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ABSTRACT o

. I P
DIAPHRAGM-ACTION OF ASBESTOS-CEMENT DECKS ' .

Noor‘gl-Din Mohamed ‘E1-Hakim, Ph.D. ; ) : e S
Concordia University, 1980 ' .
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) * ! i
. This study represents the first attempt (in North:America) at
evaluating the in-plane shear behaviour of asbestos-cement decking systems
which, are widely used in the construction of industrial buildings.

Properly desiéﬁed and constructed; these decks can effectively be used .

0

j as structural elements to transfer lateral forces caused by wind:

The study covers both the experimental and theoretical investigation
of the diaphragmic capabilities of two  asbestos-cement decking systems,
the cavity and '"T" decks, currently manufactured by Atlas Asbestos Company,

- Quebec, Canada.

%

. [ ‘
Preliminary design information on the diaphragm action of the two

decking systems as presently used is‘estab}ished by full-scale testing.

f“‘r’/The‘ cantilever test frame (10 ft x 10 ft) and the test‘procedure are in

'aécordanqe with ASTM E455-76 and the American Iron and Steel Institute (AISI)

recommendations. A total of thirteen tests were performed with the fastener

pattern as the main varying parameter. Test data obtained includes: load-

)

deformation curves, ultimate shear strengths, shear stiffnesses, maximum
deflections; and failure modes. In general, the two decking systems were

found to be very flexible (especially the cavity decking) in comparison

with welded light-gage steel diaphragms of the same size. Nevertheless,

use of the deck's limited shear resistance may still effect some reduction

3

in building costs. On the other hénd, the.two deckiﬁg systems possess

sufficiént!y high shear strength to meet the normal requirements of diaphragm

design based on strength alone. ",

o b e vmvann --j . . et s e oL 0 g v o Creyre.
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A N Small sample tests were also conducted to determine the meﬁhani al '
R ’ ‘ - ' R . . b
?_ properties of asbestosrcement sheeting, and the strength and stiffnéss

) ‘{\ ' ! 'l ,®

fasteners, . - R

LRt

o

v

e, ¢

v

. diaphragms. Based on' the-direct st1ffness method, an eff

0 + °

cient special

urpose computer prdgrdm requiring minimal input data was developed. With
L ro

; _ the pfoposed idealization of the two decking systems, the finite elemént A :

technique is shown to yield results in good agreement with experimental data.

' A-parametric study is 41s0 conducted to establish’ the relative importance -

Ve
"
\
'

of different diaphragm design parameters and their influence on diaphragm

, behaviour, ’ ] {

For routine design, a simplified method of analysis is_developed

v t >

. © v : L}
X .based gn a simple deformation mode observed in tefts and on an assumed .

distribution of intetfial fastener forces as revealed by finite element . ) ’

.

i J
. . . . - ! . 3
'1! ' ) analyses. This results in a set of general and simple analytical expressions, °.

sultable for hand caiculationé. <
L: J

Guidelines for the design and construction of-asbebtos-cement

s 3
. diaphragms are outlined and illustrated by a practical design example.
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NOTATIONS

.

.

Length of diaphragm in direction perpendicular to corrugations

Cross-sectional area of perimeter test frame members

perpendicular to load direction, also cross-sectional area
of a beam element .

b
b

Depth of diaphragm in direc%ﬁon parallel to corrugations
: \f \
hragm flexibility when load is applied in direction
pafallel and perpendicular to corrugations, respectively
\ s ) - ,
Tip deflections when load is applied in direction parallel
and perpendicular to corrugations, respectively

Deflection component due to vertical deformations of connections

Deflection component due to horizontal deformations of end
connections

Deflectjon component due to ‘shear strains in'shqstings'ang
profile distortions

~

_Deflection component due to axial strains in perimeter members

Vertical separation between the end member and the panels at
the diaphragm corners

Vertical separation between the end member and the panels
at the seam lines ‘ »

‘Modulus of elasticity of steel (29.5 x 106 psi)

Asbestos-cement elastic modulus in the direction of fibers
(longitudinal direction - L)

Asbestos-cement elastic modulus in the otrthogonal direction
(tgansverse direction - T)

Asbestos-cement elastic modulus in the x-direction (at 45°
to the fibers direction) '

Modulus of elasticity of wall material
Allwable flexural compressive strength of wall ma%?rial ‘

Diaphragm flexibility factor measured in micro-inches per
pound .

, Force and strength, respectively, of a side fastener

e
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or k

of k

- Moment of inertia of beam element about -

" Number of purlins

xvi 4

Vertical component of force and strength, respectively,
of an end or sheet-to-purlin fastener

, ) I .

Horizontal component of force in end fastener

Force. and strength, reépectively, of a sheet-to-purlin
fastener ) . ‘ . .

Vertical component af force in end or purlin connections

-

Force and strength, respectively, of a seam fastener

Ultimate load of connection .in the longitudinal direction

. o\
Ultimate load.of connection in the transverse direction

¢

Diaphragm shear modulus . - .

-

Asbestos-cement shear modulus
Height of building wall between'horizon{zisfﬁpports
axis of bending

Diaphragm stiffness ) .o .

_Stiffness of a side fastener

Stiffness of an end fastener )
Stiffness of a sheet-to-purlin fastener .

Stiffness of a seam fastener

Stiffness of a connection in the transverse direction -’

a

Stiffness of a-connection in the longitudinal direction

length of beam element

.

Number of side fasteners per side

Number of end fasteners per panel end
Number of purlins
Number of seam fasteners per seam line

Number of panels or sheets in diaphragm

Shear flow in diaphragm . ' \
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‘ ‘Q, Q' Forces applied in directions parallel and perpendicular ¢
: * to.corrugations, respectlvely , .
= Q . . Appiied jack load in diaphragm full-scale testing .
Qult Ultimat¥gapplied load (or faflufe-load)'in diaphragi ’
’ full-scale testing
R N v 8,8 ‘ Stlffness of diaphragm when load is applled in directions
£ o . 'parallel and perpendicular to corrugatlons, respectlvely
@ .
. . desg D1aphrégm allowable design shear .
3 S;« Diaphragm ultimate shear strength ’
.ot t’ .. Thickness of sheeting ’ o .
. . »
C N tw . Thickness of building walls -
I ///1711::T\\\i;;dth of a panel, ¢ - .
. ;" A Xos Xy Distances: defined in Fig. 6.4 < ' .
H - 7. i
{ : " .
j Y- . Shear strain or shear angle
N ‘ . . . :
H . ' A, . Measured deflection at gage i’iFig. 3.2]
x; . 1° . . '
; By Cantilever test frame bending deflection’
“
max Maxjmum permissible deflection of building wall’
i ’ A Net tip deflection in direction of applied load of tested
g NET di :
‘ iaphragm, after correction for support movements
¢ A " Shear deflection of testéd diaphragm -
fA; ’ . Shear deflection of tested diaphragm at 40% of the ultimate load
EL’,ET . Lorgitudinal and transverse strain, respectively ’
ViT - '~ Asbestos-cement Poisson's ratio relating strains in the
' longitudinal direction (L) to stresses in the transverse
direction (T
vTi " Asbestés- cement Poisson'ssratio relatlng strains' in the
o g ] transverse direction (T) to stresses in the longitudinal
dlrectlon 48] .
, ' ’ N
| Ops Op Longitudinal and transverse stress, respectively

