage of the connections.

‘Good agreement between the.theory and the test results was reported.

The above approaph by Bryiq and Jackson Ebuld'be regarded as the
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.of'the fasteners,

‘prépared from the enpinicai equations.

N . . . @

&

first at%empt to study the problem analytically. However, the

effects of intermediate purlins and the end fasteners were\not
considered in this theory. The work was extended further by\Bryan‘
and Dakhakhni [5] to 1nciude ohe above mentioned effects. oThe~
total shear flexibility was again obtained as the sum of the
different components and simple expressions have béen oroposed.

for\celcu1at1ng‘the shear strength of a diaphragm from tnejs;nengtn

Recenﬂy. Davies [23] reported ﬂthat the expressions proposéd b} "
Bryan et al [5] could give erroneous values for the strength of
certain types of diaphreghs‘and proposed'modified eipressions for

the ultimate strength and for the flexibility components due to
purlin rafter connections. The results obtained from these mod{fied
expressions compare favourably with those given by the finite element
method;[éS], Davies has also presented a’sim911f1ed appro&cn

[24] by modelling the' diaphragn as a frame-truss systen with = '

appropriate member stiffnesses. ‘

L4
L]

2.3 Empirical Approach for the Design of Shear Diaphr;gms'

.

. The design data for diaphragms could be obtained either by the. experi-f
' mental .approach [12] or the ana]ytica] methods [S 15, .20] as

mentioned -previously. In addition to thess ?pproaches empirical
equations‘_'[zs] are avaﬂable for predicthJthe. shear ﬁexibﬂity« ‘
and strength of diaphragms. These equations are derived on the.. |

" basis of limited test data and are lengthy and complex. Current -

"design procedure 1n'Caned%_[aa], however, is based on desfgn tables

Foetx [ "
&
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2.4 Research on Shear Buckling of Dfaphragmg‘

In many diaphragm tests, it has been observed that the failure of

the diaphragm occured due to oyeral] buck]ing of the -panels without

any sort of rupture at the fasteners. This type of overall buckling

. would occur when the fasteners are strong and closely spaced. Some

attempts have been made to predict the'critical load in overall
buckling of the'diephragm. As early as 1935§’Bé?gmann andlkejssner
[27] treated the corrugated plate as an orthotropic plate and,
deveToped design curves\fo} the buckling load. Easley and McFarland
[28] also used the copcept of eqdivalept orthotroﬁic plate anq\:iiized
an‘eipression for the shear buckling goad bi using the principle

of minimum potential energy. The expression when applied to full-
size diaphragms, resulted 1p error ranging from 15 to 30%. Easley [29]
extended his previops study with some modifications ang the new‘
formula predicts wellwghe buckling load of ideaiized specimen where -
the sh;er load is applied along the neutral plane. To achunt for
the restraining effect'of gpecial end taps in the idealized specimen,
Easley introduced a correlation factor in his expression Howeyep,

in practice, evaluation of such a factor would be dif(fcu]t if not

1mpossible. Hence ‘the formula 1s not of much use for design purpose

Hlavacek [30] his proposed an expression for the buckling

for corrugated panels. L . . Ty

-

Ellifritt and Luttrell [31] tested a number of welded diaphragﬁ§~

in order to study the effect of the following variables on the

4 -

shear behqviour:
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i, size and-type of panel:
ii, fastener arrangements; .
" jii.purlin spacing; ‘
1v; thickness of sheet; and 2
v. yleld strength of the material. |
I The major contribution gns hhe derivation of simp?e:fbrmulas for
predicting the critical load for lncal buckling of the panel.
Cohnefatinq~the critical buckling Toad to the ﬁanel-span:and gage
thickness, design curves have been developed. In addition to the ;
design charts for strength, empirical egquations were also presented
for,getermining the shear stiffness. In most of the tests, failure
of . the -diaphragm occuned either due to tearing of the sheeting around
{ the weld or by strnt-ﬂike'huckling of an edge fiuteLbetween purlins. . .

C It.must be mentioned here that the design equations were-derived

considering only the gage thickness and purlfn spacing® as the major
variables and, therefore, correction factors were introduced to
v . \

account for other parameters.
o

-

Amos [32] carried out a‘study on .the buckling of corrugated'banels'
b subjected to in-plane shear forces. By.using the shallow shell

theory Amos has developed fonnulas for ca1cu1at1ng the local

buck11ng load of a corrugation and reported that the formula predicted

well the crktical Toad of panels having sinusoidal corrugation. ’

Studies related to the shear behaviour of isolated corrugated péné1s' .
. - = ' D ° ' : )

have also been. reported by Libove et al [33], McKenzie [34] and -
. \ . ) . : ‘ .
Horne and Raslan.[35]. However, these works dre of little use for

\ ‘ ) ‘ ' ‘ ‘.' . . i
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_ large size diaphragms with many panels and intermediate purlins

~

..or girts.

A} .

i

CIn addition to the above works, research is 1n progress in Sweden

at: the Royal Institute of Technology, Stockholm [36] to .obfain design

procedures for shear diaphragms. _The objective 1s to develop

anal ytical and experimenta\\methods to predict the strength and

s
stiffness of diaphragms. Other projects are also a1med .at standard-
ising the procedure ‘For testing of eonnections under static and dynamic

Toads. - .

7

- The next section is cc;ncerned-‘with the research reported on the-

\ . "
behaviour of clad multistory frames. SR ’

Ly
°,

.2.5 Studies Related to Clad Multistory Frames
j Y

Hhﬂe consideraMe attention is given to the structural behaviour

N “

of isolated pane]s, very few attempts have been made to study the ‘

integrated b¥havidur of multistory frames 1nf\11ed with tht gage

‘ stee] panels. The needrfor more researcd®{n this area was r:ecognized

T oe " t

by the engineening profession as exemplified by the following' state-
. ~ . ' 4 ’

ment of the Resé'arch Covuniitee of the Structural Division of €the

mericin Socfety of Civil Englneers [373.:2 T -

»,

"Increased use of 1ight-gage ?netal as the exterior panels
of h'lgh-rise buildings has, revealed the gap in our knowl- .
'edge of the influence, of the exterior covering of such

structures. Ordinary design procedures do not consider e

'

the exteﬂor stmctures as prfmary structural elements. ‘

o . /

kel v

‘o
?
1
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t . : . '
- . Such elements do, however, contribute significantly .-

! h ~to %Me.iateraI stfffness, danning and vibration chardc-

' ~ teristies Openings 1n 11ght -gage exterior sugfaces : <:
; 'w jjsjz‘ a °1can have a considerable effect - Contributions of the .
‘ exterfor covering tothe properties of structures»must
g B ' ', ne,etalueted'to develop more rétfona1 design‘pnocedurgs.‘
; o - ﬁ, 'Primary among, such considerations snouidrbe tne required‘~

othickness and minimum attachment for effective use of these

. elements as contributing structural elements.

L. I Y’ +.s... It shoyld be recognised that ' the 1nd1v1dual o
LT ._\- elements of a structure do not thave independently (
of those to whﬁch they are connected. gather, the entire '\\\h

o " . Structyre responds to the,env1ronment‘and‘tﬁl forces

e

/e ¢ .and motions to which the structure is subjected to.

>

e

i <f . * " Hence, greater attention must be gdven in the future: to .

-

the behaviour of the entire structural system and to

" the development of analytical design procedures and con- -

SRR T cmemes age—
-

cepts that take this into account." -

P n

Reinforcing the above view, 15 a statement by J F. Baker

PR

"The most unsatisfactory feature 1n‘the design of orhtodox

[P -
A Sy,
.«

: ' 1, buildings has been the smail account taken of the strength
- : and stability provided by the cladding".[38]. .

v L e - s

a Among the high-rise structures.-that are widely used and that ) .

e o o et s b i, w2 2

will find greater application in the near future are the modern”
| apartment and office buildings with 20 to 30 storys: Construction

veo of many nng-rise buildings has 1ncreased the necessity for more .

t i
. - o -

—
,
{

. v { .
[ . - -
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— refinéo é:d rational method-of analysis. In most of the tall . _ _ ' -
bu11d1ngs, ‘the introduction of curtain walls and light- gage o
steel panels has replaced the traditionaT use of heavy masonry
wa]]s. H{gh-rise structures designed according to the strength
requirements ane slender and in most cases do not sotisfy the
lateral deflection requirement.] A1l these foctors have' aroused
1n£erest in more accurate analysis technique for clad multistory
frames. Fortunately, the deve16pment of digital computers and
the matrix nethods pronided the necessary tools with which

-

_the more ‘refined techniques could be developed.V . J

-

Although a great amount’ of work'hos_been done on the behaviour
‘of multistory frames ouringlthe.past 15 years, most of these are
re]ateo to the analysis ano design of either the bare framesﬁzr' \
.4 frames infilled with concrete pane]s Very few studies are reported . ' -
"on the analysis of multistory frames clad with 11ght gage steel g
panels. M111ec [9] developed a computer programme for the 1inear
.elastic analysis of infilled frame. In this approach the panel

‘ stiffness is obtained by using the finite element technique [22]
‘M111er has a1so presented a géneral review of the various studies
related to the analysis of multistory frames. In another stuez////‘h
Oppenheim [39] 1nvestigated the behaviour of clad frames subjected
to static and dynamic 1oading. The shear stiffness of the panel {is
derived from the finite element technique. However, he suggested
that if the'stiffness ié obtained from apﬁioxj@ate.method [5]. fb ’
_ one most be sure fhat the formulas derived are applicable to the .
oarticqlan cons;ruction: necently, Dakhakhni [Joﬂ/presented a:
' néw method based on ;ne flexibility apprdach;fon'the‘anaTysis

o Lo v .

.
% - . o H
. . *
N — v v
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of ciad«multistory-franes and discussed some design aspects related

- to the control of iaterei deflection of frames infilled with light

e

'gage panels Dakhakhni obtained the flexibility of the panel fran
epproximete expressions [40]. Ioth Oppenheim and Dakhakhni did -

1 W .
not consider the effect of the axial deformation of columns in .

their theory and this has resulted in an error of 10 to 35% in

the lateral deilection;
- . \ N ‘/

/2.6 General. Comments.

The: methods presented by Bryan and Davies\nave been found to be
- 'satisfactory for diaphragms where the fasteners ¥re of screns

or rivets. There is no evidence that the tﬂeory could be used .

. 'for welded diaphragms. In fact, it has been observed [19] that unef-

-

equations proposed by Bryan do not predict well the strength of

dianhregms with welded connections. The expressions devéioped by "

- Dayies, though an improvemeni over Sryan's méthod, are again oniy

soitab]e for diaphragms with mechanical fasteners.,

The finite eiement technique, though attractive and a major step
'in ehe afialysis technique for shear diaphregms. the necessery computer
program 1s not available to. design ennineers. Further, it has been

, observed [20] that the approach does not predict ueii the stiffnesses

- of diaphragms with ionger panels. In addition, the- me thod. would

involve considerable emount of time for the reperetﬂon of input data

. and Hlnce, may be inconvenient to use in routine design problems.

From ‘the brief re@ieu presented in this chapter, it is clear that
there is need for a simp]ifiod'genereirevprnoch for eveiueting the

» “

L
N

toa
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shear strength and stiffness of steel cladding. The method should:
be rattonal and simple so that it can be used for diaphragms with
mechanical fasteners as well as welded connections. Further, a

practl{fg method is to be developed for the analysis of clad mu]ti-

story (frames, especial]y when the effect of column shortening

affects the behaviour of frames significantly. The objective

of the present research programme is outlined in the following

-

2.7 Research Programme and Objectives

-

The current research programme dealg with the analysis and some

* design aspects of multistory frames clad with co]diformed 1ight

gage stee] pane]s The work is divided into two phases:
i. A study on’ the behaviour and analysis of isolated shear dia-

phragms, and ( ' - -
¥ / -
11. Investigation of the effects of. s?ear d1aphragms on the overal]

i behav1our of multistory frames.
A

The first part of the,staﬁy involves the development of sfmp1i?ied

’ . N
techniques for the evaluation of the shear characteristics of the dia-

q bhragm, namely, the shear stiffness and usable strength. Thé’accgracy'

of the different formulas are checked by comparing with many test

e?sults. The &econd-phase dea]s with- the deve]opment of an approach

for 1ncorporat1ng the diaphragm st1ffness to the frame. The results
f 9

of the analysis are compared with those obtained from other methods

Fina11y.6/:2“igprox1mate method has also been sugges{ed to ‘obtain approp-

- riate pafiel stiffness to control the lateral deflection of multistory

, J , I
frames. , - 3 . M
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CHAPTER 3
SHEAR STIFFNESS OF METAL DIAPHRAGMS ‘ o
3.1 - General ) ' ] . '

The design of a diaphragm is mainly concerned with ;wo aspects: the
sheao stiffness and tﬁe strength.  The overall shear stfffnéss. dem'
fined as the shear \oadtper unit shear displacement, depends.on the type
of panel, the strength, and stiffness of the, various fésteners.l The
diffo;ent components of a typical .shear diaphragm have been described

in detail in Chapter 1. Because of the mu]tisude of interconnected
parts the determination of the forces and deformations in these com- .
ponents is not a trivial problem. Rigorous analysis of the structpre

would require a detailed finite element analysis. Most of‘thé cur:

‘methods are often based on an assumed fastener'force distribu£1on. which

wooIﬁ render the structure statically determinate. A brief:foview of
the most important methods is included in the previous chépter.‘=Based
on the actual behaviour of the fasteners and panels observed during
testing of full size diaphragns, this chapter presents a new method for
the analysis of diaphragms.. Simplified formulas are derived for cal-
culating the overall shear disﬁ1acemedt and fastener forcos; Examples
are also included to illustrat® the appiication of the method to cal-
culate the shear displacements of both welded aoo screw connected dia-
ohragms. Further; the results from the proposed approach arefcomPQred

with those from other theortes and to'published test data. The aspect
of shear strength of diaphragms %s treated separately in other chopters.

- -

N -
i <! - .
v . '
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L an angle y,, due to the~f011owing components:

: 3.2 Theorefical'beveiopment

A fypicai'shear diaphragm with all the fasteners is shown in Fig. 3.1'.
:Thf fasteners being the major coLponents of the shear carrying system
_of a diapﬁragm, accurate determinatibn of their contribution to thé over-
lai] rigidity of the structure isiof prime impontanqe. Assordingly,

thigy section is devoted to the eyaluation of the contribution of the

- fasteners to the shear deformatign. Since the theory is based on test

ev{denée, it is proposed to present a brief description of the deformation
pattern of a typical diaphragm with mehcanical fasteners (see Fig.3.1). |
Under .the action of a load P, the diaphragm is rotated about the supports

ép amount represented by the, angle yi as shown in Fig.3.2. It can be

see% from Fig.3.3 that the angle, v, cons{sts -of two parts, namely, an

amount y,, ent1re]§'due to the déformat1on of the fasteners and

1: the hor1zont§1 slip at the sheet-pur]1n fastenéﬁs;
i1. tﬁe bending of the sheet profile;
iii. shear strgin in the sheetin 1tself; and
19, ben&iné of the framing‘msmb rs.
- The primary objective of this section is to develqp expressionsﬁfor the

ang]e Y1 and for the fastener forﬁes.

| . )
The following observations may be}made from the deformation patter of
the fasteners indicated tn Fig.3. 3. 1) The configunation of deﬁoA:i;*o 3
gives an indication of the directipn of the forces in the various fasten-

ers. For example, the’deformationiZA at each of the seam fasteners

- shows that the seam forcgsNQQ:Runiforn and parallel to the sides of the

“,~‘ panel; ii) The tilting of the \anels and end fastener deformations pro-

/

-

-

—
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\;}de more information about the type of forces acting on the end fasten-

ers. The inclined directions of the end fastener deformations indicate

the presence of forces acting both parallel and perpendicular to the

‘ends of the panels. One could also note that the vertical components

" of the end fastener deformations vary linearly within the panel while

the horizontal component;\remain uniform and equal throughout the panel.
(The terms verticallpnd.horizonta1 are used with ge%erencé to the diroc-
tions shown in Fig.3.3). The above observations lead to the following
assumptions:~' ‘

i. The seams and side fastener forces are constght along the panel

seams and are directed along the seams.

» 1. The vertical components of end fastener forces vary lineéfly_

along the panel. ends.
{ii. The horizontal components of end, fastener forces are oniformsand
equal in magnitude and these components add up to the total. shear

force, P,indicated in Fi§.3.1.

~

3.2.1 Shear Strain duelto*Deformation at the Fasteners

Consistant with the above assumptions the~d$aphragm deformation, Y1

caused solely by the deformation at the fasteners 1is shown in Fig.3.4,

The deformation of the side fastepers is denoted by’As1. while that at
]

the seam fasteners as éAsi' Exteﬁsiye finite element studies have also -

shown that there is 1dttle variation of the seam fastaher forces through-

out the diaphragm (Refs 20,23). Thus, a constant seam fastener deforms-
tion ZA 1s 1mposed as shown in Fig. 3.4,

~ Free body diaphragms of an end and intermediate p;nel of a shear dia-

phragm- are shown in Fig.3.5. Horfzontal equilibrium of these panels is

i Doy A
L)
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2 N
automa ca{iy satisfied and so is the vertical force equilibrium of the
1ntermed1ate'pane1. This leaves three equations cérresponding ;P the

‘moment equi]ibr;um of the two panels and vertical equilibrium of the end
ﬁahe] to beocohsideréd. Unforiunately, the number of unknowns are
only two, cho§en anpng Asi’ Xq and Ase from the assumed deformation
mode in Fig.3.,5, Thus, there is a pdssibility of viola}ion of one of
the equilibrium conditions. In order to sipplify this situ‘tion, Easley
:[15]1has assumed that all- panels experience identical deformations, i.e.,

x6~= w/2 and Asi = A The consequence of the above assumptions is thg'

se’
violation of the two equilibrium conditions for the end panel. On the
other hand, Davies [23] ensures complete equilibrium of the intermediate
panels’ and allows violation of moment equilibrium of the end panel.: .