Ultimate tens11e strength of asbestos-cement specimens in the
longitudinal ‘and transverse directions, respectively

Shear stress ‘ ' “ . F
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Strain vector
Stress vector
Stiffness matrix

Load vector

Displ acement vector
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Elas ticify matrix
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INTRODUCTION. ,°
. o . , ]
' 1.1 INTRODUCTION ‘ v

e

In industrial buildings, asbestos-cement cladding (roof decking

v'/and owall\shaat;h:‘.ri’g) has long been noted for its dutability, fire-resistance,

s

noncorrosiveness and relative economy. The two decking systems: Cavity
4

and ."T"" decks (Fi'g. 1.1)‘, manufacturéii by Atlas Asbestos Company, have been

widely @ed in Canada and the U.S. as roofi;lg camponents for paper mills

o o ~

(see map, Fig. 1.2), tobacco factories, warehouses, laundries, hangars, etc...,

_where high humidity conditions prevail or wlhere' fire’is a hazard.’
) h) - .
Until now, it is customary to treat these claddings as non-structural

components in the design of steel framed structures. They are being used

-

N to mérely enclose the space and transmit loads noimal to their plane by
virtue of their flexural rigidity. Because of the lack of design information

. , .
on the in-plane behaviour of -the.two decking systems, designers hesitate to take

. ‘e . . . v Y .
advantage of the stiffening .effect offered by the sheeting. The availability

of such data would permit the effective use of asbestos-cement decks as main
N

resisting elements against lateral shear forces caused by wind.

This thesis is the outg;}cwth of a study requested by Atlas Asbestos
f

Company on the diaphragmic action the two asbestos-cement decking s"ystems.

t)

1.2 DIAPHRAGM ACTION

»
.

A dia@hragm,.like‘ a plate, is basically a two-dimensional structural
element capable of resisi:ir.lg and transmitting in-plane forces. The in-plane
behaviour of a/ diaphragm (or gften termed stressed-skin form of construction)

and its associated stiffening effect is refered to as '"diaphragm action". £

N . h ”~

iR
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' wind).

§ - A ) . N
. Diaphragm action has long been recognizegd and widely used in

many fields of constructioﬂtnpa}ticularly those assocdiated with the transport
industéy (aircrafts, cars and ships).“\;: the building industry, reinforced
ancrete floors ére also designed to‘act as diaphrag?s for transmifting.
f;teral loads. Shear walls, deep girders, and diaphragms of shells qreﬁa
vagiouS'forms of effective shear resisting elements. |

v Roof decking, wall'séfathing and light cladding materials in steel
framed structures, on the other hand, havelbeen designéd for ﬁany years to
carry their own weight and resist ffansversgl loads only. Afthough practical
experience demonstrated that a framed strycture becomes noticably stiffer
whgn:the cladding or decking is added, designers viewed these components as
an additional‘margin of safety in cases of ektremé loading‘or aﬁ a lateral
support forithe‘frmning members. With experimental evidence, it then became
apparent that these compénents could very well serve the role of transmitting
in-plane forces. By virtue of its inherent in;plahe shear stiffness and

B

strength, the cladding also acts ds bracing against lateral loads (due to

A

The.in-plane action of a decking is illustrated in Fig. 1.3, which

shows the -conventional steel framing of a one-storey structure with roof

panels in place. If the panels are merely fastened to éEe frame, but not

interconnected, they offer litile,registance to lateral loads shown, and

special bracing or other méasureslmus; be p;ovided.” However, with the panels
interconnected along the ‘seams, the diaphragm sqlpbtainea together with thé
lqngitgdinal framing mémbgrs BF anleG acts in a manner similar to a plate
.girder supported at BC and FG by the end gables ABCD and EFGH (scheﬁatically

indicated by the cross-bracing). Being present in any event as part of the

roof, and thus available with little or no extra cost, the diaphragms can be

. . L]




‘designed to replace part or all of the conventional bracing systems; S

resulting in'a more economicdl design. This in-plane shear behaviour

has been-widely known as shear diaphragm action, C ﬁ

kY
Although recognized, such use of the shear diaphragm action

.
o g 7 o g on
o v QA T

has bgfn largely neglected in building design until recently.. The cause
\{ f ~ .
has been the .lack of quantitative design data as well as the lack of a

rational theory to describe and predict, this behaviour. Today, the substantial f
amount of experimental and theoretical research done on light-gauge steel

diaphragms over a span of 25 years, has led into a éonsiderable progress

in developing methods to predict and evaluate the behaviour of diaphragm

P i 1 VLA

. assemblies. With sucK accumulated experience, ‘the field of shear diaphragms
has grown substantially, extending its applications into branphés covering
many related aspects of building structural design. ’

14

{ ' 1.3 DIAPHRAGM COMPONENTS AND DESIGN PARAMETERS

A typical isolated diaphragm (see Fig. 1.4) is constructed of

~

. v

‘three types of components. These are: the corrugated panels; the fasteners,

.and a perimeter frame which encloses the panels.. The marginal or perimeter é
frame serves two important functions: to ggovide resistance against bending 1
. due to the lateral shear load and at the same time to transfer shear forces

- to all the panels through the end and side fasteners, thus providing a state

‘of "pure shear" in the panels. The end fasteners attach the panels' corrugated -

ends to the frame, and they are required in order to prevent excessive

distortion of the corrugation profile which could result in a considerably

flexible diaphragm.” In some cases, the side fasteners are eliminated, in -
which the shear forces are transfered to the panels mainly through the end

fasteners, The sheet-to-sheet, or seam, fasteners transfer forces from one o




sheet to.the next.

The two most important behavioural parameters for design of

shear diaphragms are, the diaphragm shear stiffness (or conversely the flexi-

bility) and the ultimate shear strength. The diaphragm shear stiffness, commonly

denoted as G', is a measure of the relationship between in-plane load and shear
deflection in the direction of that load. The diaphragm strength, Su’ on the
other hand, designates the ultimate lateral in-plane force (required to

produce failure of the assembly] divided by the length of the diaphragm in

P

the direction of the applied load.
. ¥ B

1.4 REVIEW OF PREVIOUS S%hDIES : ' i ) -~

Extensive survey of literature reveals that very little research
t . <o

has been-carried out on the stiffening effect of asbestos-cement sheetihg or
its beHaviour as shear diaphragms. The work of Bryan, Kallaur an Akhtar [1]
at the !'niversity of Manchester, 1970, is the earliest known attempt to study

’
the shear resistance of conventional corrugated asbestos sheets. It was

found that, although the material has ample strength for use as a shear
membraéf{ its potential is not realised with the use of hookbolts to connect
the shégts to the steel roof. It was‘tﬁen recomnended that the stiffening

’ effect offered by the sheeting should not be used in design. The use of hook-
bolts resulted in a very flexiﬁle membrane, even when the sheet overlaps

- (seams) were fastened together. 1In addition, Bryan et.al. pointed out that

the effect of creep rupture and weathering could later lead to unprédicgable

. ‘x .
g difficulties,

: Although the outcome of this first attempt was on the negative
g . side, it was found from bending tests on zed purlins used in conjunction |

él with asbestos-cement sheets ir accordance with usual practice {1, 2], that ‘




5

hd 1
7

« the lateral suppoft offered by the sheeting is adequate to'preveét lateral
’ instability in zed purllns even up to the ver§e of plastic collapse, ‘ R
\«]A year later, 1971 Bryan, Balmain and Oliver [3] reported on
iesting of an asbestos-cement sheeted house (= 23x23x15 ft), where the roofing,
cladding; lining. panels and partitions were m?de of asbestos-cement and the;
structural skeleton‘was made from light gauge steéz. Test results confirmed °
that :the claddiﬂg shares in load bearing as well as in providing shear resis-
tﬁnce., The roof truss and interior floor beam defle;tions were noticably
reduced with the addition of claddings. fhis reduction was due largely to
the effect of the rooflliniﬁg which, Because of the more secure method of
fixing, was more effective than the sheeting as a shear mgmbrane in taking
the load back to the gable ends. |
| Other site tests to evaluate the effects Bf asbestos-cement sheeting
on the behavioui of a single-storey precast ba;n frame were described in a
. report by the Cement and Concreté Association, England [4]. It was concluded
_in the report that conventionally sheeted structures have a considerable
reserve of strength and that deflections under normal service conditions are
‘much reduced.