However, extensive experimental evidence has shown that shear diaphragm

t1ures invariably occured at the end panel [41] and the failures in

t

cases were due to tearing of the sheeting at the fastener locations.

ertical component of the force in an end fastener shown in Fig. 3.5,
o :

may be written as:

\ ‘ (3.).
Xo si -
v ' ) “
vhere K = stiffness of one end fastener; Xq = distance of the fastener,

15 i, measured from the left §1de of the panel; by = vertical component

of the deformation of the‘Qide‘fasteners. x, is as shown in Fig. 3.3,
ThevVettical forces in the -intermediate girt faiégnérs can also be ob-
tained from €q. 3.1 by replacing Ke with Kg, the stiffness of one girt
fastener. By making usé of £q. 3.1 and by assuming that all the upward

/
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forces are positive, the vertical force equilibrium of the end panel

4

may be expressed as follows: ‘ )

28 ..k e .n KA "ge

n,.F .+ si’e (x - x,) + agsi t (x_ - x,)

si° si o | 0 i
. X, i=1 Xo i=1
N ' {
- nse'.FSe =0 » . “ 0 (3.2)
U . . t :
in which Neis Nser Mo and nge are the number of side, seam, end and

girt fasteners respectively; F51 and‘}?se are the vertigal %brceg in
the sidéhand seam fasteners; ng = number of 1ntermed1a£e girts or puﬁ-
lins. For the assumed deformation mode of Fig.3.5 the vertical dis-

"~ placements of the side and seam fasteners are As1 and 2Ase respectively.

Then, the corresponding forces are:

Fsi Ksi'Asi ) , . . (?‘3)
st
X

F., =K. .28 = K_ .2
se o

se se se

fn which w = distance between the centre lines of side and seam fasten-
ers. The values of FS1 and Fse may now be substituted from Egqs. 3.3

and 3.4 into Eq. 3.2 which, when solved, would give the value of Xy as:
\ "e g "ge’ 2
2K L x,+nkK T x,+n_.2K .w
e 4oy 1 99 4= 1 se’ se

nse'Kse + "gT"ge‘K

X = \ ) (lé)
o
i\ g + "se'ZKse + 2"eKe

-

Next, the moment equilibrium of the forces acting on the end panel may

be considered about point 'o' in Fig.3.5 as:

JPow N ) -
Wh:ere Fh au. n n : * l (3.7)

e e

-

(w - x(;) Ve " (3.4)

an

0 /
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{

£quation 3.7 gives the horizontal force in each end fastener and N is

the applied shear load per unit width of the d1aphragm

M and Mgo

in Eq.. 3.6 are the_rgloments (taken gbout point 0) due to the vertica]

forces acting at the end and girt fasteners and are given by:

A
} si
Moo = Ker %+ Teo
8 o
- A
. \ si
Ko — . 1
and y Mgo ® $ o go
where n,
- : _ 2
Ieo 1§ (xi xo)
n
ge "
a’nd Io = 121 (x; = x;)

A =

~ si "t :
) .2K

- _se
where _"t "siKsi X
2K 1 nkKI -
+ € . 949qo

. - % *o

The shear strain, y may be obtained from Aoy 28t

. 1A
’ Y, « St
1 X,

s

-

L J

(3.10)

- (3.11)

‘ A(3.'13) |

- (3.14)

Since the value of Y, is der1ved for the end pane'l, 1t can ‘be easﬂy
f seen from F19.3.2 that the rotation of the end panel about the hinge

would also be equal to y .. This component 6f shear Strain is solely .
I 1 . .

_ due to the deformation of the fasteners.

—
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3.2.2 Forces insthe.Fasteners

The expressions for the fastener forces may be derived by combiningi

Eq. 3.12 with Egs. 3.1 to 3.4 as: o - : (
i:si =Ksi —"N},w'b | ‘ , (3.15)
t , | |
(w-x) ' ’
F =K . 2N.w.b 0 (3.16)
se  se n X .
S t 0 \
Ax ~x,) ' :
t 0, . 4
' ST (X xy) ‘
' R - N.w,b o i )
and | Fot =% - Ty X : (3.18)

Equation'3.18 gives the force fn the girt fhsteneﬁ;. The force in the
end fastener consists of a horizontal component, Fy, and a vertical |

~ component, F ., and the resultant force in the end fastener is obtainéﬂ[

as:

[

a Fo = [F2 + F 208 o (3.19)

n X

= NLEL)2 4 (k, Ak S ua LUPSTI (3.20)
- e t 0 . _

3.3 Determination of Shear Stranl,Y;
B . . . ‘

As already mentioned, the overall shear strain, y'is composed of two
: .

pafts, namely, y£ and 72. By using Eq. 3.14, the value of Yl may be
evatuated. .Since iﬁé angle Y, depends upon many factors, the effect of
these are considered separately and expressions are developed in the

following sections for calculating their contributions to the overall

n -
/}

shear strain, j : ' o T

v

«.’V
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3.331 Shear Strain due to Horizontal Forees in /End Fasteners

This part of the shear strain is due to the ho izontal components of’
the s1ip at the end fasteners and 1s depoted a Y, ;. "The following
expression may be’wnjtten for the horizontal force in the end fastener
as:

L Fy = Kby

. ! .-
where Ke = the stiffness of the end fastener and LY horizontal slip

at each end fastener; The value of Ay, may be obtained by combining

_Eqs. 3.21 and 3.7 as:

N.w

Kg-bp = 5= . o . ‘ (3.22)
e .
. . . a> N
or by = N.w/Ke.ne . (3.22)1

-
<

The shean strain yz’imay now be “obtained easily by using Eq. 3.22 and

.

from Fig. 3.6 as: o |

2.4 . oo
““h 2.MN.w
. ' . {3.23)
_ ‘72'1 b b‘Ke'"e ' '

A )

" in which b = depth pf the diaphragm (parallel to the corrugatiofis).

3

3.3.2 Shear Strain due to Bending of Profile .

——

A major component of the shear strain y is due to the distoriion of the
2

panel prof11e. This component 1s represented by v and i{s caused
hy the bending and twisting of the corrUQation, The amount of shear -
strain due to this effect depends upon the arrangement of fasteners, ie.

nheth¢r~the panel {s fixed to the ends in every trough or alternate

.@r@ﬂghp'bf the corrugation and alsn on the geometry of the,profile.

(3.21)
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Because of the comp}ex‘paturé of the bhenomenon, a‘brecise and rigorohs'
analysis is not av;flable to predict this compopent. ]ﬁéwéyer, one could
. estimate the shear deformationhin the shegting by using .the equation pro;
posed by Bryan [421. By assuming thét the shear deformation is linear
acrosé the depth of the panel as shown in Fig. 3.7, and by treating\the
shear flow around the corrugation as constant, the following e§pression ‘
has been derived [42] from simp]e energy principle, for calculating the

.

shear displacement as: . i

' 0.144 a d“f,K.Q : | q

T b2.2.% .. (3.24)
Et3b3 : R

1 yJ
f

14

Referring to Fig.3.8,.the shear strain y may be obtained as~

8.2 (0. 144 d“flK q :
Y2,2 = R ! ‘ (3.25)
a Et3b3 ' .

*

.in which a = width of‘the%diaphragm; Q is the shear loég appiieé paral-
lel to the corrugation; E = Young's modulus ofothe material of the
§hegtfng; t = thickness of the sheeting; b = dépth.of the diaphragm
panel, measured parallel to the corrugation; d = pitch of corf'q'gatiqns;n
i . the correction factor to aéfount for fhé effect of intermediate

' pur]insj and K is a siggsirg cons tarit which'&epeﬁds on the property
of the cross-section of the corrugation. The values of f, and K are
available in Ref. {42] for varfous profiles and’ pufli? arrangamunts.-
Equation 3 25 gives the shear strain 2.2 whon the IOad Q is applied
parallel to the corrugations as shown in Fig.3.8. Houcver. if th! load
is placed pﬁzgggdicular to the corrugation as shown in Figca 9, then
the value of Q in Eq. 3.25 would be P.b/a and the result1ng-expression —
,for the shear strain\iould be given by~

\

o i e




':\l

'\thickness of t, the'vé]ue of q is given by i ..

* The total

- 29 . . . . ' ' e
.- 0,148 d4¢,KP , N
. . il ‘ o " (3.26)
Y. EtY.b2a : .-

3)3.3 Contribution of Shear Strain from the Sheet;hg -

. ) AN , BN
Another component which affects the shear angle y 15 the shear strain
4 2 .

in the sheeting itself and is designated as y, 3. When 'the panel is
loaded tn.its plane, each face of the .corrugation will be subjected

. N L2 Pl
to shear strain which will tend to distort the rectangles into a paral-

lelogram.

’ .
) ’ . ' \)

’ o

By using the energy. principle, the value ofIYZ,s méy be easi]y derived.

A typical shear panel subjected to load P is shown in Fig.3.10, The

shear displacement due to shear strain alone is indicated as A. The

strain energy per unit volume, u, may be written as folloﬁs:—v.

3 “h P

"‘%é ‘ C (32

* ' * - L ’ L
where q = the shear stress and G-= the shear modulus. For a sheet ’

-2 B G
935 3 . - {3.28)

o
o . *
° . B «
- ‘ 1
. A .
X P
¢

:?traiﬂ energy, u is. obtained as -
- | s = -g.z. I - ) " ) 1 R -
: b o U =26 [b-t.n (d42n)] : o (3.29)
‘ ﬂﬁ§ie 9& = number of corrugations in the width, a, and is given by:

’

. . |
n.= a/d

in which d = the pitch of the corrugation. Substitution of nADEGL e eme

3.29 would yleld:

3
[4

(3.30) -
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Now. equating the total strai n energy given by Eq.- 3. 31 tcr the extemal

~ work-done 1/2 P.A;,3 would yield the fol'lowing

A\l

"

] e
.5 P.b2 3
2 2t .26

. (';l'«. ‘ ‘g 3 = (d+2h) "

-

Next,_the shear st,ra-:‘in v2.3 may be obtained from F‘Ig.g,]o as:

) ’ . . Az

.. 03 ‘ P-. N ) - ) '
YZ,3 B,-—-b-—v- =’ -G-;-t- (d"l‘Zh/d) ) . ' (3°34)

The effect of intermediate puans; may be included by multiplying Eq.
3.34 by the factor f, uhic};can be obtained from Ref. 43, In Eq.

3.34, the term P/a is the shear load per unit width .of diaphragm and

uiay be replaced by N . The ratfo of (d+2h)/d is simply the-ratio of
| - the developed width to\the projected width of oMorrugation, It

.Easley [15] for thiscomponent of shear strain. .

4

".3.3.4 Shear Strain due to Bemﬁng of the Eraaigg_bbers

: Hhen the diaphragm is loeded 1» shear, as shom( fn Fig3.11, the ¢
) : _ framing members are subjectedoto bend‘lng 1n the plane of thp dup:;-te}
lnd axial forces are mm«. These axfal forces will tend toéhanqe
the length of thé ul-w's. ttmm causing eddﬂ:tml shesr defl ection.
. © The cmmnt of shear. :tnin m to this deﬂecﬂu elm is desw
mated as T and Q derived as m;m. :

“
7 . M LY

[a bt]td*z"n L (3.32)

(3.33)

is of finterest to see that Eq. 3.34 yould then reduce to that reported by
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»
In Fig. 3. H.the ax1a1 forces in the edge members increase linearly from
0 to a maximum value of P.b/a for an appHed 1oad of P. The force at
any gistance is P.y/a and the strain energy of each vertical member

would be ' - Yy
o b P2y2.dy ", P2.b3
) 0 2a2AF 6Aa2E,

(3.35)

By equating the total strain energy to the external work done, 1P.A; 4,

the fonowing re'l‘Mon gay be written .

2 3 .
1P.A; 4, a.z...f_:_l?_:. ' . / |

) . j
6 Aan . :

3
or by .y = .g._f_.l?_ . . , (3.36)
: AE a2 '

The shear strain y, o can now be evaluated as

LN 2P 1 .b3 b .
Y2 4% = Ry L (3.37)
b 3AE b aZ- . .

For the case of toading parallel to the corrugation, a similar ex-

pression may be derived for vy, , as

Y2.4 * " , o (3.38)

The terms Ah and A 1n Eqs 3. 38 and 3.37 are the_cross-seqtmnal areas
of the horizontﬂ and vertical members. The effect of 1ntermed1ate
purl 'lns may be taken into account by multiplying Eq. 3 38 by the factor

'fg. obtained from Ref. 43. .

3.4 ,derall Shear Displacement of Diaphragm - T

. The total shear strain is the sum of all the components derived above

e 2
> 1

-%
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“<» and may be expressed. as, ' ' ’ : o A

Y*vnntvaatva2tvaatvay , (3.39)
The overall deflection ay may be obtained as

At=Yb ) (340)

Next, the shear stiffness S by def1n1t1on, is the shear,Jo d per unit

shear deflection and 1s expressed as

s = L o ; (3.41)
t . ,

A

L4

‘3.5 Effect of Panel Orientation Relatiye to Load

The shear deflection of the diaphragh depends whether the corrugatiohs
«are ‘paraliel or perpendicu]ar to the d1rection of the applied load For
the purpose of deriving the overall shear deflection in the previous ’

' section, it was assumed that the load was applied perpendicular to the
direction of the corrugations (see Fig.3.1). However, one could obtain
the shear.displacement for the case of loading parallel to the corru-_

gations from simple expressions as explained betow

/

Shown in Fig.3.12are the two cases of loading under discussion. The
Toad, P and 4, are for the case of corrugations perpendicular to the

. applied loaduwhile the load Q and A, are for the other case uhere‘thc
Yoading 1is paralleI to the corrugltions. The vqﬂul of Q may be wr!ttln

in terms of P as ) L ' .

Q=pba. (3.42)

smce tho shear strain Y is tM same in hoth cam. the shur dm!c-

"
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[ tions, 4 and 4, may be related as

A, A ‘ ) '
v,§*§>. : (3.43)
. ) . \
or o 8, = Ah.b/a ’ . (3.44)

Similarly, the shear stiffnesses for these cases may also be related

_to each other: L : j

”

, Shear Stiffness for Case i) = S = {L = —EE (3.45)
) . o h. Y
Shear Stiffness for Case i1) =5 =1 = .0 . (3.46)
) . v ‘ Av Y.a t
N Since y is the same in both cases, Sh and Sv may be rélated as
\ ‘ ~
s..b . -
Yy = -—---hP 3 Sv. % : i (3-.47)
; . Subs'titution of Q = P.b/a in the abo§e equation would yield *
' Sh.b : Sv'a| . o ‘
P P.b ° : )
' ‘ s ' ' '
s =52 ‘ | (3.48)
or ‘ . h v. ;; .
The term stiffness, S+ in the above equation s the inverse of the
shear flexibility. The American Iron and Steel Institute [12] defines
the shear stiffness, denoted by 6% as the ratio of }he shear load
— _ : per unit length at 40% of the ultimate load (0.4Pu) to the corresponding
" shear strain, y. Accordingly, 6' may be writtef as
. 0.4p, 0.4M ‘
. N ' U _!’ - U
\\‘ | g' = —— As - (3.42)\

; x'»f’.ﬂh9r§1lh ts the shear load per unit length of the diaphragm, ag = the !

o
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. range of variables with respéct to the type of fasteners, Hiaphragm size

* more susceptable to distOrtion. especially when the ends are not fastened :
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- 34 -
shear deflection at a 1oad of 0.4 P H P = yltimate strength of the'HiaZ\
phragm; and a and b are the width and length of the diaphragm. The temm
G', as defined by AISI, should be carefully 1nterpreted and should not
be understood as the inverse of the shear flexibility. The term “Diaphragm

Shear Modutu;“.wouId be more appropriate to represent G'. The relation-

ship between the "shear stiffness”, S, and th: "shear modulus®, G', how- -
04 P

bs

ever, cén be derived by replacing the term by s, in Eq. 3.49

and this would lead to the -following expression:

t

G' = S.a/b . . (3.50)
In this study. G' is refer?eq\to as dfhphragm shear modulus and § as

the shear stfffness, the inverse of tpe shear flexibility.

3.6 Correlation with Test Results

The proposed theory for predicting the shear deflection is now applied
to two iypes of diaphragms which have been tested experimentally as well

as subjected to finite element analysis. These diaphragms cover a wide

and loading configuration, The first two diaphragms were fabricated

with panels having a continuous fﬁ:t sheet, stiffened by two hat sections

as shown in Fig.3.15. These types of panels are usulily referred to as _
closed cellylar deck panels. Al :he connections were of welds in these
diaphragms. In the'second iype of dilphragm. ihe panel profire is of '

“open trapezoidal cross-section as shown in Fig,3.14, Such a prof%l! is

in every trough of the corrugations. All the fasteners in these dia-’

phragms were of self tapping scraws A brief description of these dia-

L . ’

phragms 1s presented 1n the fbllowing sections. - L e

+ . it s

¥
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3.6.1 MWelded ﬁ?g;hrqgmg T

Two different sizes of diaphragms are considered under this category.
The first one is of 12'0" x 30'0" and the second is of 30'0" x 30'0".
The first diaphragm, designated as 57.2, waé tested over a simple span

of 30'0" with the two point loads at third points. The test was per~

formed as part of an’ overall project at Cornell University and\reported'

by N11son [12]. The diaphraquassembly consists of 3 bays as shown in
Fig 3 13 and each bay in turn contains six 2'0" wide panels. The
diaphragm panels were manufactured by Fenestra, Inc. of Bullafo, New
York and are designated as Type D [20] The 1ong}tud1na1 edge at one
side of the flat sheet was made 1nto an upturned 1ip while that of the
other §1de was formed_ 1nto a vertical hook in order to tonnect the
adjacent panel. The pane1s were fabricated by using 16 'gage sheet
(thickness 0.0598") for both the flat sheet and the hat sections. The

details of the welded connections are given below:’
/ . .

Seam welds: 1 1/2" long burnthrough welds @ 18" c/c
Side welds: 1" diameter puddle welds @ 24" c/c
End welds : 1" d{aﬁéter puddle welds, 3 numbers per

panél'at,each end. .