, Up to the present time (1979), diaphragm action has only been taken
advantage of when steel sheeting or decking is used. This has been the out-
come of hundreds’of full-scale diaphragm tests, in which the perfommance of °
specific combinations of lighi—gauge steel panels, marginal framing members,

. purlins, and connections have(been studied. Te;tiné has resulte& iﬁ a
considerable amount of degign information and d;sclosed several variables
influencipg the performance of diaphragnms. ‘In'addition, research in the field

has produced a number of analytical methgds and semi-empirical formulas to

pred1ct the behav10ur of 1light- gauge steel d1aphragms.

Ll -
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The present work covers several Wspects on both the theoretical
and experimental investigation of the diaphragmic capabilities of the two
‘asbestos-cement decking systems (cavity and 'I" decks). Thus, if seg&s to, ™

be appropriate to review the relevant literature on metal diaphragms for

each topic when it is first discussed. . ’

1,5 OBJECTIVES AND PROGRAM OF RESEARCH

v A

Unlike metal sheeting, the inherent shear stiffness and strength

of ésbqstos-cemeﬁt panels have never been actually utilized, and their
stiffeﬂing effect has not been introduced in design. Since the publicatilon
of the early investigations byeBryan and others from England, the technology
of construction of asbestos-cement decks has considerably improved. Present
practice employs ; variety of m;re effective comnections between the various
compdhents (betgeen sheeting oveélapg and sheeting to supportiné steel
structure).. Furthermore, the sheetiﬁg i; often covered with rigid-insulation
’ ,

and built-up roofing which provides a weathering skin to protect the deck

from weather.

)

The prime concern of the present research work is to/ determine

quantitatively if the asbestos-cement ‘decking systems (Cavity and "T" deck)

as being used in present day could effectively work as shear diaphragms, and °
if so, could the load sharing and ultimate stremgth behaviour be predicted
analytically? In addition, suggestions and recommendations are to be made

for improvin rrent practice concerning the use of the two systems as
p B fu P g Y

stiffening elements.
]

¢

The research program.comprises both experimental and theoretical

investigation.
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The experimental part includes the development,'design and
y

fabrication of a‘full—scale test frame. This part is aimed at establishing
preliminary design information on the diaphragmic action of the two currently
used'asbéstos~cement decking systems. The test results are also meant to
provide a basis for verificétion of the analytical techniques. The experif
mental program includes also shallrscale Eests, conducted to provide the

'stiffness and strength characteristics of the,diaphragm components: This

3

information is needed as input data for the theoretical analysis. These:

tests are aimed at: )

(a) establishing the mechanical properties of the

asbestos-cement material of the two decking

systems.

-

v (b) evaluation of the load-displacement résponse

. of the :two decks' different fasterners.

9

The theoretical study is directed toward the deve¥?pment of

-t

methods of analysis for asbestos-cement shear diaphragms. The theoretical

investigation covers the following: '
\\ . . » ‘ 3 - ’
L (a) . application of the finite element method to

predict the elastic response of the two-decking ’
systens.

(b) development of simple closed-form expressions

. for -the diaphragm deflections and fasteper

‘forces. ) 4
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1.6 ORGANIZATION OF THE THESI§

Chapter II of the thesis deals with the experimental deter-
mination of the elastic properties of asbestos-cement material as used -
in the decking systems manufactured %y Atlas. ' N
Chapter III presents an evaluation of the structufal behaviour
of the twcfdecking systems by'full—scale testiné. Description of the
" test frame and the experimental procedure are also presented. oInformati;n
obtained from the tests include: load deflection curves,‘ultimatp shear

_strengths, shear stiffnesses, maXimum deflections and failure modzs.

Chapter IV is concerned with the experimental evaluaticn of-the

load-displacement response of the fasteners used in the installation of " . !

the two deckings. The stiffness and the strength of the connections as -y

well as their failure modes are determined.
\ In Chapter V tee fin;te element method is applied”to the analysis
.of asbestos-cement shear diaphragms. A parametric study is conducted to
establish the relative importance of different\diaphragm design Q;;;;Ztéfs
and\ their influence on diaphragm behaviour. : o
Development of a simple analytical method for the analysis of
shear diaphragms is presented in Chaptef VI. The analysi§ is based on a
simple deformation mode observed in tests and on an a;sumed disfribuﬁion
of internal ¥astener forces as revealed by finite glement an51y5e§.
Asbestos-cement diaphragm design and conétrqction guidelines
dre outlined in Chapter VII. A practical.design example is also presented.
Finélly, a summary of the work, conclusions’and'recommendations
for fﬁrther research ;re presented in Chapter VIII. .

‘A refined version of the simplified method of diaphragm analysis

of Chapter VI is presented in Appendix A.

N .
: ) - T T R R R TR
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A detailed derivation of some deflection components contributing

o b

<
.
\

to the diaphragms' shear flexibility is presented in Appendix B.

Loz
\

E)

: . s
Appendix C is a User's Guide for the developed s ecihl-pu ose
PP ; ‘ v P Ip

finite element computer program for the linear elastic analysis of regular'

shear diaphragnms.
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CHAPTER II ' -

MECHANICAL PROPERTIES OF ASBESTOS-CEMENT

2.1 GENERAL , Lo

t

Asbestos-cement is a form of composite matefial.' The word
"composiQF“ signifies that tw&nqr more materials are combined in such a
. manner that their best qualities are exploited; and often the resulting
material exhibits ce¥tain properties that.none.of thé'consituentsApossess.‘
o > Composite matéfials have a long history of usage. Asbestos-
. cement'is‘probably-the oldest.material ever produced in an industrial way
[5], since the first patent in this field goe$ back to 1900 (Hatschecky

Austrian Patent No. 5970, 1900). It cgnsists essentially of asbestos and

Portland cement mixed in water in the pYoportion of 15-20% of asbestos fibre

-n
* N ! b

to'80-85% of cement. : /

. , ' ‘ Asbestos-cement proﬁﬁgts are produced in various shapes among:
which pipes, flat, corrugatéd or profiled sheets are the most important. It
.is employed in large quantities.for roofs and walls of industrial buildings

material is a consequence of its many

in all parté of the world. The popularity of asbestos-cement as a building
d;sirable physical and chemical

properties in conjunction with low material costs. Asbestos-cement is:

(1) fire-resistant. It will not Qprn or support combustion. Thus,

- . it is widely specified for conséruction where fire hazards are

Jresent. ) ¢

’
[}

L (2) light in weight. Though dense and hard, it is relatively I@ght

\

in comparison with most ?lternative materials.
» damp proof and non-corrodible. It will not rot, rust or corrode.

Therefore, it is ideally suited for cungkruction of buildings ~ k

\ . N
0 M .
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where high humidity conditions prevail (e.g’. ' pulp and |
paper mills, laundries,....etc.) ' )*’
(4), vermin-proof. It effectively hampers entry to buildings

by rodents and insects.

(5 effective for sound insulation

o

Although asbestos-cement has been in use for nearly seventy years,

, knowledge of thé engineering properties of the material is very limited. .It
is likely that if ;sbestos—cement were better understood as an engineeriné.
material, more innovatiqn in the use of tbe matérial might be possible.
Unfortunately, research has not kept péce with the practical developments of
\the material. This can be attriputed to the fact that the pro,dué}ti'on process
and fibre mixture a@g from time to time anci from dne country to
anot};er. The mechanical properties of the material basically depend on the
manufacturing practice ar;d fibre nfixture. For example, the tensile streng'thi

of asbestos-cement may vary from 30 to 400 kg/.cm2 (420 to 6000 psi) depending

on the composition [6].

v N

This chapter concentrates on the experimental determination of the

elastic constants and tensile strengths of the material of the two decking

systems manufactured by Atlas.

2.2 MANUFACTURING METHODS \

Common techniques of asbestos-cement manufacture follows from the

laminated process invented by Hatschek and adopted by Eternit in Europe nearly
\ b ‘ , ' )
seventy years ago. ,Al'though many changes involving modifications and innova-

. .
tions in th\iz mechanical plants have taken place, the greatest change has

- ‘

been in the ‘improved methods for the fabrication of the man}; new industrial

products that are now in general use. . ‘




S N

the'dry or Manville process..In the following the three methods ’are

‘endless conveyor band of permeable felt. This passes over a vacuum box to

'strength, and can be moulded, either by mechanical means or;by hand, to

" The three basic methods of manufacture in use are: the wet

transfer roller oT Hatschek process, the semi-dry or Magnani process and

briefly desgribed [7, 8, 9].

» A

‘

2.2.1 The Wet or Hatschek Process:

. { .
. r
This is.the most widely used method of migrfacture, and can be

adapted to make a great variety of products. The process developed from the

one use /to make paperboard.

o
4

Before mixing asbestos and Portland cement in water, the fibre
. .

(usuglly a milled grade) is né&mally subjected(%o further treatment

a .

depending on\its nature and quality of milling and on whether it contains

impurities of any kind. It is often essential to fully fibrize the asbestos

to remove dust and grit in order that a truly homogeneous pulp can be made.
. A '

The process begins with the preparation of a dilute suspension of asbestos
fibre and cement in water. This contains about 6% by weight of solids. ’
After agitation the suspended solids are picked up-as a thin film on the

surface of a rotating drum of wire mesh, and transferred from this to an

remove excess water from the film, which is transferred to a steel assimila-

tion drum, on which it is compacted'and\¥nrther dewatered by a pressure

-

roller and is plied to the. required thitkness. When the accumulated layers

a

of the 0.6 to 1.4 mm thick film reach the required total thickness,‘the;

. ' '
deposit on the assimilation drum is cut and peeled off to an endless rubber
conveyor belt. This "wet flat" is pliable and has cdnsiderable tear

P

form flat or profiled sheets or quite complex shapes. . '
l i

'
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- and spread and levelled by ;ebiprocating rollers. Both the belt and the

[P SU———

is surprisingly.limited. A few material-testing studies have been reported.

) C 17
{

2.2,2 The Semi-Dry or Magnani Process:

’
LY i

For the manufacture of corrugated sheet this process has the

advantage that it can provide a. greater thickness of material at the peaks
» ' . .

and throughs of the corrugations,.and so increase the bending sfrength.

“

The mix, which has a solids to water ratio of about 0.5 and is

heated to facilitate the dewatering process,.is pumped on to a fabric belt

rollers may be shaped to form corrugated or profiled sheet. Vacuum boxes
under the belt move with it to suck excess water from the hot mix, and

dewatered sheet or profiled'material is transferred to pallets to mature,

-

B

2.2.3 The Manville Extrusion Process:

' »
Quite complex and sharp edged profiles can be formed by this pfocess. 4

The matérials; asbes?os fibres, cgment, fine siliéa and(a plasticiser such

as polyéthylene oxide,'are fed from a hopper into a mixer, with just
sufficient watef to produce.a stiff mixlq‘T%is is transferred to the extruder,
where a worm drive forces it through a steel die of the desired profile.

The resulting extrusion is cut to lengths which are moved by a take-off belt

to ballets on rollers. After drying, the extruded sections are autoclaved

. . »
and finally cut to the required lengths.

2.3 REVIEW OF PREVIOUS MATERIAL TESTING

« T .
The literature on the mechanical properties pf asbestos-cement

and these are Teviewed in the followingu "

B}
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In the course of investigation into the stiffening effect of

asbestos-cement sheeting when used in,tbe roofs of buildings, Kallaur [10]

0y

.carried out a Series of tests to determine the mechaﬁical properties of
new and old (25 years) asbestos-cement sheets. It was emphasized that the
results obtained were not quite typical of standard production maferial, as
tﬁe‘specimens were cut from sheet§ produced at a reduced machine speed; and

also because the specimens were older than usual when tested. The obtained

-

strengths were believed to be higher than those of the normgi§product.

’

Straight-sided specimens (12" x 1%”) were used for uniaxial tfnsion tests

to efaﬂuate Young's moduli, Poisson's ratios (width increased to 2%"), and
"the ultimate tensile strength in the two directions. The shear modulus of

the materialJvas measured by torsion of thin rectangular strip (22" x 1%”). -

For comparison purposes the results obtained by Kallaur are given in Table

2,1,

+ H.G. Allen [11] presented a paper describing tensile tests’

performed on seven varieties of asbestos-cement boards to study the effect

ats

_of the void «content and the fibre content, on the modulus of elasticity and

the ultimate strength of the material in the two directions. Also, in this
work, straight-sided specimens (1" wide) were loaded in an Insfron machine
and-axial strains were measured‘by in extensometer with a gauge length of 3'".
Stress-strain curves showed that materials with a. low fibre content were

very brittle while those with a higher{;;bre content had a relatively high
ultimate strain. The stress-strain curves o% the in-between types of material

were intémmetliate in character. It :}s evident that there is no simple
a o0 v a 1

e
relaticnsqtp' etween fibre content and the measured Young's moduli, :the
ultimate strength or the strain at failure of the material (Table 2.2).
- ) .

e

e
:
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2.4 THEORETICAL BASIS FOR EXPERIMENTAL EVALUATION OF MECHANICAL PROPERTIES

a

The manufacturing process of asbestos-cement sheets imparts a
certain degree of orientation to the fibres, and the mechanical properties .
of the sheeting strongly depends on this orientation. Based 8n this fact,

asbestos-cement can be classified as a natural orthotropic composite.

4

If a homogeneous orthotropic medium is subjected to a plane stress

state, only four independent elastic constants are required in the stress-‘.’

strain relationships:

. i Ep vir Ep 0 ] ]
L vppvpy Ivppvrg L
E
T
o = 0 € (2.1
T T T
. SYMMETRIC 6y s
L . N

[22]
1

L the elastic modulus in the direction of fibres (L);

m
[0}

T the elastic modulus in the orthogonal direction (T).