-

[

3.6.2 Calculation of Shear Deflection for 12'0" x 30'0" Diaphragm
PR M . K 4 l . °

Most of the data for the fasteners are obtained from the original test

' results [12] and the stiffness values for the welded. connections areu _

]

TR T T e e

taken fmthe work of Ammar and Nilson [20]. The shear dgflection 1s
calculated for a load of 502 of the u1t1mate Toad and compared with .

the ccrrcspondins value observed during test.

L

K
) ~
s . 4
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1

i{) Shear strain due to horizontal slip at fasteners:

" 1i1) Contribution of shear strain from profile distortion, Y2.2°

- 36 %
‘ .
Diaphragm Data: Length of panel, b = 12'0"; width of an equivalent
3 k

- cantilever diaphragm, a = 10'0"; width of one panel,
w = 2'0"; number of side fasteness, Nee = 8; '

stiffness of side’ fastener X i = 800 kips/%nch;

stiffness of seam fastener, = 500 kips/inch;

se
‘stiffness of end fastener, K, = 1000 kips/inch;
ultimate stnenbtﬁ of diaphragm per foot length,

N, = 3220 1bs/ft; 50% of the ultimate.Toad, 0.5 n"‘.

&

.

= 1610 1bs/ft.

Solution:

1)  Shear strain due to deformation of fasteners: .
Using £q.73.5, the value of x, is obtained as 1.17 feet; the defor-
mation at the side fasteners, Asi'is obtained from Eq. 3.12 as
0.001731 N; where N = 1.61 kip per foot. ‘

- A , : .
From Eq. 3.14 y, = 51 - 0001731 x 1.61

X, T.17 x 12

= 0.000198

°

2Nw . 2x1.61'x2

From £q. 3.23, 2,2 % Kk m_ = TZx 12 ¢ 1000 x 3

. ' = 0,0000149
This component may be neglectéq since the‘value of the sheeting
. . : : -
constant K {s zero [42] 1n Eq. 3.25. .
v € t / .
iv) Contribution due to shear strain from shnnting; Y2, 8!

1/x27 -
FromEq-334.vza'---(9-;—- 1§
Gt 12311x103x008!lx24
-o:ooozn S , N



v) Shear strain due to bending of the framing members, vy, 4

. - X
. . . 3 - !
From Eq. 3.38, y2.4 = 2.P EE-]
3 x a%b AE
h - _2.1.60 . 1 1x1200° 1 g
o 3X 7 *To e T X3 0
, | = 0.000037.

Totdl shear strain v = vy +y,.1 + v5.20% v2.3 + Y24

= 0.000197 + .0.000049 + 0.0 + 0.000229
+ 0.000037 = 0.000513
Shear deflection 4 =y x b = 0.000513 x 120 = 0.061"

Measured shear deflection at 50% ultimate load = 0.060" -[12]

C. \
‘ : measured _ 0.060 _
| o.061 - 100

,Acalc

4 B

3.6.3. Welded Diaphragm - 30'0" x 30'0"

4

This diaphragm;'designate& as 58-5, was tesfed on ajcanti1ever frame
with.a single Toad applied as shown in ng.3.15..Thg'diaphragn had 15
zpangls of 2'0" width and wére also tested by Nilson [12] at Cornell
University.' The spacing of the fasteners, pahelvshape and‘welding
patterns weré identical to that of the previous test specimen. Using
thg.eduat1oﬁs presented in Section 3.@, the shear deflection was computed

at 50% of the u]timate load and the results are compared below:

Bcalculated ™ 0-157" .’, . ‘
Brast' - = 0.145" )
: ot 8 VU I &
, I (test) -, 0.145 _ . \
T s ' - ' o = 0.92 .
el Yeate) 0.TE7 . L

\

it 1
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3.6.4 Diaphragms with Mechanical Fasteners

-

_ Welded diaphragms are generally stiffer than me€chanically fastened dia-

phragms; however, good workmanship is required."Most of the diaphragm
construction fn England is done with mechanical fasteners -such  as rivets
or screws ~The first two diaphragms under type 2, designated as A, and
A, were fabricated by using 97. 5 cm wide trapezoidai panels. Each dia-
phragm was of 390 x 378 cm size with two 1ntermed1ate purlins. The major

difference between the diaphragms A, and A, was the number of end fasten-

" ers. The panels were fixed-to the purlins in every corrugation in A;

while the fasteners in A, were in alternate corrugations. The general

' layout of the pane]s location of shear connectors and loading arrange-

ment are shown in Fig.3. 14 The last two diaphragms designated as C1
and C, had only one intermediate purlin (Fig. 3.16). The sizes of these

diaphragms were of 720 cm x 370 cm with 8 pane]s of 90 cm witth. The

. general arrangement of the panels and the 1oading direction are shown

in Fig.3.16. Apart from the difference in the overal\ size of ‘the dia-
phragms, the major d1fferéncé between these diaphradns and A; and A, is
in the loading\direct{on. The load is applieq perpendicular to the
airectidn of corrugations 1n'thé case of bl and C,, The end‘fasteners
wére at every corrugation 1n‘c1 while the fasteners were provided in
alternate corrugations’ {n the'case of diaphragm C,. These f;ur dia~
phragms.‘with=§;rew connections, (A, Az, C, and.cz) have been tested

by Davies [23].at the Unfversity of Salford.l Davies. has also reportedny
the results from the finite element analysis and simplified approximate
methods for all these diaphragms. COmp1ete detalls of these results are

-available 1n Ref (23) o : ‘ . - .

1
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The shear deflection for all these four diaphragms are predicted at a
Toad of 4450 1bs (1kN) and the results are compared to test data in
. Table 3.1. Further, the results from the proposed approach are also

~

\compared to that obtaiaid from the finite element method.

3.7 ‘Conclusions ’ .

By assuming a single mode of deformation, closed form expressions are
developed for -the amalysis of shear diaphragms. In ordér to verify
the accuracy of the various formulas, the shear deilection of many dia-
phragms are predicied and fhe results are comparEd to test data and
finite element results where these are available. The diaphragms
selected cover a wide range of variabTes,‘;Lch as the diaphragm size,
panel profile, type and arrangement of fasteners and the orientation of
‘the panels relative to the load. It is observed that the equations
'developed here, ‘apart from their simp\icity, predict well the shear de-
+ flection of the various d1aphragms chosen form. the available 1iterature.

¢

The express1ons derived for the fastener forces fbrm the basis for pre-

)

dicting thé shear strength. of metal diaphragms and the details of these

are presented in the next chapter. .. . ‘_ .

LAl




4.1 General - | o

o‘f the entire diaphragm with a number of diagonal waves, "This

" in the next chapter. ' Simplified Aexpressi.ons'ire developed for the -

/ ! . _940 - s
' i 3 . )
CHAPTER 4
—————— ' .
S‘TRENGTH OF SHEAR DIAPHRAGMS

1

The shear stiffness of a diaphragm plays a dominant role in the allow-
able stress design appmach of clad buildings and the strength is of .

importance only to check whether the load  factor is within the Timits ' ) )

specified by the codes [12, 42], One should then know the ultimate
strength of a-diaphragm to calcul/ate the load tactor.' Further, the shear
capacity ef a .diaphragm plays a more dominant role in the blast‘lc design.
proce‘dure of, clad buﬂdings. The strength of a d1aphragm is greatly
affected by the mode of failure which in turn is governed by the streng.th
and spacing of the fasteners. There are three main failure modes for a
shear q:'a;;hragm._. S ’ | ) N

Firstly, the failure may occur due to shearing of the fasteners especia'ﬂy

“when the size of the fastener is small. Shear faﬂures of fasteners {is

most undesirable since they’ occur suddenly. The second type cf faﬂur.e
is by tearing of the sheeting at the seam fastenef‘s or end fasteners. '

This type of failure is more ductﬂe and 1s often mticed 1n many fyH

scale tests. The third and 1ast type of faﬂure s due to overall. bucang

-~

type of overall buekl ing fatlure aight oecur ghén the fa,stehers are.

;:]osely 'sbaced and of high strength In addition go these three basic

_modes. the diaphragm might e;hibit'a combination of all the above flﬂure

modes Th'ls chapter deals only with the f‘lrst two types of faﬂures.
The third type, 1.e., fallure in buckling, will be treated separately

P
- 4\ .
o . , . A L]



stréngth calcufatfon of dtaphragms, The foému?és‘are épplicable only

to diaphragms whose capacitigS\are governed by thgggf;gﬁafﬁ‘a?ﬁfﬁE“”
fasteners. A typical full-scaié diaphragm test is chosen and the
shear capacity 1is predicted by the‘%ew method and also by using the
other methods curreqt]y.avaf1able and the results are.gompared to test
data. éinaliy, the present tgeoryfis applied to a series of diaphragms
with welded connecti&ﬁs and several diaphragmg‘?itp'mecha;fca1 fasteners.
The results obtained fromthe proposed theory are also compared with

those- from other theories where these are availalbe.

4.2 Prediction of Shear Strength of Diaphragms o r.

2 L

Simplified expressions are presented here to determine the approximate

¢

shear capacity of diaphragms. It is assumed that the expressions for

the ﬁn§tener forces developed in the previous chapter remain valid at

[

the collapse stage. In other. words, if the connections have an elasto-
plastic #ehaviour, as shown in Fig.4.q, fhe strength of the diaphragm

may be obtained from simple expressions as odtlined in the next section.

ot

The equations are derived by assuming that all the fasteners located

-
could occur either at the seam fasteners. side fasteners or at the end
. -
-~ fasteners, According]y,hequations are derived to cover all these

along a particular seam or side would fail- s1multaneou51y Failure
£

passible failuré§%at the fasteners.

\

' 4.2.1 Faflure of Side Fasteners o

.. ' The connections between the panel and the side framing members ‘are
) "
called side fasteners, If there are sheet-purlin fasteners in line

|~

‘.’uith the sidc fasteners, thC/A;ha following equation may be written

3
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for the total force'along‘athe s%e'fasteners, Tfs".l is « :

[ 4

. Tesi = "siFs,i t"g.Fpi

a

o where Ny and n°g are the :_.-":mmber of side fasteners and intermediate pur-

'Hins respectivety, The values of Fsi’ F . and Fvi may be, substituted

! pi
from Eqs. 3.15 - 3.18 and when this is done, Eq. 4.1 would become:

. . w.b.N ] -
. \\? Tesq = Inggkgy ¢ ngky + 261 5= o (8.2)
The iotal capacity ofqall these fa“steners is gliven by: /

Tsi = ngyfy * ngF, * 2R, 7 - 3

~ !

w

in which F ’ Fp and F are the strength of a s‘lng]e side fastener, sheet-

puan fastener and end; fastener respectively. These values may be
obtained by conducting simple tests on these connections. Equating the

total force to the capacity, the shear strength may be obtained as
] . \

d ’ . ["51F1+ ngFg-b 2&]" ng . . (.43

P u / . -

' wb[‘"S‘IKS'I * ngKg +~2KE]

When there are no sheet-purlin fasteners in line with the side fasten-

‘V%Eq._ 4.4 would reduce to the following form: ’
’ R F .0 .o T
| ' u*: Kt x | - (8
-b.K
B Lo e
4.2.2 Failure of Sggu Fasteners : : b’

| If the failure of thé diaphragu 1s caused b,y the ‘Seam fastemrs, then
. the shear capacity may be obtained from the strength of the sew fasten-

Q

- —

+ 2Fv1, ._ (4.1)




°

Ll

Fvi may be substituted from Eqgs. 3.16-3.18 and this would result {n ‘ag';’.w

;Again, the total cepacity of,the fasi;eners'eiﬁ(gng the seam is

/
t . * -43—
Al A:x v‘ .
£ s

+
)

ers. In aidition to the seam fasteners, 1f there are sheet- puriin

o -

fasteners in 11ne with the seams, then the total ‘force along a given

seam may be written as, Tfse x .

<&

+ ZFvi) (4.6)

]

Trse = (Nge-Fge * '"‘c_";Fpi

e
-

where Nee is the number of seam fasteners. The values of Fse’ Fpi and

-
-

the"foi}‘owing equation for the total force along a seam as:

o

- N.w.b
Trse = [n sezkse + ngKg * 2K ]( w o) n, (4.7)

o

o

iy Tse = nggF, +nFo +2F, L . (a.8)

‘se

|

¢

in which F is the strength of one seam fastener. The shear/oﬂacity.

N » -MAY be obtained by »equating the above two expressions

N = seﬂJ"gF vk, - /

W= X
oy w.b
(< X —_) == ny [Z"seKse + "gKg + 2K ]

v (4.9) ¢

Equetion 4,9 may be simplified if there are no sheet -purlin fasteners

in 1ine with the seams and the resulting equation would be -

L

. F XN ' o » | 7.
. Nu v o t - R , -{4.10)
' ‘"Kée'z‘"’b('f'xo,)l -
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4.2.3 Faflure of End Fasteners

1

Finally, 1f the failure of the diaphragm is due to the failure of end

T TR TNSOIRERIE e BT, T TR

fasteners, then the shear lapac’ity of the dfdphragm cdn be evaluated

SR EeE TP TR

from the strength of the end fastener by using an elastic analysis.
It was shown in the previous chapter that the end fasteners are subjected
‘ to both horizorital and vertical forces. The resultant .force in the end

fastener was obtaineg,as

' - . ' 2 b xoixi 2~«)
F, = NGRS # (K2 (2)))
e Ne e'n, ' x,
j The. shear strength may -be obtained by replacing Fe with Fw' the strength

“ . ) %f\o‘ne end fastener and this would yield B .
. ! . [

'y - - e t 0

s “ A
,%* ' , 1n which K s the stiffness of one end faStener, ki is the distance

d ' of the end fastener where the force Fvi is maximum, and X, is as shown

o in Fig 3} The 'shear capacity of the diaphragm would be the lowest of

' I'e
oL t"he three values g1ven by Eqs. 4.4, 4.9 and 4. 12. %
' N

' ,‘ The above procedure ignores possible re'@'fitribuéon of the'fa‘steneer
| forces due to' yielding of some -of, the fasteners. IA more eccurate theor-
E * ' " etical evaluation of the sheﬂ‘ strength may be carried out by an 1ncre-
E o ] | mental load procedure where changes 1mthe fastener st‘l ffness are t‘gkeh
| o ’* . 1nto account ate-each load 4 ncrenent. However. this procedure night fn- "
; . o volve mny steps to evaluate the shear strength Further, such pro-

“ ‘cedure‘ may not be necessary nor practfoa,] for the - followinq additional

. x" - "‘sons: N /J e, s * ~ ' . « - . " . ’.‘. “
3 . : r o oo ‘ .

L E

!
i',
=

4

(4.11)

.(4‘.12) °

~r
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Firstly, the seam and side fasteners would fail almost simul-
tanedd;¥i;vand

Secondly, the ébproximate or average values of the fastener stiff-

ness and strength would make such a procedufe meaningless.
!

The accuracy of the proposed method will be verified néxi.by predicting

the shear capacity-of a welded diaphragm and the resulgyuill be comparedi

< to test data and other theoretical predictions.

4.3 Details of-Tested Diaphragm

.-The plan view of the diaphragm tesi set uéﬁ;i shown in Fig.4. 2. ‘Tnp
. Y =~

te§t frame_eonsisted of four 14" WF 34 1bs through beams spaced nt

-, 12'0" centres and six 12" WF 36 1bs beams set at 8'0" centres. Al

these beams were connecfed by bolts. The twoiend beams were extended -

beyond the test panel by about 2'0" and were bolted to a longitudinal

beam which served as a reactor beam. for.the application of the loads.

The reactor bgam was in turn supported by the two columns as shown in
!’!

F19.4.2(5 The panels were lnidiwith corrugations running parallel to the

" 8'0* direction. The diaphragmlcansisted of 3 bays with 6 panels each of
‘ 2'0" width in the end,bays and\f panels laid as shown in the centra] bay.

The panels were connected to the framing members by 3/4" p]ug welds at

12" cnntrES at the ends and at 17" centres a]ong the sides. The seams

between the panels were button punched at 24" centres. The diaphragm

was IOld-d nonetonicalix to failure with tuo point loads located at
the thfrd points of the Sinple beamﬁtesting rig. The testing was done

accpfdins to the AISI racounendations [12] and the u1timute strength

- of thﬂ dﬁlphragn was net:d as 7700 1bs. This load {s equivalent to a

[IPRROPPYAV
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load of 963 lbs}ft. The diaphragm test presented here is taken from

" a report.on steel deck diaphragms by Levelt and Fung [41].

4.4 Lload-deformation Curves for the Fastener -

——

Since the analytical-prediction of the shear behaviour of a diaphragm

depends primarily on the behaviour of the fasteners, the load-siip

“curves'for the fasteners must be obtained accurately from separate

tests. There are two types of fasteners inthe diaphragm shown in Fig‘.4ﬂ.2 .

namely,

i) the seam fasteners between the panels made‘by mechanicallclinching
(button punching); aﬁd . : ‘

f1) the end fasteners consisting of 3/4" diameter puddle welds.

" Many tests were conducted on typical connections and the load-slip

curves were obtained.

——

4.4.1 Behﬂgiour of Seam Fasteners

|

In many diaphragms constructed in North America, the seams between the
. ! _

_ panels are connected by mechanical clinching and care must be taken to

ensure that. the pa2$1s are properly aligned VerticaIIyo(atherwise. poor
connections might result. Many test specimens wereumadg and tested as

shown in Fig.4.3. Some typical load-sifip curves are shown in Fﬁgures

'4.4 and 4.5.1t can be seen from these curves that the ultimate strength

F, varies from 290 lb¥. to 470 1bs.. The inftial slope of ﬁhe Toad-slip .
curve fs denoted by k. and varfes from 2040 Tbs/fnch to 2540 1bs/inch.
The reasons for these variations may be atfributed to error in vertical

alignment of the panels. The fbllouing avdraqe'va1ues'of Kg;and Fé

have bacn_used in the analytical methods for pn‘dct;ing'the shear'

| .
¢ '
+ owe ‘
'



-47 - °1I-

v o

strength:'Ks = 2290 1bs/fnch and Fy © 380 Ybs. .Tests were also con-
ducted on specimens with 22 gage sheet and the load-deformation curves

are shown 1n ?195.4.5 and 4.7.