LT " the Poisson's ratio relating strains in the T direction.

to stresses in the L direction

v

<
1

TL the Poisson's ratio relating strains in the L direction

to. stresses in the T-direction. . . !

and G the shear modulus ' , ‘
. LT & . .

In the two decking systems under inv tigation, the 1ongitudinal

direction "L" is- parallel to the corrugati " signifies the
transverse direction (perpendicular to corrugations). Accqrdingly, . the

four glastlg constants are designated: EL, ET’ VLT and GLT' The fifth
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.composite materials showing pronounced orthotrop)} [12,13,14]. . >

"at the gripped ends of the test specimen may raise doubts about the validity

20 -

P

W

, 1s dependent on the other constants, and may be

elastic constant, Vo

determined from the symmetry condition of the elasticity matrix [Q]: 2N

The Young's moduli and Poisson's ratios can be easily determined
by direct uniaxial tensiqn tests. Howevery a rigorous determination of the
shear modulus of an anisotropic medium is more complex. The problem results’
from the difficulty in producing a stress i':ield of pt;re shéar. Many tesi _

techniques; ‘have been reported to determine the shear modulus of Cd

‘i For fibre composites, a method which has been used [12] is to |

test in pure tension a specimen for which the principle directions of material

properties '"L" and-'"'T" are inclined at 45° with respect to the direction (x)

of the load as shown in Fig. 2.1. It can be proved that: , \
' 1-2v ' ‘
e B R 2.3) |
X L T LT
g . »
in which: Ex = =

x a
Thus, by evaluating 'Ex from the tensile test and in conjunction with the
known values EL, VT and ET’ the she‘ar modulus, GLT" can be determined from
Eq. 2.3 as: .

"1 4 1

- - ( )
Gl I E. . Eg E .

. (2.4)

Although this approach seems attractive, the restraint induced

of the measurements. The above analytical relations, Eqs. 2.3 and 2.4, are

theoretically valid if the tensile test is conducted in a mapner which insures.

1 i -

- “ . » l.




that the stress is agylied uniformly across the specinen ends allowing' them
to deform freely in the manner shown in Fig. 2.2a. In thevcase of)clamped :
ends, the specimen would be restrained from shearing deformation gb it

. . would twist in the fashi;n shown in Fig. 2.2b. This can affect tﬁe axial

strain distribution and would result in an errbneous evaluation of/ thé

modulus Ex [12]. However,‘if a long and slender specimen is uged, Aisturbances

at its ends would be reduced, and the boundary conditions the specimen end

grips would be of little consequence. At the center of Auch specimen, the. -

deformation is very similar to the shearing and extedsion of the unrestrained

specimen of Fig. 2.2a.

The mechanical properties of asbestos—ceﬁent are also éffected by
the r;sidual humidi?y of the sheet. It has been observed [5,10] that the
properties in humid state (24 hours immersion in water) are c0nsidefab1y lower
than thpsé measured in dry conditions. In this'work? the material has been
‘tested in both.conditions.

[y - ) . i

2.5 TEST SPECIMENS

o -

Asbestos-cement has been previously tested usihg straight-sided’
specinféhs [10,11], as man; other composites [15]. However, it is believed
that a m;re'conventional specimen configuratisn (the dog-bone) might yield
more reliable results. In'general, a tensile test specimeq/;hould be

) symmetrical with respect to-a longitudinal axis throughout its length in
order to avoid bending during application of load. The central portion of
the length is usually (but not always) of smaller cross section than the

end portions in order to cause failure to occur at a section where the stresses .

are not affected bf the gripping device.
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Since there is no ASTM test method and procedure for the

determination of the elastic constants of asbestos-cement and its tensile

~

cgp—
.
—

properties, it was thus decided that specimens of various sizes and shapes
should be.‘tested to evaluate any possible ;ize’or shape effects. Three
VoL 'speéimen configurations haviﬁg the dimensions shown in Fig. 2.3 were

, ( selected [15,16,17] for tension ;psté: In addition, 'straight-sided specimens
of the same outer dimensions were also tested, Fig. 2.4. The specimens were
cut from the flat portions of randomly selected units of both Cavity and "T"

decks, typical of Atlas' standard production.

The specimens were grouped into three sets, each set included:

- (1) Specimens cut in the longitudinal direction "L" {parallel

to corrugations), to determine EL’ T and the ultimate

L

\\ . tensile strength oL

¢

b ’ (2) Specimens cut in the transverse direction "T', to determine

E and qg,,, .. &

T VTL uT

B e

‘ ‘ 3 - Specimens cut at 45° to the longitudinal direction, to

i determine EX and subsequently GLT’ the shear modulus.

2.6 TEST TECHNIQUES AND' PROCEDURE :

All static tensile tests were conducted on the Instron Universal

Testing Machine Model 1125, under room temperature‘and nomal laboratory
Y] :

o v e T WA 4

conditions. Prior to testing, each specimen was carefu&%z checked for. align-
ment and dimensional accuracy.
Two reliable devices to measure axial strains of the tensile

specimens were used, eachs in conjunction with a procedure of loading and
"

v

recording. These are described in the following.‘

. . s
. . .
' a
o
i .
. .
N .
+
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"aneous recording of longitudinal and transverse strains of each element

2.6.1 Strain Gauée Extensomptersb
| Two Instron strain gaufe extensometers (Models G-51-14MA aﬁd‘
G-51-11MA) of medium and high magnification ranges with initial gauge
lengths of 50 énd 25 mm, respectively, were used. The appearance of the
extensometer and its application to,the test specimen is shown in.Fig. 2.5.
The applied 1oad'was increased continuously until failure of
the specimen occured within its gauge length. Load/strain cur;;'wasczlotted |

automatically from zero to failure on a strip chart recorder.

-

3
e

2.6.2 Electrical-Resistance Strain Gauge

. The surface of the test specimen was first sanded smooth and then l

was cleaned and washed thoroughly to remove any dirt particles or grease

‘

that could interfere with the quality of the bond.

¢ .

One strain galtige (Type EA-06-250BG-120, manufactured by Micro-

r

Measurement) was bonded on one prepared surface o% the test specimen using
Micro-Measurement M-Bond AE-10, foom témperature curing epoxy‘AQhesivé (an
ideal material for precoating concrete). To enable the degprmina;ion,of
Poisson's ratios, three-element strain gauge rosettes (of Type EA-13-125RA-120)
we¥e used: The two active gauge elements were oriented at 0° and 90° to

the 'specimen principal axes and éonnected one’at a time into a M"Quarter

Wheatstone Bridge" arrangement together with a dummy identical gauge which
<

was mounted on an unstrained specimen for temperature compensation.
. Loading was applied in.equal increments (0.1 kN) to facilitate

-

periodic recording of strain.gauge data. Test results were obtained from

the Instron strip chart recorder (load) and from a Vishay Instruments Inc.
P-350A strain {ndicatorX(strains). When rosettes"wqre used, a SB-1 switch’

and balance unit was connected to the strain indicator to facilitate simult-

- - .

.
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' following observations can be made:

active in a quarter bridge arrangement. The test set-up is.shown in

A} ¥ »

Fig. 2.6.

Tension tests were conducted at different strain rates (cross-

head speeds: 0.05-0.1-0.2 mm/min).