4,4.2 Behaviour'of End Faéteners

" The connections between the panels and the supports (end fasteners or
sheet-purlin fagteners) were of 3/4 inch puddie welds, two welds per

. panel. Test specimens wére made by welding 2" x 8" sheet (18 gage
thick) to a base plate of 2" x 8% X:4* with 3/4 inch puddie welds as
shown in Fig.4.8; Many samples were tested and it was observed that
the strengths and the stiffnesses of the welded“connéctions were reason-
'ably uniform. The behaviour of the connections was linear up to about
80% of the u1t1mate Toad. Since there was some’ slippage in the grips .
at the beginning, the value of stiffness K , for the welded connection
is taken in the linear ranges slightly above the origin as marked in Fig-
' ures 4.9:and 4.10. The yalues of Fe and Ke are taken?ns 5500 1bs and
75.000'1bs)1nch respective1y for the welded connections. Additiona]
tests were also performed on specimens with Za%gage sheet and the load-

deformation curves are shown 1in Figs 4.1 and 4,12,

'35;5 Shgar Strength from the Proposed Method N
I ' S0

" The sniar capacity of the diaphrgm may now be predicted from the equa-
itions developcd 1n Section 4. 2 and by using the dnta for the fasteners.
The average values of the ultinnté load and stiffnnss of the fasteners
are. sumarfzad below: S | d

Ntimate strengtg ofuone side fastener, F un 55'0 1bs.

.+ Yitimate streagth of one sga- fastener, Fv'- 380 1bs.

) - . L v ' .
. AR B ~ . .
LRET N L B . v . A
RN - * . LIRS . . P . . R
coxoe ' ¢ Y . . . .
¥ 1 . [ . i ° f . 3
o cw
g R X . o, e . ¢ . ol ’
. L . Coa, a e m sy . . >y
Mgy Py [ - ) N e N *
<, LI, v e e . s \ . _—
s‘r‘ . L ol TR PN Faatl ' - . LN . . s
-~ AT e e e, e . e . o . Y '
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Ultimate strength- of one end fastener, F" = 5500 1bs,

'Stiffness of side connection; Ksi = 75000 1bs/inch
REN

Stiffness of seam connection, K = 2270 1bs/inch

= 75000 1bs/4inch

se

- Stiffness of end connection, K

The various steps-iﬁvo1ved in calculating the shear capacity are ex-

plaiﬁed 1 the next section. !

Iz
- {

4.5.1 Fallure of Side Fasteners - Using Eq. 4.5 - q

"N n—y_._.t.
u
Ksif"'b

-~

where F_ =\§§oo 1bs; K_, = 75000 1bs/inch, w = 2'0%; b.= 8'0".

. i
2(w-x_)2" 2.1 _."nKkK.I
=n. 0! ., "Te"eo0 . qg g0
nt' Nsiksi-%o * "se'Kse‘ X T x por

o 0 4]

where "9,’ 0; sinée there are no 1nterﬁediate girts and Xo is obtained

from Eq. 3.5 as “e
2Ke 1§‘ x1 + nse’ZKse'w'
X = ’
0 7
NgiKsi + NgePKge * 2ne.Ke .

=

. 2x75[0.5 + 1,5] + Bx2x2.27x2
6x75 + 5x2x2.27 + 2x2x75

= 0,447 feet,

n -

- | e . L
‘ lyo ™ E (x%5)% = (0.5-0.4%:22 + (1.5-0.447)2

eo‘,

" .
= 1.1128 ft2 | , !

A}

. - \
Substitution-of x . L in the equation for n, would result in

t

- 2-0.447)2 . 2x75x1.112
ng * SxT5X0.447 + 5x2x2.27 (2:0.447)° , 2712

0.
, ¢
= 695.9 kips \

| 2
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Thereforie, ) o
| 5500 x_695.9 -
= -——-—-—5——-—-—1—— = ‘ '
N, = e ag ~ 3189.571bs/ft,
‘ 4.5.2 Fallure of Seam Fasteners - Using Eq. 4.10
, Noev o M _ 380 x 0.447 x 695.9
> Y Ke s 2m.b(wex ) 227 x 2.x 2 x 8 x 1.053

| - o ' .
= 1047.8 1bs/ft. :

4.5.3 Failufe of End Fastener - xUsi;\g Eq. 4.12

- ) b(x ximax) 24}
L Ny = Fy /LW/n,) +( . -)°]
N . — . "t '] Xo '
~ 1 .
- Coe )
. ' -___{ 5500 _ : - o
75 x 2 X 8 x 1,063,547
[(3)* + (Tggg X 0.447 2]

P

n fssoo/g.w = 1314 1bs/ft.

The lower of the above three values should be taken as the shear 'capa-
city, 1.e., N = 1048 1bs/ft. . ' ¢

‘e Multest) = 963 1bs/ft. o ,

"(. N N “ + \ . .
Lo “u{test) 9‘3 . .

o -ﬁ--———- = 0,92 ) .
(cﬂc) ‘ . ,

YV °

.-(», +

i It uu b! seen tnnt tha simlified‘method predic’ts well the shear .-
\ umtty of the dhpm'am ustcd The error 1s of the order of abOut
‘ ﬂut, tﬁt shur daplcity of the same diaphugm 1is predicted by

'"usfim m ottm» mﬁsztng :%ads. | . T,
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, 1s taken as the shear capacity of the diaphragm.

where N = shear force per unit length; b = depth of the panel; n

4,6 Bryan's Method

In England, the design procedure for 1ight gage steel ;;ear diaphraé%s

15 based mostlx‘on the work of Bryan. ’It could be easily mentioned

éha; the Lork of Bryan laid the foundation for a systematic research
programme by using both the analytical techniques and experimental
methods. The aim df this sect1on 1s to verify the accuracy of the form-
ulas origina]ly proposed by Bryan [6] in the year 1966. , Based on

the type of construction, Bryan has clas;ified diaphragms into two

major types: —_

1) Dfpphragms with panels connected to the framing members on all four .

sides; and (Fig. 4.13)
i1) Diaphrdagms where the panels are conngcted 5n1y to the purlins P
" which in turn are connected to the rafters'(Type ).
For each of the above types, a simple distribution.of the fastener forces

is assumed. The load which first causes failure 1n any of the fhsteners

¢

¢ I

{

The type of diaﬁhragm consideced here could be classified as Type f,
since the panels.are connected on all four sides to the framing members.

Assuming a uniform distribution of forces in the seam fasteners, Bryan

has proposed the following equation for the force in the seam fastener,

9

Fse as! - | .

Foo ™ Nob/n , . (4.13)

=
se

'nuuber of seam fasteners between -two panels, 51milar1¥, the end fasten-

“ers are also assumed to carry equal forces and the force fn the end

"3

-




' The Tower of the above two values of N,.= 238-1bs/ft.

4.7 “‘Davies! Equations S

o j :‘rg",@n«b&, seen from the above section that the simple d1str1butioﬁ of )

fastener is given by:

Fy = Nowin, (4.14)

k]

’wh‘ere‘ w = width of one panel; and.n, = number of end fasteners per
pfnel. The shear capac.;iiy of the diaphrgm is determined from Egs.
.4.13 and 4.14 by replacing Fye and F, by F, and Fw?péctively. The
values of Fv and Fw are found from separate tests and the data for the

fasteners are taken from Section 4.4.

4,6.1 Strepgth from Seam Fasteners - Using.Eq. 4.13

=
380 & N .b/ng sNu(8/5)

N, = 238 Tbs/ft,

-~

T

a;;f’ S
Hence

°
/

4,6.2 Strength from the End Fastenmers -~ From Eq. 4.14
’ Nuw Nu.Z . ) . ’
F\'I = 5500 = -?'-e-— - = : .

Therefore '« ss00 tossft. , -
i

A
& “

o

N o
gibeest) o 9637238 « 4.04

-

u(calc)

4

mmﬁren as bropesed by 8ryan (5] would yiﬂd results in gro%s '

W. yﬁv‘lgs (23 has also observed certiin deficiencies with respect '

] R *
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to Bryan's ekpr ssions. Based on the finite element analysis and the
obs‘ervation% dur1 ng. the test1ng of diaphragms, Davies employed an K
improved {internal force distribution for the fasteners, By assuming -
that each panel in a diaphragm would .resist equal load and that failure

would occur due to tearing of t;1e sheeting along a vertical line of

fasteners (parallel to corrugations), Davies [23] proposed the 'fon_owing.

" equatfon for calculating the shear strength dhen the diaphragm capacity:

!

is controlled by the clpacity of the seam fasteners.

Case 1 - Failure at an Internal Seém:-

When the failure occurs at the seam fasteners, the ultimate Jloa:l is
x . . - ]

given by:

“.. - (nst"+ on )(2n s +7g,n .5 ). (@ ];5
ult' . (2" s + ns ) B N : . )
3 p’s

where . n number of seam fasteners per side lap; .

-n
n

ultimate load of one seam fastener;

=3
]

p number of purlins (end and intermediate);

Ql timate load of one sheeét pur11n-fastener~

S, Ss = s11p per sheet - purlin fastener and.seam fasteper
. gy = correction factor for the number of end fasteners [43]

Equation 4,1\5 has been derived by assuming a sheet-purlin fastener in -
line with the seam fasteners. Since there {s no sheet-purlin fastener

in 1ine with the seams of the diaphragm shown in Fig.4.2, Eq. 4.15

a

would reduce to
ﬂf(Zn's+g1n .5) SIS
Qq = ++—— P 5 - (4.16): \
, s .




© Case i{ - Failure at End of Panel:-

If the failure occurs along' the side welds, then the following equation

-~

may be written fbr the ultimate load:

<
Qyt = Nqefsq ” (4.17)
where Ny ™ number of side fasteners; and F_ i is the u]timate load of
o " one side fastener. EQuations 4.16 and 4.17 are suff1c1ent for the dia-
" phragn specimen considered here in Fig.4.2. Hdweveﬁ, the values of s
and S, are required to use the formulas presented above. These values
may be obtained from, the stiffness values of the end and seam fasteners
as follows: ,
-l-. = -1 = -3 4 v '
s = Ke TE000 " ].3? x 10 M(?h/“). o
, LT B 4 o :
. SS 'KS m 4.405 x 10 '“\Ch/.”). N
’ Fg = 380 1bs o L/;>
Fsi'--F .= 5500 1bs ‘
gy = 0.25 taken ‘from the European Recommendations [§3]
[} . : ) = =
. . ng 55 ngy = 6 and " 2

.~ 4,31 Strength from Davies' Method : ,

.. Ctseii - Faflure at internal seam lising Eq. 4.16:-
- o S 4 Q 5x380[2x5x0 0000133 + 0,25x2x0, 0004405]
Lt : ult 2x5x0,0000733 .
S = 5043 1bs - ST S
B ,'504'3- ) 3 g
LA z-““' 3 530'_1b$/ft S :

L 4
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BN gy S bt ke B = ey

Case 1{ - Faflure along side welds using Eq. 4.17:-

Qult = 6x5500 = 33000 lbs:

"N

. 33000
u 8

= 4125 1bs/ft.

-

Hence, failure would occur al?ng the seams and the ultimate load would

be 630 1bs/ft. -
;ms_su'.-gga.{sz ; .
u(eale) © 0. -

-
A

It 1s oﬁgerved‘that the expressions proposed by Davies [23], though an

improvement over Bryan s [5] approach tend to underestimate the shear

. -capacity of the type of diaphragm considered here., It must be mentioned

here that the equations of Davies have been derived for a(particuIar
fastener arranggment and loading condition and hence, one should be
careful to modify the équatfons as explained in this section, before

-

applying to any ‘specific problem. o

4.8 Shear Strength from Empirical Approach
N {

At present the design of shear diaphragms 1n Canada is based either
on design tables supplied by various steel(;;ck manufacturers [443 or
by using the design bookTet publfshed by the Canadian Sheet Steel .
Building Institute [26]. The design. tables ‘included in the above

references are prepared by using the empirical equations givan in the

able shear capacity are derive& on fhe basis of 1imited test data and

based (nn ah assumed factor of Sa(;ty&fof 3. The equatfons for calculating

‘m . * %

"Manual for.Seismic Design of Buildings [25]. The formulas for the allow- .

x°é’
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thé allowable shear capacity,qd,are given below (notations ire,éxp]amed
\ w

in section 4.8.1 with reference to the diaphragm shewn tn Fig. 4.2.)

h
¢ !

o

qq = [9: +92] a3/ a2 é ' (4.18)
where ! |
~ 92 Aft; + ti] k
. q = (4.19)
‘ bl | N o
a'h' t}c, -
o @z = {322 + —— 1} (s.20)
. .. : DL dA(t; + t3)? :
‘o ' A - .
a3 = 3600 t.a'cy ‘ (4.21)
o LV
. , 1000, - : X
- k= ¢ — Y " _21¥(a.22)
| (8 + ) ty + 100} 2t 2y,
1 +A} . , ty + b
- L t% ° . 1 s
' R 4

o

The shear capacity of the diaphragmper unit Aength, Ny s taken as ..

3 times 9q4- The above'gquations are used for calculating the shear
capacity of 'the diaphragm shown in FigA‘.Z., t
| 4.8.1 piaphrage Daga (
- M g ",ﬁ\ - N . {
N . ! s . “":

J——

xtn ‘of panel, b' = 2 feat; vertical span..(v =8 th;‘sméiu& of’
. butten hﬁathes.ls = 24 fach c/ci number of end welds per panel =
o 3/4" ¢ puddle welds; t; = O (far single deck profﬂc"without any

-flat Jpttom sheet); th'lclmss of fluted sheet t, = 0.048" (18 gcge) :
L '3 = L',‘gi !




>

]

.
*

t" N . . . .
§E3-= 1; -distance of .the extreme end weld from the centre of .the panel,
L2 )

Y ='0.5 feet; nu@ber of~¥é¥§jca1 ribs per foot transv5rselyisupported

* by erid welds, n, = %—= 2 (see Fig.4.13). .

4.8.2 Solution from Empirical Approach

\ 2
‘ L ¥ 2 x 0,5 . T .
A= y-=—5g— =1.0 .

0 ” . L |

- L g v |
| at = Y= 3285 1) <829 it
i . 8 ' I
« N
#’

e d=2y =2x0.5=10;

-

a9

¢z = ¢3 = 1.0 (refer to notations fbr,detiils)“ »
- o , ‘ . v
Substituting these values in Eqs. 4,18 - 4.22, we obtain

|

~ 1000 .
k= »
T 01+ [1/(04100/Z x 0.0482/83/T.5(1)3)12]1
= 867 _
L, 92 x 1(0 + 0.048) x 867 _ aq o).
.QI * 2 x 8 ) ! ) 239 \

|

=105 - . .

1 i
a8 ge 4’ - . A
o T e v
° e qd = (q] + q:) — (239 ""]05) 0.823 = m‘b‘,ﬂg' .

. q . . T
' 2 \' h » q d S

. B ‘»Xj% N

Co . o @.

¢

. axx(0.048 ;500 Vo a |
. - g2 = +‘)‘ AT 7 Ry 1 ) ) LA



157 . L

, . P
. Assuming a factor of safety of 3,
. q .
‘ . N, = 3x 283 =849 Tbs/ft. .
| - e
N, o
u(test) _ 963 _ 1.13 A ]
-Nu(cajc) &9 . oo

4.9 Comparison of Results . \

It is observed that the ”empifical appréaéh provides a con;ervative .
estimate of the shear capacity; but the formulas are rather lengthy

and complex.. Further, the equations have the following 1jm1tation§,

namely:

\ .
1) The deck profile shou]d be similar to the one shown 1n Fig. 4.13 and -

‘the spacing of the ribs should no% exceed 12", L ®

" 41)  The sheet thickness of the profile should be greater than, gage,

g ‘ . 4
iit) The spacing of the seam fasteners should be within 3 feet centres

and in the case of short lengths there shall be at least one seam
fastener located at the centre of the panel length.

iv)  The spacing of welds at the ends should be 1éss than or equal to
16", |

) | T, .07 o ;
v) The“déck should- be connected to all the framing members parallel

to the corrugation with spacings not egceeding 3 feet on centres.

» ) \} ) /

. . “r ,
N e L4 ' !

" The predicted values of the shear capacitieés from all the available

“wethods are compared to test data. in Table 4 1. ’ﬁhiléiit {s difficult

to draw any firm conclusions based on just oné comparison, it is observede

‘tblt tm shur strength of the diavhragm is™ pred1cud well by the simp’H-
ﬂd( ntnod preposed.

e n et e o
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In addition to the di}phragn shown in Hg\l 2, the shear capaciéies of

many welded diaphragms are predicted by the \siupH fied nthod and the

A
! results are compared to test data in Tabie 4, 2\ The test results are ) ‘
: . taken from rfported investigdtions [11] and cover a wide range of vari-
o ables. From Table 4.1, it cin easﬂy be seen that the sim;’m?ied method N B
-, predicts well the strength of miny welded diaphragms. The strength and
» : i stiffness values for tI}e welded connections are taken from the work of |
Ammar and Nilson [20.] and from Figs. 4.9 - 4.12. Some typical results [20]
’ for the welded connections are shown in Figs. 4.14 and 4.15.
o . , f T . , . S “
» ' " ' h
<
| " a | Comparison of Results ~
'} a k 1, ’ h i
N : o ‘Predicted Value of
- ‘No. Name of Method 1n‘Nu in 1bs/ft )
o1 Full scale testing T 963 ( ‘
® L
) . . ‘- ‘ [ A
o Lo 2 % _Propqsgd method ., 1048 \
’ L . . .3 : Bryan's method 238
o Tt : - oo ! "
. S 4 " Davies' equations 630
. - \ S
: L .5 , - Empirical approach A 849
. W S o ) (- ;
3 R Q’ " - .o , '/* . I' o ! ' . - . — » L
‘o { : [ ‘ A (.' ' e * ". ""} - N, ‘\‘
Fee T T 3.?‘0'_*{!&11&“%’ of'tm "rheory to_Screw v
! oo, R ' g
2 o
} *‘g)- The proppsed expresstamr fan%%e fastemr farces and sh«r strength nre o
{ > v .
o L o equaﬂ,y vaHd ft emm,gs wmt rims md screws., Tlme ﬂsteners o
eoowt T are usum,y referm{ tq (1] mim%cﬂ fastmers. l nmbnr of duphragm

T wlth rivcﬁchconmdﬁms are wmmu te foy w mcmcy of m - v?
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method.

These diaphragms have been taken from the work of Davies [23]

: %
> and Luttrell [6] and cover,a wide range of variables 1ike panel span,

numb'er and arran&ement of fasteners, panel orientatfon relative to the

1gad and number of intermediate puans

and fasteners for the diaphragns tested by Davies are included in Chapter

Complete details of the panels

3. The diaphragms tested by LuttreH[ had screws as fastenerd both at

the ends: and the seams .(No. 14 screws at the ends and No. 10 screws at

the se

are .taken 'f;'om‘ the work of Anmar and Nilson [20] and from that crf Davies

ams) .,

+

v
The strength and stiffness values for these screw fasteners

[23]. Some typical Togd deformation curves are shown in Figs, K 4.16-4.19.

pared to test data in Table 4.2'

a,

' predicted shegr capacities of several ;cré:\#‘ connected diaphragms. are com-

Further, the forceé/;t the seam fasten-

ers of Davies' diaphragms are predicted by using. the proposed formuh

(Eq. 3. 16) and are compared to the results from Davies' equations and

finite e'lement approac_h in Table 4.3. The close agreement between the

'
-

calcula{;ed values-and test results of ma'n} diaphrag;ns provides stFong 2

The

evidence for the accuracy oﬁ_f thg varfous formulas developed in this study.

4.1

Sfmpliﬂed formulas aré developed for ca'lculating the shear capac1ty and

md scmm connected diaphragns are predicted by the- prmd theory.

Conclusions

8

{/fnstener forces of corrugated metal d‘laphragms

-
b

The shear strength of

" a qu size diaphragm 1s first evaluated by ,using the simplified approach
""‘and a‘iso by aH the availabte analytical methods and the results are com-

,pared to test data. In «addi\‘.ionz the shear ,strengths of several welded

M&rfﬁons eﬂ ‘made. -betuaen the cﬂcuhted vﬂun and test results, .

3* iﬁ Mumi thﬂ Mn mrehtian betneed tho ummtical pred1ctiens

ARy ey Ny Here o7

IS e
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' and test resulis is good, The method proposed in the present study,
apart from its simplicity, {is more general and is applicable for dia-
phragms with any types of fasteners, whether welds, screws or rivets,
The proposg@ formulas for -predicting the shear stredbth arelQpplicable :
‘only where the diaphragm capacity is controlled by the capacit:?o? the -
fasteners. Hdwever, there are s1;ua§10ns'where the/diabﬁragm could |

“fail in overall shear buckling and this is covered in the next chapter.‘
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PTER &

'BUCKLING OF SHEAR DIAPHRAGNS' '

%1 General,

In most dpp1fcations. dtaphragm faflure fs due to localized failure of

the fasteners and the shear capacfty may be obtained from the strength
. ) L}

of the fasteners, as outlined #n the previous chapter. However, 1f

there is no fatlure of the connections, then the diaphragm will fail
in overall buckliing with a number of diagonal waves, as shown in Fig.5%1

This type of buckling failure has been observed in certain diaphragms

" where the fasteners are strong and closely spaced. Although the shear

“behaviour of dfaphragms has been studied [1-23] extensively, few inpvesti-

gators [28-307 have attempted to study the buckling behaviour of corru-

. gated steel diaphragms, Among the available methods, the one proposed

“hy Easley [29] appears to be simple. However, there is no evidence

‘ffor the appltcability!bf the method for predicting the buckling loads

. of large size diaphragms.

il

.The main objective of this chapter{is to develop a simpler'fqrmule for

calculating the buékting load of shear diaphragmé. e neq'expression

for the crittcal load is derived by making bertain eimpli cations to

the expression proposed by Easley and HcFarland [28]. The prgposed

mmu'la h(as been used toﬁ(’ggict the critical buckling loads of several

large size diaphragms and. the results are compared to test data and,

those obta1ned by Fasiey s. equation f291 Appligation &f the proposed
¥

fomula ts e’l 50 111ustra§ed with the' aid of a numerica]lexample.

q . . o . A
» / . ~ . ‘. ‘
B A
* LT N ) B

S e A s
.



~ 5,2 Simplified Buckling Formula
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By treating the corrugated panel as an orthotropic plate and by usfng \_,///

—
the princtple of minimum potential energy, Easley and McFarland (28]

studfed the buckling behaviour of shear diaphragms. The following

s expression has been broposed for the critical buckling load, Neps as: -

e : Nep = 7 20[ +§_q+um]+20
. y Zamzb“ b2 2a2 Zaaz
. am? _ —.
- + 72D { + ] (5.1)

XY 2ab2 2a2 ,

in which m = the number of buckled habf waves and is given by

‘ ‘ 1 ~Dy | kw{j‘\

1.
o ‘2
X D +a ﬁ‘ +D,

”»
°'J£‘

-

where Dy and D are the bending-stiffnesses and ’ !

A

ny is thewtwiéting stiffness

a,b = the dimensions of the* diaphragm (See %19. 5.1).

a = the tangent of the ang1€ between the Y-axis and

the direction of the buckled waves, shown in Fig.5l1.-'

Equation 5.1, in its present form, is very'léhgfhy and the values of m

[4

and o ‘must be known to calculate the buckling load. Unfortunately, the

o

value of u»is to be ubtained from an eighth order compiex equation. InZ'

spite of all these complexities, the results obtatned from Eq. 5.1

»

are not in good agreemmnt with test data” [28] T e i R o
I © : “ ' R

From many diaphragm tests [28], 1t has been observed that tﬁ& vnlues»Of o

\a are usually sman*\’ﬂws ‘the tems 1nvo1y1ng the powers ef n.

e -

N * d . N .
- , .
«
. .
' .
« ‘o

e




namely u?Dy and oD may be neglected in Eq. 5.2 and simplified as:

-
.

-, oD ' :
n = a_yyl/4 S C(s.3)
b-D_: :
X . f
. I ]
’ . Extenstve numerical calculattons were made for certatn profiles shown

in F1g.5.2 and. the vaTue of m was calculated by ustng Eq.5,3. The pre-
dicted values are compared with the measured values of m 1n table shown betow.

- Also shown in that tabIe are the values of m obtained from Eq. 5. 2 CC
" The close agreement betgeen the measured values and calculated values .
+ ysing Eq, 5.3, provides. strong evidence {ﬁat'Eq: 5.3 could be used in-
stead of Eq. 5;2.

-

o Predicted and Measured Values of m and o
Diaphragm Panel Predicted Values Measured Values
_Size (axb)  Stiffnesses m from m from 6% In e* in
+ in inches in 1b. inch Eq.5.3 Eq.5.2 degrees m degrees
. D ., D s a : .
v - y N X ’ » . 4 N
180 x 163 ' 153000 21,8 10 10, 6.32 10 6.45
180 x 115 153000 21.8 14, 14 6.0 14 6.45
108 x 115 153000 21.8 9 9 591 8" 6.
108'x 163 ' 153000 21.8 . 6 6 6.3 6 6.45
: ‘ ‘ ‘ ; ’ o \ :‘ S “
“, - *e mtmtlg - - e N .

. . * .
+ . . ’ )
- . . . -~ . B - s o

Ntﬁt. the value of a. imy be . 4Qtorn12§g‘appr0x1matcly from the buck!ad

- geametry o tsc mpimm s (,uc ﬂg 5L ,‘ X
e 5 . ) . » } K
S (5.4)
.
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‘ ’must be substituted n Eqs. 5.4 and 5.6.
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tn, the wmlues of o (é“tanf‘a) were calculated by using Eq. 5.4 and
the results are compared to the measured values. There 15 .

close agreement between the test‘ data and the predicted values of a.

A

Now, the value of o, my be dtrect‘ly substituted from Eq, S. 4 in
Eq. 5 1 and simplified as fe'llowsz

4

———

oy Zamzﬁ“ bmb2  26°m3a2.

—

27 bmm
+Dx1r[

. 2
] +D 1,2[ n_ 28 -
2aa2 XY Toab? p  2bma? o

. gl
= ."2[.]_ a 4 3 + 2 .] +D {Z[Jz_M
Y 2mb® b3 2mbd X' mbIa*

>

' 282 . *22
, *Dx"[] a mb + -2 m<b
Y 2 mb® a2 2mb? a2
.- D_x? y 242
=Dy 2 4a + X a [Hh]+0 [l Nb]
y b3m. 2 bdm X" mb® a2

1

B D 2.2
9 :’ " 1!& ‘D +'b a Ix‘h ‘ “', .
er nba{ Yy o a2 ['y 2 a2 ],} B8
1 . . y '

" In the case of practical dupm-m. the vahu of D is nmraﬂy ex-
- trémely large when conpand to the values of D %«

”. For suchecases,
Eq. 5.5 may be simplified fyrther Ifter omitting c&ruin tavms 3ind th

rc‘sulting equation may bc witm ls‘ { o

. PR o, %
i

I ,2 . . Cos o .
N‘=5-“—-'-‘ D, S N )

cr mb” Y
The value of m must be caleuh\ud from Eq. ‘5.3 ﬂcé t&a neaust ﬂmmr

1

. >
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The bending stiffnesses Dy and D, and the twisting stiffness D

ogtained from the panel properties.

5.3 Calculation of Panel Stiffnéss

.
3 . °

Xy may be

The following equations have been

used for calculating the stiffness values:

and.

where

EI

p = —L  (Referred to as major bending
Dy q " stiffness) (5.7)
p = Et3  (Referred to as ninor bendian .

X stiffness) (5.8)
4 12s
p =—Et2 s (Referred to as twisting (5.9)
XY g(1+) 9 stiffness) ? )

4

. &
the moment of inertia of one repeating section of corru-

.gation about the neutral axis;

thickness of sheeting,
J o
modulus of elasticity of the material of the sheeting;

Poisson s ratio for the material'

dime&iion of one repeating corrugation (Fig.5.3); and

LY

the flat width of one repeating cross section before

‘ 5
forming. e

- By using the data given in Figs. 5.2-- 6.4, the stiffness vaTues for three

'different panel profiies are caiculated and are listed in Table 5.1.

-~ t

1Tﬂt criticxl buckiing Todds of many diaphragms are predicted by using

‘llJ,;tf L’f3;4‘ Qgpi1c9tjgn of the Simgjified Formula

[
e »

‘:tj:p;rf:~ﬂ tﬂ% 5.6 tnd thn rcsuits are compared to. ‘test data 1n Table 5.1, The
‘ BB i "% ;hn;.ﬂ h,yg hgt:':astod by Easley [28, 29] and cover a wide

L
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- Eq. 5.9, D s . 10x108 x'0,0163 . .
| From E9. 5.9, O, m}ﬂq ""‘(W‘%T“’ 3—25 sesw mch -~
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_range of variables like the size of panels, thickness of‘sheeting, panel
profﬂe and ma'ggrial of sheeting. A total of f{fteen specfme\ns are co'n-
., sidered to vqrify the simplifted method. The first eight dhphnms were
\/fabricated by using panels with rectangular profﬂes while diaphragms
" 9.12 had panels with trapezotdal corrugatton. The last three diaphragms.
13-15,were manufactured by using panels with sinusotdﬂ cross sections.
These three panel profiles are designatgd as Type A, B and C in Table 5.1.
Complete details of these &hph‘ra‘gms. are rep%\rtéd py.Eas'ley [28,29].

. 5.5 Numerical Example oo

Equation 5.6 will be used to calculate the critical load of diapm“a'gm

No. 2 in Table 5.1. - .
. Panel stiffnesses: E = 10 x 106 psi; S - o~
* — : s ‘Q\D )
\ U= 0.3; - P . .
Sheeting Thickness: t = 0.016 irich;
. , | ,
s = 4.42 inch; Lo ;
q = 3.48 inch;
’ I = 0.00124 in.*
y O ;
- b -
rum Eq. 5.7, b = El 10x105 x 0,00124 ° o ' -
9 Ea ST Qy m X L ARG X LA0EL - 3580 Tb. Inch .
/ '

IOXIOG x 0.0163

" From E;l.,st.8. T%— 7—'1-2——1-.1—2—— Z.GS\I_b.O'MCh " ‘ ‘
. c ot , q . -

.\ . ‘i,
Sfie of diaphrlgm. a- 30 inches- b,' 30 1n¢h¢s.

T L. RS
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,Ugiﬂg Eq. 5.3. ms= -b- [D = 6006
f - X :
"Taking the nearest integer for mas 6, -
. . ‘ - B
. P}
. 2 . . 2 :
N =4t 5 oA X m7x 30 x 3580 »6 5 yps/inch.
ST y 6 x 303
( Ncr(teot} = 27.5 1bs/inch
,.  N__(test) i
//// . - 215 gy, 05 (see Table 5.1)

, qu(calc) 26.2
§.6 Critical Load from Easley's Modified Formula

t

In addition to Eo 5.1, Easley has also proposed another equation for
calculating the critica] load of shear diaphragms. This equation has,
" been derived after making certain simplifications to Eq. 5.1’. The
modified formula is given as: ' i | :
.- 36&]/4 Py3/4 . ]0)
cr b2 - * o

t . ¢

v v )
The critical buckling load of the diaphragm considered 1n the previous

¢
» ey

a ‘ sectfon may be calculated by using Eq. 5.10'as follows:

a

— D= 2.6 Tb.inch; D = 3580 Tb.inch; Cao‘ inch.
L e s o ased®t = .

3 = 23.6 y .
cr . 302 ”"“T‘”‘ ..

. { . .
el &sing Eq. 6. IQ the criﬁca\ "logds of all the. 15 diaphragms are also pre-

=z

,"‘P,“md mu! al!c mu?ts au gfvcn tn Tablo 5. 2 *It 1s of interest’ to note
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' - that the results from the proposed method are clo§er to the critical

; ' ; Toads observed in tests than that of Easley's method.
- : ~
5.7 Conclusions ) . - .
-

The predicted values for the critical load;”g; using the ;1mp11figd
.formula, agree well with the test results of several diaphrégms. Thg
. modi%iéd equation -proposed by Easley provides a conservative estimate of
- - the critieal ‘load ofndiaﬁhragms. However, in some cases, Easley's
theory underestimates the sﬁear,capacity by as much‘;s 30%. It can be
easily seen f#om Table 5.2 that the simplified formula is suitable fqr
-. both small size diaphragms and large diaphragms commoﬁ]y foupd in build-

! ‘ | ings. The proposed formula, because ‘of its simplicity, will be more use-

' ful for design purposes. — .
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CHAPTER 6 . )
BEHAVIOUR OF CLAD MULTISTORY FRAMES UNDER LATERAL LOADS

6.1 Generai
i

| t

Provision of adequate 1atera1‘stiffness is important'in the designm. of

high rise structures. The’structure must be stiff enbugh-to avoid

excessive drift under working load conditions. Excessive lateral

—
3

deflection may cause cracking of plaster, dislocation of joints,

misalignment of elevator shafts. Above all, the occupants of the
building may be affected psychologically due to perceptible sway.
BuiQSing codes ;sually specify the maximum allowable 1ateréﬂ‘def1ec-
~ tion in terms of the 'Drift Index' defined as the ratio of the roof
_ deflection to the building height. In the case of tall buildings a
| drift index between 0.003 to 0.002 is genera]]y considered adequate
[9]. ‘The National Building Code of Canada)[48] recommends a value -~

of 0.002 as the 1imifing value for the drift index.

*

1
t

‘P]lne frames of 25 to 30°stories designed on the bﬁsis of~u1timate
sirength oftey do ﬁot have sufficient.latera) é%if?ness; and it 1is
nucéssaﬁylfo add at.leasf 30% more steel by weighi to bring doﬁn the
lateral:deflection to an acceptable level. As aﬁ'ilternafiv; to

“/jncyeasing theaﬁamber sizes, 1ight gage steel panels may be used N\

'mgﬁiéfo coﬁi?ql the lateral deflection. This chapter is concerned with

gﬁ%ﬁﬂ-st&e}§p]édd1@gs. . o

¢
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6.2 Structural~Requirements of Steel Claddings -

There are certain basic requirements which the claddings must satisty .

in order to be considered as structural components in multistory frames.

J
1

These requirements are 1i{sted below'

-

o

i. Adequacy of Shear Resistance: As shown in the previous chapters.
the shear stiffness and stren tﬁ of claddings depend primarily on the
‘type of connections, the mat rial of the sheeting and the type of pro-
*file. Cellular decks would ‘seem to be the bést choice due to its high
shear and benﬂjng resistance. pre&er. they are expepsivé to mgnufac;‘
ture and difficult to transport. In contrast, decks wjta dpen profiles
can be stackes toéether for easy transportation to the site. The poss-
ibility of profile distortion can be reduced by providing sufficient
number of end fasteners. | : "

.11. Adequacy of Out-of-Plane Bending Stiffness: The second structural.

_requirement is the ability of thé panels to withstand loads acting

normal to the plane of the panels. Cold-formed steel panels possess

constderable amount of bending stiffness because: of the .corrugated shape.
\ - - o
1?1. R%bqbacy of Strength: The panels must possess high in-plane shear

resistance to overall‘bucklﬁng. In addition to -the possibility.of "

“

overall shear buckling, the panels may fail due to fhilure of the

connections. These types of failure have been d1scussed in detail 1n

the prévious chapters. The paﬂc]s must be designed to avaid thase

failures. | -

<

{
1




* 6.4 Analysis Of Clad, Multistory Frames T

6.3 Connection botwéen the Frame and the Cladding -
. % ¢

The cladding is composed of several corrugated steel sheets or pane]s

connected to one another along the 1aps and to the four per1meteﬁ

members. The connections may be of welds or screws The direction
of the cdrrugatjon is arbitrary; however, since the'story’heignt is
usua¥ly 1o§s“than the bay width, it'yould be more effective if the,

corrugation generator is placed vertical as shown in Fig.6.1. This

‘ arrangement would yield higher out-of-plane bending stiffness for the,

., ¢ladding. The peﬁimeter.members are pin-connected to each other in

3 . . . .
order to provide a state of pure shear in the claddinﬁ._ The whole -

assembly of the cladding is'conhected to the girders and

. . / . N * , : - » oy .
co'l umns of the frame as indicated in Fig. 6.1. .. The conr\ecﬁion - '
between Qpe cladding and the frame beam at the -top should be designed

so as to minimize the tragsfer of vert1ca1 forces between. the two com—

~ ponents and at thé same time permit full transfer~of lateral shear

forces in the p]ane of the Lladd1ngs Th1s cou1d be achieved by conn#'

.ect1ng the frame beam and the claddinq as shown in Fig. 6.2 (Ref 9).