’

R

i~

[ - a

2.7 TEST RESULTS AND DISCUSSIONS ,

N

‘ . v

The average test results obtained for the material elastic

a4

constants, tensile stréngths, in the longitudinal &nd transverse directionms,

and “the shear modulus are listed in Ta%le i.S, for both the dry and wet

conditions. Average stress-strain curves are depicted in Figures 2.7 to

3

2.9. Although the average strain values were used to construct the curves

in these figures, it should be emphasized that the stréins obtained by

- “

L8 ..
each of the two strain measurement devices.(i.e.; Instron extensometers
and electrical resistance strain gauges) were very close.
| >
From the average stress-strain curves and the calculated values

of thé'elastic properties of the asbestos&uséd i the present study, the

(i) The elastig modulus in tﬁe %ongifudinal direction (EL) is
slightly higher than the'modUIus in the transverse giréctian
(ET), in both the dry and wet égnditions by 32% and 21%,

' ' resﬁectively; ~Both are slightly lower in the wet condition.

.(2)' The'longitudipai’tensile s€renéth~(0UL) is mérkedly greater

- than the tr&n}verse strength (cﬁT)_in both gonditions by 72%

-(dry)”aha-87% (wet). It is known' that the fibreslare

. , concentrated in the longitudinal.direction and it is clear

. that the fibres have an important influence on strength.

"The aﬁkestos fibres abe analbgoué in” their action to the

-
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& . steel reinforcement in norma«{ reinforced concrete, but-with ", . |
; the advantage that the asbestos fibres 'arewintiniateiy mixed - )
i s ST

. . . .with t}}e cement, thusS providing a uniform'mass of constant

_ ' ' strength throﬁghout the body of‘the materiei, avoiding any

pronounced difference in stress and any p0551b111ty of lack 0

t . . of bond between the cement and asbestos [8]. ‘ - \ \
. ' T 3\
. (3) THe stress- St:ram curves are v1rtua11y linear up to 50% of

} ) \&tﬁ“f‘ﬁ ultimate tensile strength in the longjtudinal direction,

5 " ‘and up to 70% of straength in. the transverse direction. The

e T TR A ORI

nonlinear behaviour being more pronounced in the longitudinal
. ¥

L : ( - .
direction than in-the transverse. -

i

R(4) ‘Recorded fstrains showed that there is a tendency for the

. Poisson's ratios .(v and- 2 ) to increase with increasing ]

load 'This behaviour 'was clear in all Specmens The average

. . values reported herein can be seen to accurately satlsfy the

p reciprocality relatlon of éq 2,2 VL EL viT ET. . X

@ ) Specimens tested at higher.rates. of lvading Showed an increase ”

\ in tensile strength. This was expected, as. »&t is known that

“
’ tlme-dependent deformatmns (creep) assume greater effects at

‘

lower ‘strain rates.- ' }
. ) ) 4 T

- Finally, it 'is interesting to compare the current material

testing results, Table 2.3, with those’obtained by Kallaur [10]; Table 2.1. A
N , * () B o R )
1t can be seen that there is slight differe}xce;s. between the values for

the elastic constants and Poisson's ratios. However; the ultimate tensile.

N

. strengths as. obta;ned by l(allaur are qulte higher. These discrepanci

may be attnbuted ‘to the' reasons c1ted ea.rher in Section 2. 3. K
.- L f
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" MATERIAL PROPERTIES OF CORRUGATED ASBESTOS-CEMENT SHEETS.
) : _ ‘ V)
— (KALLAUR - REF. [1] & [10])

Grain Direction Conglition Average Result (psi)

New Sheeting

Old Sheeting

-

E, : Dry 1.91 x 10° 2.64 x 10°
Wet 1.93 x 106_ 2,02 x 106 '
. K-«
Ep Dry 1.57 x 10° _ -
N J N . , »
Wet 1.52 x 10° e
v_LT Dry 0.26 .
vTL , Dry 0.18
g Dry 0.98x 10° i.30 % 108
g LT . ' o

Olult Dry . 2915 2485

» -Wet 2507 2000 - ° .
Oruit Dry 1687 F

- Wet 1327

\n ) g
' r
+ - \
¢ : -
.« b0
) iy
' o ' '- - R,
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TABLE 2.2
TENSILE PROPERTIES OF SEVEN ASBESTOS-CEMENTS
(ALLEN - REF. [11]) '
'
. Mean Values (psi) i
Type vi " -
£ - Ep ET~ “Lult “Tult
, 'Y

1 0.0570 2.45x10% " 2.40x10° 2581 2175
2 0.0291 2.51x10° 2. 54x10° 2117 1566

3 © 0,0510 233102, 1.96x10° 2943 1783

4 . 0.0732 2 6 2.00x10° 3683 2668

"5 0.1485 1.23x10° 1.28x10° 3088 2682

6 0.0602 2.96x10° 2.72x10° 2102 1638

7 0.04716 1.90xlp6 : - 2334 -
* vp = fibre content by volume -
volume of fibre ‘
"~ total volume of composite i f‘”
7
)

AY - ‘
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TABLE 2.3 |
\ N
AVERAGE TEST RESULTS OF ASBESTOS-EEMENT ELASTIC CONGTANTS
AND MECHANICAL PROPERTIES .
(PRESENT STUDY)
3
Property ' Grain Direction Condition No. of‘ﬁpecimens Average Result
~ l . (psi)
E, L | Dry 18 - 2.25x10°
' Wet % 2.00x10°
Erp T> * Dry 18 “ 1.70x10°
Wet 6 1.65x10°% .

ot . N ) 6
Ejgo > 45°° . Dry 10 2.04x10

4 ‘ J .

v L . Dry 4 - 0.20

. T , Dry 4 ‘ 0.15
Gr . - " pr 10 ’ 0.90x10°

LT o Y | S

oLty - L | Dry 2§’ ‘ .2150

\ Wet 12 1700

Orult T | . Dry 25 1250

Wet 12 910

«

* Calculated according to Eq. 2.4 .
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(8) PROPER UNIAXIAL TEST (No End Effect)
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(b) IMPROPER UNIAXIAL TEST (Restrained Ends)

FIG. 2.2 DEFORMATION OF A UNIDRIECTIONALLY ‘REINFORCED -
/ : LAMINA LOADED AT 45° TO THE -FIBERS [REF. 12] - -
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FIG. 2.5 AXIAL TENSILE STRAINS MEASUREMENT USING STRAIN

GAUGE EXTENSOMETER

FIG 2.6 AXDAL . TENSTLE STRAINS MEASUREMENT USING.
ELECTRICAL- RESISJANCE STRAIN GAUGES
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" FIG..2.8 AVERAGE STRESS-STRAIN CURVE FOR ASBESTOS~CEMENT
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- " CHAPTER III

. ., FULL-SCALE DIAPHRAGM TESTS , : S

-

3.1 INTRODUCTION

Testing of full-scale diaphragms is of major interest to the
preéent study. This 1nterest arises not only from the fact that the

present asbestos-cement dlaphragm testing is the first of its kind in

North America but also from the desire to prov1de a basis for developing
‘ ' analytlcal predlctlon technlques Previous experience related to metal

diaphragms confirms that full-scale testing of diaphragm assemblies is the
{o ) ‘ . T ’

( . most reliable means for obtaining diaphragm'perfofmance data by which the | |

merits of thé’differenf analytical techniques cam be judged.