I ’ [

4
il L @ ¢

As already mentjoned, there is a considerable amount of 1fferature on

tha behdv{ouﬁ'of shear diaphragms. [3-6]. ‘However. .much less nesea;ch
acnivity has taken’ p]ace w1;hnl>sa{d to the 1ntegqtted behaviour of -

¢lad mu]tistory'frames Mille éﬁ%and 0ppenhe1m [39] adopted the

‘finite element- teehnique and obtained the shear stiffness of the
. CTadding; The method proposed by Dakhakhm [10] is, pased o the .
el 3 ;;;:m-msmﬂn of the appHed 1atera1 force$ with the restkaininﬁ"‘ﬁ"
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-

v, ) .

forces of the cladd1ng to achieve\the requlred compat1b111@y of - ¥
lateral defTec$1ons at each story level. - Al these approaches have '
,Iheir own 11m1tat1ons. RHiller's app oach will be too cumbersome and
expensive because of the cons1derab1e\emount of computer time as well
as the time requ1red fbr carefu] preparation.of the input data. The
methgds of Dakhakhni [lOJ‘and Oppenheim [39] are approximate because of
omission of the co]umn axials deformation in the ana]ys1s Furthen,

all these methods assume that the stiffness of the c]add1ng‘is the

same at qII story levels. The method proposed| here does not have any

of the limitations mentioned above, gl
4 _ A
6.4.14.Development of the Method
= The practical metho& presented in this study is based on the cduven;
~tional stiffness method of analysis [44-467.
- ]

with the following simplifying assumptions:

. (1) It is assumed that the claddings do not interfere with the local

bending of the framing members around‘}he-claddings: In other words,

. the panels are subjected only to loads in their own plane.

(11) The joints at each floor level would drift the same amount

lateraily. o

(111) The per1meter members of the c1add1ng are sufficiently stiff

_so that the c1add1ng may be considered as connected to the frame at

the'four corners as shown in Fig. 6.1.

I v

2
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'6.4.2 Stiffness Matrix of a Cladding.

A ‘typical element’of widte\'a‘ and height 'b' is shown in Fig: 6.3.
The stiffness matrix, [S;], of the cladding may be derived from the

. shear stiffness, S, of the cladding for the following cases:

1]

Case i. Axial deformation of columns neglected: The displacement

- coordinates for this case,is shown in Fig. 6.4, The eladding is sub-

Jetted to shear load in its plane. The stiffness matrix, [Si]' can be |

‘ L}

der1ved by applying unit disp]acements at jo1nts 1 and 2-and the result- :

o

)ng matrix will-be of the form o ‘

where S is the shear stiffness of one cladding at, level i.

Case ii. Column axial deformation  included: The effect of column
shortening in Ea[culating the lateral defiection of multistory frames

is very significant especially in the case of'slender'framese Omission

of this effect could result-in an error of up %ﬁ 30% in deflection’

. talculations. When axial deformatfons are 1ncluded,the displacement
coordinates of a ¢ladding will be as shown in‘Fig. 6.5. The stiffness
coefficients can be determined as before by applying unit dlsplacements '

. at each node as illustrateg in. Fig. 6.6. The resulting stiffness

matr1x of the cladding for this case is



¥

1 A by b/,
‘ B | 1 b b/,
| {541 = s; | bla b2 bFaz bl (6.2)

' bla -bla -b%/2 b/,

~ 3

&

in which 's; = the shear stiffness of the cladding at level i and

a, b = the dimensions of the cladding. It can be séen from the
' L ]

above expression that .the stiffress matrix is affected by the axial

deformation of the columns. &hen the last two columns and rows of -

7 1 ‘

matrix [S;] are omitted, Eq. 6.2 would reduce to Eq. 6.1.

6.5 Stiffness qf the Overall Structure

.

A typical multistory frame with two bays is shown in Eig;‘q;zf The \

frame'haéln stories and it is assumed that claddings are'prbvided in
the second baytéhrOughout the height of/khe frame. The frame is sub-
jeated to lateral loads, P;, at'éach floor level and the restraining
forces developed by the claddings. are representgg by Ry, :Thgfe re-,

stfainigngorces may be calcu]ated from Eqs. 6.1 and 6.2 as explained

_in the foi]owing sections, ’ g T h

\

6.5.1 Column Axial Deformation Neglected
s , r ~

- ’

' When’the axial deformations of the columns are ignored, the stiffness

" matrix of one cladding 1sedﬁven by Eq. 6.1. It is of particular inter-

’ést to note that Eq. £.1 is identical with the stiffness matrix of a
/ Lo,

truss member or a spring of stiffness Sj. Thus, a cladding between

tub levels can be modelled by a horizontal-spring, with the lateral

displacement of. the logse end ofﬂthe spring cou}led to that of the

r-

£ et
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- lower level as shown in Fig. 6.8. Using this artifice,. the overall X
stiffness .matrix, [Ko], of all the claddings may now easily be gbtaiqed : : ;
as foljows: '

1A : g
-] 2 "] lw M
—_— =] 2 -1 ¢ 3 ’ .
S kel = S S ‘ ' (6.3)
4 [ ) . . . s . e ' '
R
12 ' o
. _L .. L ‘3 J - | :
It is assumed in the above equation that the shear stiffnesses of the
. c]addings’aré ‘the 's,ame in-all stories. ’
D. . , t . ) ‘
Knowing the value of [Kc] from.Eq. 6.3,-the following relation can-be
written for the restraining forces, [R?I, as: b , = -
. . —— 9t
[ i ] 7
R] ] -1 . , rA]
Ry 2 A : 8, ,
R3 SRS I 2 y, |
b . = Si W ‘. (6‘4)
i . " . i \ .
| Rﬂ . -1 2 Ap \ =
- o L. . N L= b J
Equation 6.4 may also be written fm matrix form as: . .
[R] = “[kc] [D] O () I
v‘ - ' E ' M&'L
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. where [R] = the.restrainihb\forces at each story level: [KC] = the overall

_ stiffness matrix of all the claddings given by Eq. 6.3; and [0] = tfle ..
lateraf digplaseibnts.of the joints. Knowing the restraining forces

and the applied loads at each joint of the frame, the nét forces in

2

the frame can be calcu]ated as 0"

I

[P,]‘-I[R.] = [k (D). ‘ S (6.6)

where [Kc] is -the lateral stiffness matrix of the bare frame. Substi-

tutiné for [R] from Eq. 6.5, the following equéiion is obtained:

PRI < kDD B CR)
[P] = [ (K] + Tk 1000 , (6.8)
of [P] = [KJ[D] . o | T (6.9)

/“where '[K ] is" the structure stiffness matrix of the 1ntegrated‘strhcture
‘and is obtained by add1ng the overa]},st1ffness of all tﬁé c]add1ngs

and the bare frame.

6.5.2. Column Axial Deformation Included

The overall stiffness m@irix of the integrated structure for this case

|

can be derived as before. However, there is one major difference in

that the overa]l stiffness matrix of a]] the claddings must be obtained
from Eq. 6 2. Using Eq. 6.2, the st1ffness matrices of all the claddings

~may be assembled and thg’resulting“mggrix éan be represented as [Ké].

-
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6.6 Computer Pmﬁamﬁé :

. " 7.7 = A
) e 5
/ .
The overall structure stiffness matrix, [K's]. may agﬂ/\ be obtaiued
" as before by adding [K'c] and [KF] as ‘ A Co
x'sl = (K'cl + [¥] p | [ (60)

*

Once the strutture stiffness mtrix is obtained. the following equat-

ion may be written for the extermny applied leterﬂ forces as

[°). = [K's][D] S (e

Equations 6.9 and 6a11fmay be solved by using standard computer progr- N

The ,proposed theory hes been implemented ;fter makijuj necessary
modificat?onsvto.‘an existing frame analysis"gramne [58]. 'fhe‘
prdqramne has been v;ri,tten in Fortran and can be used for. the analysis
clad multi?tory frarge‘s. The programme can handle frames with any value
of stiffness for the cIedding' along-the height of the frame. The

programme output produces the forces at the member ends, joint deflections

“and the shear forces in the claddings at each Floor level.. A typical
clad frame with the numbering system for the joints and members 1s

indicated ip_Fig. 6.9. ‘A brief ,descr1pt1qn of the input-data and

a typical output are given in Appendix 'A for- the sake of reference.

6.7 Response of CIad m1.€1story Frmes to Lateral Loads

’. In order to verify the accuracy of the proposed method apd to study o

the behaviour of clad frames, three different multistory frames are

" chosen, Thése framesm»n designed by a research aroup f‘”°'!‘ /

J

[. "

@
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Lehigh University [52] and the frames have been analysed by Miller

- ; [9] and Dakhakhniiflb] A brief déscription of these frames s presented

first and then the response of the frames under Tateral loads will be g o ,

discussed ' . , ‘ ' .

"

‘ » - , |
6.7.1 Description of 15-Story Frame . / Y

+ - .
4 ! 3 d

£

The first frame has 2 bays and 15 stories. The bay wigth 1s 30 feet

-and the story height is 12 feet. The overall d1mens1dn and member sizes
are shown in Fig. 6.10. Ihe framés are placed at 39/ intervals, Assum— '
J * ing that the wind 1ntens1ty is 20 psf the wind Toadl at each story 1EVET
-is‘cQ]cu1ated as 7.2 kips. It is assumed that cladding is‘proyidgd in
all tﬁZ‘EEEr i I\of" thef 2nd bay. The c]addiné i made fromOIB-gade corru-

‘3-iflch wide and 1i-inch deep/profile.

¢

—4//} g 6.7.2 Descriftion of 24-Story Frame - . ' -
M .‘~ "The secoqd frame in the series is also d bay-frame with a bay width

of 30 feet. The height of each story is 12 feet and the frames are

spaced at 30-foot 1nterva]s 1n the building. The. detalls of member 4
51zes ‘and the OVera11 dimensions are given in Fig. 6.11. The frame o

is subieqted to latera] loads of 7,2 kips at each story level.  The

- O frame is assumed to be stiffened with 1ight gage steel panels in the

. ’.
‘énd bay throughout the height of the frame. . ,
' 6.7.3 Details of 26-Story Fyame
_This frame is a 3-bay frame with 30-foot wide%bays. The lateral loads
) acting’ at each floor leyél are indicated in.Fig. 6.12. Also shown in
' 4
~ ‘ ‘<.
» ) R j T
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" the figure are the details .of member sizes and over-all dimensions

|

of the frame. It is assimed that the frame is stiffened with cladding
'f\\' in the-middle bay in all the 26 stories. This frame has been subject
to detailed finite element analysis by Miller [9] and the details of

the results are presented later in this chapter.” -

6.7.4 General Résponse of Clad Frames : .

& Fi

:The-major objective of this.secfion is to investigate the effect of

k]

Eladding on the lateral deflection of multistory frapes. The .lateral

deflection of a_clad frame can be estimated by using the equation [Ref.10] «

- B = r] A . * (6.12)

o v

. where Ap = the deflection of the bare frame subjected to the same loads
o as that of the clad frame; A, = the maximum deflection of the clad b

frame. r = the ratio ofathe shear stiffness of the cladding to the

[~ 2

O shear stiffness of one story. The value of r may be obtained as
Si - ' “ . -
. r = ITT—— LI : ' v ! (6-‘3)
£12 Elc « ' )
IT. . ( ’ ' : i
c
’ - L Y

.in which §4 = the shear gtjffnes§.of the cla&ding at story\lev§1,~1;\

and I, L, = the moment of inertia and the hejght of the column-at the
‘same story as that of the eJadging. The su;mation‘should be carried

out for all the cﬁluﬁns in a given stqry. fquations 6;12 and 6.13 T
have been derived with the fb11ow{ng assumptions: ' @D_ ’
i. The properties of the claddings and columns .are thejsamé through-

¢

out the height of the building.
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41, The beams have infinite bending rigidity; and . L -

111, The effect of axial deformations of the colimns are ignored.

B

[N
°

The responses of the frames described in the previous sections are '
predicted by using Eq.‘16.1‘2.. In order to calcylade the shear stiffness -
‘ratio, r, the éolumn stiffness at 1/6 of the height from top has been
used in Eq. 6m13: . The frames are analysed for a wide range of Eiadq-_i
ing stiffnesses listed in Tables 6.1‘to 6.3. °The effect‘of cladding

on the lateral def{ection, oo bending moments in.the columns and beams
and pn axial forces in tﬁg'columns are studied by using the proposed

method. ‘ ‘ Q

" Referring to Fig. 6.13, one o% the curves is thé g;aphical representa-
tion of Eq. 6.12 while the others'show ;he variation of the ratio of .
maximum deflection of the clad frame to that in the bare frame with
fespect to r from, the present analysis. There is a reductien of:32 to
3% in the 1ater;1.defleéti;n\for\a\gﬁééﬁ stiffness'ratkq of 0.5 in the

‘case of all.the frames considered. For larger va]ues:of r, the deflec-

\\' :

estimate the effectiveness of the cladding. ' ¢ . -~

o . T
tion continues to reduce; but Tess rapidly and Eq. 6:12 tends to-over-

The variation of maximhm bending moments in the columns and beams are
. ' . &

plotted in Fig. 6.14. The bending. moments are reduced with'increase ' -

\

in the shear stiffness ratio. The closeness of.the curves for all the
, ' ™

frames over a wide range of r indicates that the bending moment reduc-

tion depends mostly on the shear stiffness ratio.

- ‘ C, TN
The variation of maximum shear carried by the.cladding in.all the
, | ,

d i ! . {
.
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- frames is shawn in Fig. 6.15. It is observed that the. maximum Shear“\S'
. \ N

v
3

in the cladding 1ncrease§ with the shear stiffness ratio.

g Increas \
Photted in Figs. 6.16 and 6.17 are the variations pf column axial forcgiﬁk;_

, It can be seen ghat the axial forces are increased in the 1eewa%d'cal-g AR

Jmns (Fig« 6.16) while in the windwqu side co]hmns they are decreased. -
f N 1 o - \.
- . \‘ {

-

The regults from the present ana]y;is for all the thfee frames are also
tabﬁlated. (Tables 6.1 to 6.9), It {§ observed that while the provision
- of cldddings redGEes the shears, Sending moments and 1atera]‘defiections,
it tends to change the distribution of axial forces in the columns. Since
the diféction of the lateral load deéendﬁ'on the.direct%on of wind,
+ strengthening of all the columns in the lawer stories may be necessafy

° / . “

especially when claddings are used to control drift in mu]tigtory frames.

6.8 Comparison of Results

The results obtained frém the pre;ent Analysis could be compared with
that obtained from other methods [9,10]. M111er,[9]~has analysed thew
26—§tory frame shown in Fig. 6,12. The shear stiffness of the cladding
was Obtained from the finite element analysis [&0]. The panel ideali-

zation used in“thelfinite,element technique is shown in Fig. 6.18. ) .

h‘fhe marginal members and the frame members were idealized as linear,

elastic beam elements. The corrugated sheeting was modelled 'as assem- &
blage of o}thotropiclfinite elements. fhe connections were modelled
as linearileléstic springs whose spring constants were obtained from

’ separate tests. ﬁMore.deta1ls about thé finite element ana]ygis'of o

this-cladding is reported in Reference -10.

‘ ]n

I ; ) B



6.8.1- Shear Stiffness of Cladding . . ..

.
[ - -

The shear stiffness.of the cladding should be known in order to employ’
the present technique. For the'case of a single story, single bay clad
frame of 12' height and 30' width, subjected to lateral load, the follow-" -

ing results are reported [10] from finite element analysis: s

* Shear load in cladding = 76.8 kips (thickness of sheet 16 gage) - N

Corresponding shear deflection = 0.204 inch R i

>

From the above values, the shear stiffness may be calcu]atéd as &
S =76.8 = 0.204 = 376.4 kibs}inch.“ Using this value of shear stiff-

pé;s, the 26-story frame was ana]yse&,and the results are compared with.
those obtained by Miller [10] in Table 6.10. There,is excellent agree- -
ment betwqén the results. The 1ateéa] deflected shapes are a]éo compared

in Fig; 6.19. It is seen that the propq&gd,simp]ified method predicts

well the response of the 26-story' frame stiffened with steel claddings.

. o | w
6.8.2 Comparison of Results for 15 and-24-StbrxﬁFrames
These two frames have been analysed and the deflected shapes are plotted
‘in Figs. 6.20 an;i 6.21.:' The deflected shapes obtained by Dakhakhni are ' *
also shown for comparison, There is close agréement between the propesed
method and Dakhakhni's approach. \ )
Figure 6.22 shows the variation of cladding shear at each story level
_for two frames. The lateral déflections and the shear force in the . °
ciaddings at eaTMvtory level are also listed in Table 6.11. 3
LY -
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6.9.1 Desian Exanm'e »

T T

6.9 Design Aspects - SN

1 4 \ .
’ - .

. The structural system of a clad multistory frame  {s_composed of Iiﬁear

and planar eTements 1nterconnected together in such a way that they

would effectively res1st the imposed loads and deformat1ons.( The planar

members are the claddings fabricated from 1light gage steel paqéls and
the linear elements are the beams and columns. The use of Tight gage -
/ } > .

.
£

steel panels has many advantages:

»

i.  When properly“conneéted to the frame, considerable amount of lateral
stiffn@ss could be achieved :
if. Addition of the pane]s do not add much weight to the séructure "
because of their 1ight weight. I ]

iii. Requirgneﬁts such as sound and heat insulation could be easiix

installed when open cervuyated panels are used as stiffen@ng elements.

The main function of the cladding is to stiffen the frame or control the
1atera1,def1ec;10n. The frame must be designed first to carr} the w%n&
and all sﬁperiﬁposed loads. This could be done by using'the‘eiisting
methods outlined in Refs. 4; and 51. Next, the lateral deflection of

the bare frame must be calculated. If the calculated deflection is less .

- than the allowable value specified 1r;the'code§, then the design is

complete. However, if the lateral deflection is more than the sbecif[gd*

1imit, theh %hé framé‘shoql:;bé stiffened by providing.suitable claddings.

%

The frame shown in Fig. 6.11 has been chosen to 111ustrate the. desxgn

procedure. The frame has 24 stories and 2 bays and ‘has been desfgned

.
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tion 1s about 62% of the bare frame deflection. To reduce the def]ec- o \ .

this ratio of oy, two values'of r, one based on Eq'. 6;12, and ‘the other _-__

253.16 kip/inch, the wélues of 'S may~b:[-w'vged fromaEq. 6.13 ds 155.3 L

. kip/inch and 184.8 k1p/1nch for the abbve‘values.of r. (The co]umn shear

/.

" The 24 story frame was analysed by using the. two claddmg stiffnesses ' j
\

3

o i hl

[10] according to the strength requ1remen’ts Hdwever, at working load ‘1

=g
1eve (showd in Fig. 6.11) the 1atera1 deﬂectwh of the bare frame is ﬁ%}
11.14 1nches. This def'lection corresponds to. a drift index of 0.0032. o -

According to the National Building Code of Canada [48], the a]]owab]e
drift index should be 0.002. The def]ectwn at the top shou]d be less

9 A ST
w‘l—;’,.gzsi.r'!:.%vf s

than or equa1 to 6. 91 inches to satisfy this requirement JMs deflec-

tion to this- Hm'ixt, the frame must be st1ffened by providmg steel

cdaddings and the procedure for evaluating the requ‘ired claddi ng stiff-
ness is explained below. \ |

[

. 6.91 _ 0.62.

Ratio of clad frame to bare frame def'lectwn',/a'l ik par i For

from tﬁe present theory may be obtained from Fig. 6.13. These values

aﬁemespective]y 0.612 and 0.713. Using the column shear stiffneés as

- &

stiffness is calculated at 1/6 of the frame he1ght and is given in Table 6.2. )

.
\ . A .

mentioned above and thecdef.]ected shapes are ptotted in Fig. 6:23. The

" results for maximum lateral deflections are also compared below(«

»

Comparison of Maximum Deflection (inches)* .

Desigh Value  Proposed Methad  Dakhakbnd's Method
(Canad1an Code) _ ' »
. 6.3 ‘ .6.94 . 5.36

-

It is clear that 'thé’ me thod propose'd in this study predicts the réqui red'(,,'




]
o
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s
»
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‘ 'iaterai def‘lection within ix of the design value while the deﬂecoion
" from. Dakhakhni's approach is waqr than the design value by nbout 22%.

]
/.

*
L e g ‘7‘,-‘?*'3-':1::21'&“12: g
B
\ o
-
»
.

This cou]d be,attributed to the omission of- xhe effect of axial deforma-

F

2

tion of the co'lumns in Dakﬁakhni's method.

.

; | _ SR 6.10 Conciusions

v
7

_‘(5, K By using the conVentiona\ stiffness approach a simplified method is.

. \ 'ﬂeveloped for the analysis of c]ad multistory frames The present

;o .: " | Jyethod hes been uséd to pred1ct the behaviour'of three multistory frames

,:dﬁg - Ce subjected to lateral loads. The results obtained for the frames compare

' ‘ ' ' venr closely with those frOm other approaches.j Lateral.load response

of all the frames isxbresented_in a*generoiized form and design curues_
¢ are deveioped ‘By.u51nq the des:gn curves. a simpiified technique is

<, . suggested for choosing the correct c]add1ng stiffness to limit the

.. “ . lateral def]ection to any required va]ue The de%jgn procedure has been

.: - o ‘\‘used to calculite the cladding stiffness for a twoabay frame whose lateral

~;. . .l , i ’ deflection is considered excessive. It is observed that the proposed

. technique is very efficient and the resuit for the iateral deflection

} : . is very cldse to the required valde and that obteined from other existing

-

e Co methods . SR - o T SN
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o CONCLUSIONS AND RECOMMENDATIONS | b
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7Y Conclusfons : : , , o \

The investigaﬁion reported in this study deals with the analysis of
cold-formed steel shear diaphragms and the ;esponse,of clad multistory
frames to lateral loads.” The present research has resulted “in simpli-

fied.methbds for predict1hg the behaviour of shear diaphragms and of the °

{ntegrated structure consjstihg of the frame and the pTaddings. The

"following majoh conclusions are made on the basis of thy whrk covered

in this 1hvestigation.

o
]

. -~

- 1. Based on an assumed deformatian mode of the djaphragm, closed form

express1ons are derived for fastener forces and diaphragm flexibi]ity

Lol

;‘ " The proposed theory is applicablé to both.welded and screw connected

dﬁaphragmsj The shear Characteristics of severa1 diaphragms having a Cf

{

“’wiﬂg range’ ofgyariables are pred1cted using the present theory and the
‘resy]ts are compared to test data. In most cases. excellent agreement

‘:u detween the theoret1ca1 results and test data has been obtained

13.434t is 6bserved that-the shear behaviour of‘diaphragms depends ‘

stronq1y on the type.ané arrangement of fasteners. In jehera1;‘we1déd

“‘d{@phragms are strongar and stiffer than those with mechanical fasteners,

%6#7&—§i¥éh_panel_pfdfi1e.ind size of diaphragn, . '
B ‘ ’ b ~TTN




“iv.’ The elastic buckling Toads obtained from the proﬁoged simplified

the éladdings with ‘the overall stiffness of the structure. It '1s ob-

“Milley [9]. .
i .

- 87 -

{11, The subject of shear buckling of mgta!,d?iphragms.has been
tfegted.separate1y and.a s1mp11f1ed:f6rmu1$ hAS'been"propose& for pre-
dicting the. elastic buckling load of shear diaphragms. The new ex-
pression for the buckling 1oad has been derived 'af!:er making certain
simp]if;cations to the formula proposed by Easley [29]. 1t has been "
observed that the critical buckling load depends mostly on»the ma jor

bending stxffness of the pane] while the twisting stiffness and minor
-bending stiffness have 1Tittle influence on the critical loadk of dfa- ’

phragms used in practice.
. L

approach compare favourably withjthose observed in tests.

v. ‘A practical method {s presented for the analysis of clad muttistory
frames. The proposed artifice of rép]ac1ng the claddings by equiva1ent
elastic springs provides an easy ‘tool for incorporating the stiffness of
served thai\the results from the proposed method are in good agreement

Y coLt
with those dbtained from other methods proposed by El-Dakhakhani [10] and

3

gﬁif/:The results obtained from the proposed analysis for threé clad mul-

- tistory frhmééic1ear1y indicate that coTd-formed steel cjaddjngs are

effectdve in controlling lTateral deflection. L "

/ ‘. . :

-
.

/ vii It L; also obsgrved thlt the destgn curves developed 1n thts study.

because of thcir d1unnsion1ess nature. are highﬂy suitnb1e for, the rapid

a L .

P




b ae wsedes wheid gEaTr ol

_ of the cladding.

" . . ' <

‘s

evaluatfon of the response of clad md]tistory frames subject to fateréj

Toads. 1In particular, one could easily determine the required cladding

" stiffness from the design curves to keep.the ‘lateral drift w%thin any

specified value.

viif. Although the provision'of cladding reduqés'the lateral deflections,
ben&ing moments and shear forces, axial forces in the leeward columns are °

found to Increase” in varying degrees depending upon the shear stiffness

!

*

7.2 Recommendations

*

" 1. .The present study.isnlimited to.the case of shear diaphragms subjec-

ted to monotonically increasing static loads. However in rea]i%y bﬁi]d-

ings areﬁfubjected to both repeated and"reveried Toadings., Hence, the

_effects of'tqpse‘1oad1ngs on the response of shear diaphragms should be

investigated. ' L

-t
v

" 117 The theory proposed in this investigation is concerned with the ana-

lyéis of simple diaphragm .where there will be no openings or, cuts. The
preséht apprbacﬁ.may be extended to eva1gate the shear stiffneés and
strength of such diaphragms. In addition, tests on full-scale diaphragms

with openings should be carried out to verify the accuracy of the theory.

{11. The equation% developed in this work are 1imited to 11hear elastic

) hcba?indr~of diaphrag;s: Tﬂ;ofeticaT investigation may be garried out

on the non-linear behaviour of shear diaphragms. Of particular importance |
15 the ambunt of ductility offered by the diaphragm. '

-, * " oo

"I
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3v. At present, no test data have been reported on clad mu]tistory fra-

mes to verify the proposed theory. Thus, large-scale tests on clad fra- .

‘mes wou]d be useful in providing 1nformat10n on the behaviour-of the

\connections between the claddings and the frame, mode of failure and the

Y

ultimate strength of the clad frame.

v, It is aséumed ifi the analysis of clad fremes that the claddings are

effective only in resisting lateral loads in their plane. The most impor-
tant.aspect is the type of cohnection between the perimeter members of the

cladding and the bounding members of the Mu1tistory frame. Hence, further -

~ experimental -research is reqdired to propose a suitable qonnect%op detail

between the cladding and the frame.

BN

vi. The practiéa] method for clad frame analysis is 1imited to static

floaﬂihgs. Howeyer, buildings 1ocai¥d 1n seismic zones will be subjected

to dynamic loads. The present theory could readi]y be extended for such

loading cases.

-
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APPENDIX A

f.z\j
;o

Al Preparétion of -Input Daté

&

In all the input data cards, ten-column fields are used for each item of
1nformgfions_ The folloying guidelines are gév%p to prepa}e the data

cards for clad frame ané]ysis [s0].

' +

Set  Number .. Details of Information
C::ds ' ' ,
A 1 Blank card to st;rt'a probiem
B A NCG, NCOM, NSPR, NLAT, NAXIAL, NCLAD
C NCC comments or'headings (50 characters/card)
D 1 ) NRJ, NRM, NJFIX, MPfN, NLC, ELAS,‘NEAY, NSTORI

Note: NCC = Nupﬁer'of co@peﬁt cards
NCOM

Number gf load combinations (maximum.12)

NSPR Number ‘4f spring supports —

‘ NLAT > o (for rigid floors, ie. equal lateF displacemefits for
all joints in the same level)

NAXIAL > o Axial deformations of all columns dre ignored
(applicable only when NBAY > o) —

NCLAD = Number of shear diaphragms; (applicable only when NBAY
> 0 and NLAT > o)

NRJ = Number of joints ‘
NRM = Number of members | ’

NJFIX = Number of restrained joints ~

'MPIN = Number of members with pinnea ends

NLC = Number of loading cases '



1 .
. N ) X 7 - ~
| ELAS = Modulus of elasticity |
f _ NBAY = Number of bays )
J; NSTOR = Number of stories !
| ‘ . ,
.‘ k . . ' ’
E Variable 1,J,K,ND(1), ND(2), ND(3) . '
Notes: I = first- joint of sequence
J = last jén‘nt of sequence
K = 1'ncre[ner3t for generation of joint number
| . (W& K‘may be zero if there is no generation)
N ND(1)=0; if x-displacement is restrained
;ND(Z)=0; if y-diép't'acement is ‘restrain’gd
' ND(3)=0; if rotation of joint is restrained
. " ND(I)=1 if the itP direction of the Joint 15
L ! free to displace
t . .
‘ ND(1)=L>1 if the ith displ%gement of the joint .
*is the same as the i*" displacement of
r joint L. :
F* Variable ~ List of member end cohdition:1, J, K, KL, KG
'ﬁ,} Notes: 1 = first member of sequence
£ . : !
J = _l,agt member of sequence
. K = incremenf for‘génerat’ion of séquence
) KE =1 if the lesser numbered Joint is pinned;
' . otherwise = 0 ‘
K6 =] if the greater numbered Joint is p:inned.

Set F s not required if MPIN = 0 1n Set D.

> LY

. otherwiske = 0
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-

6.1 S ~ NBAY, (BL(I), I =1, NBAY)

¥

, " Notes: NBAY = number of bays
BL(I) = length of bay I, continuing

2f (f""\\\é from left to right
i
1 ' NSTGR, (SL(I), I = 1, NSTOR)

. Notes: NSTOR = number of stories;

L

- : SL(I) = height of story i, continuing
from hottom

!

Set G.1 not required if NBAY is. zero in card D.

' % ;:%"'.:;\* _
G.2 . Variabld™ Cladding information:NC1, NC2, K, NS, NB, GP

Notes: NC1 = %irst diaphragm of sequence

NC2 =.last diaphragm of sequence

K = increment number of diaphragm

\ o~

NS = story number of first. diaphragm
: o ' NB = bay number of first diaphragm

. GP = shear stiffness for all diaphragms .
SN generated in this sequence

» . If NS < o the story number of the next diaphragm
. of sequence is increased by 1 o

. . If NB < 0o the bay number of the next diaphragm of
sequence is increased by 1 .

6.3 NRY ST, XY
. - "~ Notes: JT
; Ry

joint number

coordinates of joint

S . Joint numbers must be in sequence stérting\from 1
) to the Tast joint.  Set G.3 is required only if
¢ o NBAY in card D is zero.

+ . *
. . » - x
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H.1 Varigbie o I J,K,A,T,DL,BL, AS

Notes: I f1rst member ‘of ;eguence o
= last member of sequence Y
increment of member number

= area of member

— X o Ca
f

= moment of inertia

Y ' - DL = length of rigid armat lesser
) ’ joint number :

i

1ength of rigid arm at greater
joint .number :

BL-

.AS = effective shear area

\ Set H.1 is required only if NBAY is not zero

in card D. ,
¢ ; o y
h.z NRM ‘ ’ -+ MN, JNL, JNG, A? T, DL, BL, AS
, : ‘ ““,Notes: MN = member number )
- o JNL = lesser numbered joint
JNG = greater numbered joint

A,T,0L,BL,AS same as in set H.1 : _
Set H.2 is required only if NAY = 0 in card D.

o

<

I NSPR , JN, NDIR, S

v Notes: JN ="joint number where spring support
is attached

v ' o .+ NDIR= 1} :aldﬁgw;&girection
/= 2 :along y-direction
C = 3 :torsional spring
S = spring stiffness
Set I is not required if NSPR = 0 in card B,
J.1 1. . NLJ, NLM
. \"&

Notes: NLJ = number of loaded joints - -
NLM = number of 1oaded members

‘1
y &



% ga

12, W
% K
J.3 . Variable
¢
. o
* Va
1
J.4 NLM

\ T s |
- 98'% . . . _“ -
P N , |
01,792, K, FX, FY, FZ:
Notes: J1 = f"irsp,jaoint in sequence -
: ' 27 = last joint in sequence
K- = increment & L
FX,,FY, FZ : Joint forces
¢. - ..\ X ' '
I,‘J,K,w ) & A AT
-, Notes: I . = first member of sequence,
L5 ' A’ " .
SRR B last member-of sequence .
&‘. - K = member'number increment
W = load 1ntens1ty of umform load
. over complete length of, member
" W is positive if-it creates \
‘" . olockyise moment about lesser -
° ) Joint number £.
Kk " N
*For uniform loading on members of orthogonal
- frame. Not required if §LM ="0 on card
J] or if NBAY =-0 on,card D.
RIS PB, - xp PA, '7»5 CM, XM- . . -, -
Notes NM = Number,of lToaded member- .
| :
' W = uniform Joad i tens.ity over
who]e length i
B = concentrated load normal to
. beam. Positive if tends to
b o rotate beam clockwise about .
’ ) ERVE lesser joint number
PA = concentrated load a¥ong beam.
B > Positive from lesser joint to
5 greater joint number .
. X - = distance along beam ax1s to-."
. ; : concentrated load. Measured
. ‘ from lesser joint number. .
XS =0 :
) . | . . ,

i
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" ‘:‘J‘ ) - ',‘_ !’ : - ” - 9‘9 .- ‘7—"_____ . . . N
) tJ" ) A K ’ : ) *
L ‘ - ) CM = concentrated moment. Same
L . - . sign convention as ‘at;gwte
’ , . '. - XM = distance to CM measured from
cL Ll . e lesser Jbint number.,
. = . Ce If XPS # 0 PA & PB are specified along -
, S ] : gloha] X and Y axes respectively. And -
. : ' . ) XPS = distante tﬂong X-axis from lesser
. e o - Joiat number to PA & B
't - . Gemeral Comments "+ * Member load must be in sequence starting
: . =~ ) . . with the lowest member number. Only
o _for Card J - card may be used for loads on one m
Toe 4 ’ . |
T k e Repeat sets J1 to J4 included, for ea
‘ o L ; o Yoad case. That is NLC times. .
N [T » » 5
vy . i . ¢ )
« . " K NCOM (N, WT(I), I = 1,NLC) .
‘ wo e ‘ . ' Notes: N .= combi nav(on sequencé ’number
. - : ‘ /@ . -WT(I)= weight-dttached ‘tv .1oad case I~
. ' ’ -This set is<not r:equired if NCOM = 0 in card B,
‘ sz, A typma]‘ output for .a clad multlstor;y frame is given in this
{;&y oot | ' sect1on. - o - .
')~ ! ". . . \f . . .. '~‘ » . L Wt 7
: : s - 3 . '
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T : 5 i
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'SHEAR FORCES IN CLADDINGS |