- ) R o

,Planning of the present full-scale tests was based on previous

W

research and reported experience related to metal d1aphragms A broad review

. s of these studles is presented in the follow1ng sectlon

o Y

-~ >
“

T

3.2 REVIEW.OF PREVIOUS FULL-SCALE TESTING OF METAL DIAPHRAGMS

- . o ¢

[y

H

: The first publlshed work on shear d1aphragms of 11ght gauge steel

% ' . " deck in North Amerlca "was by A. H Nilson of Cornell Unlverslty [18,19, 20]

} Co He conducted a total of 46-full-scale dlaphragm tests (from 1956 to 1960), ‘

* - M » ' . - - ‘
and was the firs%‘to show that a shear diaphragm, loaded as a cantilever in

its own plane, has approximately the same load-deformation characteristics

-t ~

.and ultimate strength as those of a three-bay diaphragh Yitﬁ thifd-point — | B

. loading (Fig. 3.1). This cantilever arrangement, has greatly simplified the
test procedure and resulted in a more economical and practical method of

- testing which has been édopteﬁ as a standard proéedure [Zi] by most subsequent
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" researchers. Nilson's tests disclosed many factors which influenced the

performance of diaphragm‘s‘. He &onsidered the effects of end closures

‘
-

and marginal béa&ns, and ebserved i:h::lt the flexibility of diaphragms increase

_w'ifh"éliaphragm‘SPan and with the depth of. the pan'elc's open ‘profile. More-

&:(.ver, he separated-the total shear deflection into components due to:

1) flexural stress, (2) shear stress, (3) sedm 'slip and (4) Sllp at

»

marglnal beans. - .
. .

In 1960, another program of resea:r'ch was initiated at the University

e

y

of Manchester,rEngland under the direction of E.R.'Bryan, on the stlffenlng

. effect of llght cladding on steel bu11d1ng frameworks. In the course ofi this

~

\ b

work,- full scale ‘and semi full scale tests were conducted on sheeted portal »

frames [22 23,24]. Measured stresses and deflections of the sheetted frame

were found to be considerably less than those in the bare frame. For the
_ thedretical a{xalys1s, shear rigidity and strength of the sheeting were '
established ‘by tests using a technique similar to that described by Nilgon.
»’C.‘Ilose agreement was obt‘ii_ined between the caltulated and measured bending
inoments.‘if'l thle frame. Reduct;ons of 34% to 60% of the bare frame manents
were achieved, dependmg on the position of the frame in the shed.’ S1mllar1y,
the’ calculated collapse load agreed well w1t}; the measured value, wh1ch
was 42% above that_for the bare frame. It was concluded that a material
.savings of 20% could be realized in-the design of frames. K

Luttrell [25 to 28] 4nd Appdrao [29], in extendmg the work begun

by NllSOﬁ 1nvest1gated in detail. the. many parameters ;nfluencmg the behaviour

N

of the compiex diaphragm 1nstallat10n and explored the contribution of each

!

vamaBle to the overall load dlsplacement response, ° Some 70 full-scale
g °

dlaphpagns and several "small ones were tested: Luttrelf mVest1gated the -

influence of perimeter member. stiffness and found it-had only a moderate

‘e , N - . Q o~
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- ‘efgect on the'diaphragm behayiour. Ofger findings incluae: (i) the

o . diaphragm stiffness and strength can be greatly increased by:adding

.t $idelap fasteners between purlins; (ii) stiffness increases faster than

strenéth with increasing cover width; (iii) stéength earies approximately
- . A ¢

linearly with thickness; (iv) edditionallend¥fasteners increase the ¢

stiffness by reducing w#rping of the ﬁrofile, but have only moderate’

effect on the ultimate strength; and (vl an increase in material yield

; ' ) strength of 40% results in about 10% inerease in.diaphragn strength and

. stiffness. Additional tests on diaphragms subjecte® to simulated dynamic

, load (reversed and pulsating loading) were also carried out. It was

Ay v o s

observed that the static strength of decks fastened to the frame with screws
was reduced 30% by pulsatiné load. ﬁelded diaphragms experienced no such . -
/ . ' loss of ‘strength. On the other hand, Apparao observed that shear stiffness

. is mainly deﬁendent on the diaphragm length and on’the type and spacing of

fasteners.

7 ¢

£

. “ . " The work at Cornell has resulted in a valuable design manual

&
¥

" which includes standard test procedure, charts, guidelines and recommendations

for design. ThlS was prepared and publlshed by AISI [21]. Since then,

.E " (\ _numerous dlaphragm tests have been sponsored by the manufacturers of the
F - N " - -
i  sheeting units [30,31,32,33]. o o i
t N ¢ . ;/: b .
: - o - Work in this field was continued with mpore depth and interest s

. by the group at the University of Manchester. Bryan and El-Dakhakhni [34,
¢ ‘ 35l36] reported a comprehensive series of tests which resulted in detailed -
‘practical information on the effects of purlins, purlin-rafter connections,

sheet fasteners, sheet perlleS and width, and the. 1nf1uence of 1nsu1at1on

. ’ board. The wérk in Britain. has now reached the. stage wherea1t has been

incorporated'1nto the.Codes of Pracelcd [37,38,391,‘§nd used extensively in

" the design of buildings [40,41,42]). ' - ‘ *

VSR L 8 2 b R e ”
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‘as pfescribed by ASTM E4§5—76 [43] -and the American Iron and Steel .Institute

_tion is presented.

. accombdate, in either direction, the largest decking units manufactured by (4

* B, the frame was‘restricted'agaihst moveméht in the BC_diré%tionk but

N "u
connection, which transfered its single reaction to the base frame through,

40

3.3 TESTING APPARATUS

) o

The cantilever test frame method, schematically shown in Fig. 3.2,
. . 14

[21] was used throughout the test program. In the following,description

e . b . .
of the testing apparatus and its loading and deflection measurement instrumenta-

v

3.3.1 Description of Test Frame

’

« The dimensions of the tést frame were so chosen that it can

Atlas Asbestos Go. The frame, sduare in shape (10.0 ft by 10.0 ft) and

constructed with Wl10X21 steel beams was supported by a rigid base frame

~

(Fig. 3.3) which was designed to provide the action and reaction to and from
‘ ! Ty -~

- ‘ ¥ . - ' .
the test frame. All corner connections of the test frame were pinned to

) .
ensure that the resistance of the bare frame is minidal. These pinned
connections were made as follows. Half inch thick steel plates (13%” x 5"

were welded to the tops and bottams of members AB and DC. One inch digmeter

holes . were drilled through the plates and the adjacent frame members (flaﬂges
4

-

and webs) to receive 7/8" diameter bolts which thus made nearly frictionless
pin connections: The holes were located at the intersection of the cedterlines

of each two members. At corner A, the frame was connected to a W21X55 steel

¢ o

beam (3.0' long) in such a manner as to prevent virtually any movement at
that point in any direction. The WZIXSvaeam, resting on the laboratory
floor was in turn rigidly connected ‘to the supporting base frame. At coxner

movement in.the BA direction was permitted by means of a double-pinned

" .. " K . ) ’ . 8 /
’ 3

’
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.was taken to ensure that the frame, is dimensionally accurate, in a level

position, and that corner connections are tight with no play, but would still

‘ioad Eell, represented by millivelts. It is worthwhile to note that thé load

ééli amplifiergpenabled the voltmeter to record applied loads as small as

L, e———

'
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similar W21X55 steel beam. Rollers (1%" diéheter) were placed between the

test frame and the base frame to reduce friction forces. Two end load

plates (8" x 11" x %”) were welded to the ends of member CD. Construcfion

4

details of the test frame are illustrated in Figures 3.4 to 3.6.