o & ] A
- 1 ' i 2.46362401 ~2.,46365¢01 =3,85445+00 9,85644LE+00
2 . u.0736~+01 ~4,0736E¢01 =1.6294E+01 1.6294E¢01
. 3 V:o4.32p65«0d ~4.,3206E401 -1.728274¢01 1.72828401
4 Y L,2845Z401 ~4028462+401  ~1.713832+¢01 o 1.7138E+01
‘ 5 . 4.2713E+01 ~4,27132+01 -1.70855401 1.70852401
N 6 L 4a)TH05¢01 -L.OTGBEDL _ -1.6239F¢01 1,6298S+04
7 * 3.95T8E+01 =3.9598E¢01 -1.58392+01 1.5839E+01
8 .t 3, 0532401 -3,9058E+01 ~1.56235+01 1,5623£401 °
9 . 3.94%1Z¢01 ~3.964615¢01 ~1.57842401 1,57842401
10 D-3.72uT72401 -3.72647E40L ~1.48992+01¢ 1.4899E€+01
11 o 3e 7225=+01 ~3,7226E4+01 “1.48317¢01 1.4891E+01 °
2. = .._mhhz.mir._m . _=3,565RZ01 , ___ =1.42635¢04° "~ 1,4263E+01
13 . 3+51415+01 -3.51115+01 “1.40LLE+DL 1.40465¢01
14 3.33265401 -3.33262¢01 ~1:33302404 1.3330E+401
) 15 , 3.22Pp2E¢01 -3.,22825+01 =1,29132+01 142913E+01
16 . 2495855401 ~2.95852¢01 | =-1.1B836%+01 1.1934E+01
17 2. 748562401 “2.7406E¢01 ~1,09623+01 1.0962€+01
18 [ 2443726401 . =2,4372E¢01 _ =9,74877¢00 9, 74875400
19 © 2426255401  =2,2625E+01 -3,05027+00 " 9.0502£+00
\ * 20 P 149104z¢01° ~1.91042401 -7.64152+00 7.5415E400 _
' 21 \ L 1.7726E401 ~1.772LE401L -7.08952400 7.0996E+00 -
22 T 1436245401 . -1.36242+01 -5.449524.00 5.4496E+00
23 T 1407222601 7 -1,07228401 -4.,28892+090 4.,28895400 "
e 2B 5.41B3E400 =5.41882¢00 -=2,16752400 . 2.16755400
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TABLE 1. GAGE NUMBER AND THICKNESS OF SHEET STEEL
Thickness in tnch
Gage :
Number Ga]vam"zed~ anoated
}
8 0.168 0.1644
9 0.1532 | 0.1495
10 0382 | 0.5,
n 0.1233 | 0.1196
12 0.1084 | 0.1086
13 " 0.0934 '0.n897
14 0.0785 | 0.0747
15 0.0710 | 0.0673
16 . 0.0635 | 0.0598
17 0.0575 | 0.0538 .
18 0.0516 | 0.0478
19 0.0456 | 0.0418
20 '0.0396 0.0359
21 7 0.0366 | ,0.0329
| 2 0.033 | 0.0299
23 0.0306 | 0.0269
. 24 0.0276 | 0.0239
25 0.0247 | 0.0209
26 -0.0217 | 0.0179 ﬂ
27 . 0.0202 | 0.0164
28 0.0187 | 0.0149
29 0.0172 | 0.Q135
30 0.0157 | 0.0120
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TABLE 5.2 -((lomparisog of Results for ‘Cr‘itical Loads
» Crittcal Load Crit{cal Load
- Dfaphragm from from
Specimen size in Easley's Method Proposed Method .
Number . inches - {in 1bs/inch in 1bs}inch
1 30 x 30 16.0 8.2
2 30 x 30 T 236 26.2
L 3 36 x 30 31.1 33.5
s 26x3 13.3 14.7
-5 26 x 34 23.9 271.5
, 34,x'26 25.1 28.4
7 - 38x26 28.4 - 29.4
.8 3x2 31.4 34,7
-9 180 x 163 18:71 s 20.3
10" 180 x 163 22.6 25\0
T 180 x 163 18.7 2.5
12 . 108 x 163 22.6 25:0
13° 96 x 115, 12.4 14.9
A —
14 96 x 115 15.0 17.0°
15 96k 115 20.4 2.0
z . e : o

Crftfcal Load
from test
in- 1bs/inch

21.0
27.5
25.0
17.5
26.5
30.0
'“az.o
. 35.0
21.5
25,0
22.2

25.0 .

14.5
18.0

32.0 .

-
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TABLE’G 1
Variation of Maximum Lateral Deflection and Shear in C]add1ng
(15 Story Frame)
“{ Shear Stiffness Shear
of Cladding Stiffness 1-1 & A ]
s ratio R e Ve Ve
Nol 1in Kip/inch . r* T+r | inch| &y .| in Kips| “Vt
" 0 (bare frame) "0 1 |5.86| - | - -
2| 147 0.10 . 0.91|5.29|0.90 | 6.30°-| 0.08
3 36.7 0.25 0.804.67(0.80 | 13.95 0.17
‘ >
4 86.8 . 0.59 0.6313.81|0.65 | 26.66 0.28
5/ 126.4  0.86 0.54 | 3.38|0.58 | 34.54 0.34
6] 173.5 1.18 0.46 {3.02{0.52 | 41.96 .| 0.42
71 2750 ‘ 1.87 0.35[2.52}0.43 | 53.20 0.53

v !

12 EI, where S= shear stiffness of cladding
Lc3 2

X
s

[

\

“Ic and L are the momént of inertia and height of the column

around 1/6 of the frame height [10];. E = Youngs modulq; of

the mater1a1. ]2 EIC =" 147 K1p/1nch;

L
* 4. = maximum deflection of clad frame
sy = maximum deflection of bare frame = 5.86 inch;
Vc = maximum shear force in cladding and VT‘= total story shear.

;\'

Vt = story'shear

4

2

:{-
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TABLE 6.2 .

Variation of Max. Lateral Deflection and Shear in Cladding
(24 Story Frame) ‘

Shegr Stiffness Shear

of Cladding Stiffness A " "
S ‘ - ratio 1 c ¢ oo oo Yo
.. in Kip/inch +r} inch A in ki - Y
No..‘ in Kip/inc r (T+g inc b in kips N
- " ‘
1 0 0.0  1.00 11.14 1.00 0 0
2 25,32 0.10 .0.91  9.93 0.89 10.98 0.08
3 63.30 0.25 '0.80 8.79 0.79 24.14 . 0.17
4 86, 75 , 0.34 0.75 8.29 0.74 31.47 0.21
"5 -126.4 0.50 0.67 7.63 0.68 41.55 0.27
"6 173.5 : 0.63 0.59 / 7.06 0.63 51.24 0.34 -
.1 2528 1.00 0.50 6.39 0.57 63.85 0.40
8 347&0 - 1.37 0.42 5.86 0.53 76.05 0.48
9. ' 375.0 - 1,48 0.0 5.73 0.51 79.05  0.50
» .
5 12 Ele . 253&16“ kip/inch calculated @ 1/6 of the frame height
¥ 3 ’ T -
Le S
/e N
. /
- !
: B
NG

LIS



Variation of Max. Lateral Deflection and Shear

!

(26

- 19 -

-

TABLE 6.3

Story Frame)

]

i

—

in Cladding
*

Shear Stiffness

of Cladding Shear Stiffness
LS crvatio 1 A A V. Ve
No. in Kip/inch . r (T+#r) inch % - in kips -;;
A N
1 0 0" 1 10.08 1.0 0 0.0
2 41.5 0.1 0.87 8.47 0.84 15.8  0.09
3 83.0 0.23 0.81 7.56 0.75 8.5  0.16
4 166.0 0.46 0.69 6.49 6.64 47.7  0.28
5 249.0 0.68 0.59 5.85 0.58 61.3  0.36
6 332.0 0.91 0.52 5.42 0.54 71.3  0.42
7/ 376.4, - 1.03 0.49 5.24 0.52 75.6  0.44
8 415.0 T 1.4 0.47 5.1 '0.51 79.4  0.45
9 500.0 1.37 0.42 4.86 0.48 86.9 0.48
10 551.0 1.51 0.39 4.73 0.46 90.7 0.5
Bl 728.0 2.00 0.33 4.41 0.44 101.0 .0.57
14 B
12 EI
L =

364 kip/inch calculated @ 1/6 frame hgighi
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o ¥ ~ TABLE 6.4

_//,,Nariatioh of Mdx. Bending Moments in Beams and Columns.
. (15 Story Frame)

¢

. Shear ;
Stiffness Max. Max.
cof . Shear Moment Moment
. Cladding Sti#fness in . M in M!
S in ratio _ Beams - Columns M
No.\:mp/inch Cor kip/inch b  kip/inch b
) ’ , — A
1 0 0 3357 ° .00 4779 1.00
2 4.7 ‘0.10 3155 0.94 4605 0.96
3 36.7 0.25 2923 0.87 4373 7 0.92
4 86.8 0.59 2495 0.74 3941 0.82
5 \126.4  0.86 2001 0.67. 3664 0.77 |
"6 173.5 1.18 2004 0.60 3389 0.717 |
7

275.0 1.87 | 1643 0.49 2931  0.61

. Note: M, = Max. oment in ‘beams of clad frame *
sl . > M

Mé = Max.vmoment in-columns of clad frame

Mb = Max. moment in beams of bare frame

Mg = Max. moment in columns of clad frame
. 1 \ -
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TABLE 6.5

ariation of Max, Bending-Moments in Beams and Cdlumns, .
(24 Story Frame) . -

Shear o : ! ' ;
Stiffness . Max, Max.
of . Shear- -Moment Moment
Cladding Stiffness in ‘Mc in M'
‘S in . ratio © Beams ——  Columns S
No. Kip/inch r kip/inch M, kip/inch Mé
1 0 0 5725 °  1.00 8018 1.00 » ‘
. , . b
2 2%?32 0.10 5378 0.94 7692 0.96 o
3 63.30 0.25 4936 0«86 7261 0.91
4 86.75 _ 0.34 4702 0.82 7023 0.88
5 -126.40 0.50 < 4361 0.76 6661 0.83:
6 173.50 0.69 4024 0.70 6285 0.78 °
77 252.8° 1.00 3580  0.63 5753  0.72
8" 347.0 1.37 3188 0.56 5240 0.65
9 375.0 1.48 3092 0.54 5107 0.64
‘ .S
. “ e
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TABLE 6.6° . ©
Variation of Max Bend'ing Moments in Beams and Columns
- ( 26 Story Frame) (
Shear J -
Stiffness . Max. Max.
of v Shear Moment : Moment.
Cladding Stiffness in - Me. in M
S in ratio - Beams - ——  Columns  _C_
No. kip/inch r kip/inch | My kip/inch M
L3 - , -
1 0 0 3983 1.00 7014 1.00
2 n.s O . 3652 0.92 6634 0.95
3 83.0  0.23 .3378 0.85 -6306 0.90
4 166.0 0.46 2952 0.74 ‘5759 0.82
5 249.0 . 0.68 2636 0.66 5318 0:76
6 332.0 0.91 2393 0.60 4951 0.7
i 376.4 1.03 - 2285 0.57 4778 0.68
8  415.0 1.14 ° - 2200 0.55 4639 0.66
9 500.0 1.37 2040  0.51 4364 0.62
10 551.0 1.51 " 1958 0.49 4216 0.60
M 728.0 2.00 1732 0.43 3779 0.56
. ’ “ N e
£ 4+ Ve
, R |
-
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TABLE 6.7

Variation of Column Axial Forces

4

(15 Story Frame)

78

r ")

Shear .

Stiffness W1ngvgrd Legggrd

of Shear 1de e

Cladding Stiffness  Axial | F. Axial F!

S in ratio force — force <
No. kip/inch r in kips Fy in kips Fé
1 0 0 156 1.0 156 1.0
2 14.7 0.0 .145. 0.93' 168 1.08
3 36.7 0.25 131 0.84 181 1.16
4 86.8 0.59 11 0.71 201 1.29
5 126.4 0.86 100 0.64 :21 1.35
6 173.5 1.18 91-  0.58  220° 1.41
7 275.0 1.87 0.50

233 1.49

No?e} Fc’ Fé

Fb’

FI

¥

= Max. axial force in windward

*

|

of clad frame

= Max. axial force in windward

- of bare frame.

and leeward columns

and leeward columns

-



) - 124 -
» -
TABLE 6.8
Variation of.Max. Axial Forces in Columns
(24 Story Frame) |
[}

Shear )

Stiffness ) Windward Leeward

of Shear Side Side

Cladding Stiffness Axial Fe Axial L

- S in ratio force — force .S
No. kip/inch r in kips Fy in kips Fb
] 0 . 0 404 1.00 404 1.00
2 25.32 0.10 375 0.93 433 1.07
3 63.30 0.25 344 0.85 464 1.15
4 86.75 . 0.34 328 © 0.8 479 .19
5 126.4 0.50 308 0.76 499 1.24
] 173.5 0.69 289 0.72 517 . 1.28
7 252.8 1.00 266 °  0.66 541 1.34
8 347.0 1.37 246 0.61 559 1.38
9 375.0 1.48 242 0.60 564 °  1.40
>
1
: "»{.i

2

— o

*

s E
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Variation of Axial Forces in Co]uﬁns

Y
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TABLE 6.9-

(26 Story Frame)

Sheér .
Stiffness Exterior or
of Shear Column -
Cladding Stiffness Axial F Axial F?
S in ratio force force <
No. kip/inch r in kips in kips Fy
. / S
1 0.0 0.0 303 1.00 20 1.0Q,
2 41.5 0.11 274 0.90 ° 107 5.48
3 83.0 0.23 254 0.84 167 .  8.56
4 -166.0 | 0.46 227 0.75 247 12.66
5 249.0 0.68 209 0.69 300 15.38
"6 332.0 - 0.91 197 0.65 337 17.30
7 376.4 1.03 192 ., 0.63 ° 354 18.2
8 415.0 1.8 187  0.62 366 18.8
9 500.0 1.37 (179 0.59- 389 20.0
10 551.0 1.50 176 '0.58 400 20.5
n .728.0 2.00 " 166 - 0.54. 430 22,0 ¢
‘ o
>-\

G
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i TABLE '6.10 v :
' Comparison Bet\ween the Proposed Method and ) '
5 Miller's Approach for Clad Frame N
o ’ ’ Bare " Clads 2
- . Frame Frame* -
' . Proposed | Miller's | Proposed | Miller's.
Method Approach | Method Approach L.
Akial ** 19.98 "19.98 | 264.11° 272
Force kips kips kips kips
\‘;
Bending **' | 328-33¢ | 324-328 |167-168 4| 166-169 R
Momeént, ft.kips ft.kips [ft.kips . [ ft.kips
Max. Lateral ** 10.08 10,09 0 5.25 5.28 T
Deflection inch inch inch - inch o -
+ C‘ o o
« . ¥ cladding stiffness =376.4 kips per irich -
o values gré for thg interior column between 3rd and 4th stery level
n L T L
U - ? ‘ .
¢ ,": 3 o - /L—' L r ‘
y ’ - & - ’ .
[ Ve n o o : A = ) u '
' d
- . |
« | ° . ~ .
. - S0 _-' ‘ . - )l
: .“‘ '~ ' »' K ,: ‘ i
— Clr :
\’Q "~ l ’
. . ! £ - a ",-‘,__—



TABLE 6.11

LateraiEDéflehtion'and Shear Force in Cladding
(Shear Stiffness of Cladding - 126.4 kip/inch)

- 24 Story Frame

&)

5 story Frame - .~

‘Lateral Shear in
Deflection Cladding:
in inches in kips
0.19 24,6
0.52 40.7 °
0.86 43.2
1.19 - 42.8
1.54 - 42.7
1.86  40.7 °
2.17 39.6
2.48 © 39,1
2.79 - 39.5°
3.08 37.2
3.38 © 37.2
3.66 35.7.
3.94 35.1
4.20 . 33.3
4.6 . 32.3
4.69 . 29.6
4.91  .27.4
5.10 © 24.4.°
5.28 22.6
5.43 19.1.
5.57 17.7
5.68 13.6
5.76 10.7
5.81 5.4

. Lateral

Shear in
Deflection C(Cladding
in inches in kips
0.17° 21.5
0.45 - 35.2
0.73 35.4 -
1.00 35.1
1.27 33.3
- 1.53 32.3 ‘
1.76 29.6
1.98 27.4
.27 24.4
2.35 22.6
2.50 19.1
2.64 17.7
2.75 13.6°
. 2.83 10.7
2.87 5.4@ .
| ]
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{a) Button Punch (Mechanical clinching) (b) - Seam weld engage

. Fig.

the square end.
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«

(c) -Seam Weld

' " : l/.éx ll/él
34t ¢ Puddle weid
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d
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]
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G= 1.5 x IO6 psi
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. \ Fig. 5.3 Cross-Section of Panel Profile (Type c)
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Stiffness coefficients.

.Case i) D,=I 02-0

=Sxi SZI" -Sx|.

Case ii) Dz-l ' D‘-O

‘Szzinl , S'2=—Sx|.
Where S’ is the shear stiffness
of the cloddinq and is obtained

Where @= Sheor modulys of cladding.

(No Axlol Deformoﬁon of ~ Columns)
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Fig. 6.5. Displacement Coordinates \‘.‘2.3' and 4.
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1. 0, D, =D, =D, =0. (D,.D,,.... - Displacement at the joint).
r— - - ; *Unit Displacement D, =1,
- | 1 _. 1
' 'II . I Stiffness' Coefficients:
b } : " S.” =5x1
] ,l — | Sq = -Sx1
. | S..=S.b/a. ‘
v . 2 31 .
. ;CAM *-S.b/@ .
T L S is the shear stiffness
3 a 4I of the Cladding.
o EEmm—— A

)

[} -

ji. Stiffness Coefficients:for 02 =1, D] =D3 =0y =0.
For this case the'coefficients may be written as:
. 522 =§x'l » Syq = -Sx1, 523"’—’ -S.b/a’ and Sé4=§.b/a

2l
. nf. 03-1, D4=DZ=D]=0. ‘ , o
For this case, the Stiffness of the C]a/’dd.ing in the direction

: . 7 2
of D muslt be known-and can be,obtam%i as: s=s.b_2_ ) [42]
: | . a \
Using this%relation, the Stiffness Goefficients can be “h

) , C derived as follows:

3

[T — 1 :
\ : R Stiffness Coefficiénts:
e . . - L bz
. : ' , , S._.’3 = S-a—z
. b ‘ 2 '
~ . b
Y , 5 - 5342753
. . . . b ¢
v S32=-S3
it Rp—— T 2 e
Displ’acement?T3 4 » Sy, = s.g..
T D= g:s-t-’-f ., . . ’ . .
o X 3 Qz’ - ¢ i ! \'
| . -
* g\, _ Similar to the above case , the stiffness coefficients for
. -unit displacement at node 4 may .be deriveh.} '
- Flg. 6.6. Stiftness Coefficients With Axial Deformation

Columns. ‘ ~
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