In the construction an@}assémbly of the test frame, great care

.

pivot smootﬁly and allow the frame to deflect freely when no decks are in
place.. Prior to each test, it was made sure that the resistance of the
frame alone to shear deformations is negligible, thus all shear loads would

be transfered through the deck fixed on the top flanges.

]

’

3.3.2 Instrumentation for Load and Deflection Measurement

Shear load was appiied to the frame at corner C by means®of a 10 ton
(100 kN) hydrauli; ram in line with the éenterline of member CD. The for;e
in the raﬁ reacted against the supporting structure through an Instron load
¢éll (100 EN cap;city) as shown in Fig. 3.7. The oqutput of the load cell
(test load) was monitored with an Inst;on load 'cell amplifier unit which was

connected to a digital voltmeter (Fig. 3.8). The voltmeter was calibrated

prior to each test to read the force transmitted to the frame through the

0.04 .1bs.

Deflections at the test frame cornmers, in the plane of the diaphragm, '

. ’ i - =
were measured with 8 dial gauges located as shown in Fig. 3.2, enabling the
¥

determination of the net deflection to the nearest thousandth of an inch. s

\ 3 ' . .
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1 3.4 DETAILS OF TEST DIAPHRAGMS

A total of 13 diapﬁragm.tests were conducted; 8 of Cavity

e e

decking (series "C"), and 5 of "T'" deck (series "*"). Iﬁstallation of the

diaphragms in the test frame and their construction details are described

below. f

3.4.13 Cavity Decking. Y,
The test frame was capable of accomodating 9 urits of cavify

‘decking system. The deck was laid in accordance with Atlas' instructions

[44] as follows:

(1 The deck was started with a full width uncut overlapping unit

i)

. and two reduced width suppoﬁ%ing units (first and second starters)

[N

as illustrated in Fig. 3.9a. The first and second starters were

both cut £rom a full width unit and were aligned and bolted up to

<

the test frame, thus ready to receive the first full width unit

- ) for further laying of full units. !
(2) + At a distance of 5/8" from the underlapp1ng edge (bottom seam)

holes were dr111ed with a 1/4" bit through both layers of the

T underlap. The underlap was then secured w1thA1—“ X f%" dlameter

. flat head stainless steel bolts, and cadm1um plate& pal-nuts

o

(Fig. 3.9b)"

.. (3) At a distance of 5/8" from the overlapping edge (top seam) hoies

were drilled using a 3/16" bit, through both layers of the top

seam. Only the holes in the toﬁ thickness were enlarged to 1/4"

7
head “A" type self-tapping screws (Fig. 3.9¢) ' -

x . . . t

{ ) diameter, countersunk to suit and secure with 11" No. 12 flat
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Each unit of the cavity decking diaphragms was connected to the

end framing members (perpendicular to the corrugation generator) with one

) et VR 1

self-tapping screw (#14 x1" type "B").per end, except for test C-7, where . i :

N

two screws were used (Fié. 3.10). Side connections were provided for all

o e et

tests (except for C-1), using the same type of self-tapping screws. ‘

‘In test C-8, a center purlin (C6x8.2 steek‘channel] was connected
to the frame between member AB and Cb using bolted clip angle connections, | !
such that all top flanges were at the same‘levej (F}g. 3.11). The deck units
" were also connected to the purlins with one.§e1f-tapping screvae? unit.

F : B ) Relevant characteristics of the 8 tests are g}yen in Table 3.1,
It can be noticed that the main parameter varied in the tests is the fasteners

3

. spacing or the number of the side and seam connections.
aF d' .

3.4.2 """ Deck:

Six units of "T" deck were assembied to form one full deck. The

‘ E " deck was laid as follows [44]:

(1 For startiﬁg, 21" width of thé.flat part of the first unit was’
©_ cut, where the remaining corrugated section' was aligned .and
secured to the supporiing steel members. The mext full width
‘unit was laid to overlap the starter and aligned.with the cut
edge at the’extremity of the roof and both secured with self-
tapping screws to the shear connectors (C3x6. channel steel

section, 6" long each), Fig. 3.,12a.

(2) ‘ At a distance 21%” from the overlapping edge of the first full
unit (i.e., approxiqgtely at the center of the unit) holes were:
drilled usinﬁ a 3/16" bit through both thicknesses of the underlap .

'(bottqm seam). The holes in the top thickness were enlarged to
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" to cyclic loading, then loaded to failure. This is to investigate the effect

". of such repeated loading ‘on_the general shear behaviour. In repeated loading,

‘ uitimate’load (usuaily to 0.4 Qult) for a number of times &o‘simulate

44
1/4" diameter, countersunk to suit-.and secure with 1%"
' . /

No.
12 flat head "A" type self-tapping screws (Fig. 3.12b).

(3) The next full unit was then laid and its underlap was fixed
as in (2).. At 1" clear from the overlapping edge of this
’. gnit, holes were drilled using a 3/16" bit through both °
,} ’ thicknesses of the overlap (top seam). Similarly, the holes

in the top thickness were enlarged to 1/4" diameter, counter-

sunk to suit and secure same type of screws as in (2), Fig.

3.12c.

.

The "T" deck units of all test diaphragms were comnected to the
end members at every corrugation using self-tapping screws (#14x1" type.
"g"), Fig. 3.12d. Side connections were provided for all tests (except for

-

T-1) with shear connectors, cut from a channel steel section C3X6, each 6"

long, and connected to the top flanges of the side members using self—tahping ’

screws (#14x1". type "B").

Relevant bharagteristics of the 5 diaphragms are given in Table
3.2. ¢ : ‘ | )

-

3.5 TESTING PROCEDURE

Il

The test procedure was in accordance with ASTM E455-76 and AISI

standards.” All diaphragms in tle present test program were statically loaded

o

to failure. Only in two tests (c—3 and C-4) the diaph;aéms were spbjeéted

the load is applied,in one direction'tg some percentage o% the expected

repetitive.wind loads.

.\
{
e
3
3
1
14
Ky
3
1
1
3
4

\

-
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With a deck installed and ready for testing, a relatively small

load (1 to 2 kN) was first appljgd then released to induce fitting adjust-

ment, and all the dial gauges set at zero references. Loads were then

gradually applied in increments of 0.5-1.0 kN. Load and deflection readings
were reéordpd after each increment. Recordings were madé after the diaphragm *
was allowed to stabilize (for 1 to 2 minutes), especially at higher loads.

Loading was continued until the deck was no longer capable of sustaining

the applied load..

’

In all ‘tests, corner D of the test frame started lifting off the

roller supports at a load of 7 to 10 kN. The same phenoﬁsnon occured in -

.

Nilson's and Bryan'’s tests on steel diaphragms. This is attributed to the

fact that the jack force was applied at the mid-depth of member CD, while

the resistive force offered by the sheeting fasteners is developed along the

surface of the top flange. Small moments could develop due to this eccentricity,

however, it has been found [20,21,45] that their effect on the overall shear

" behaviour and deflection measurements is small and can be neglected for

[y

 simplicity. In all subsequent tests to the first, this corner was then held

down by means of a sliding clamp which still allowed the diaphragm to move

laterally in its own plane.

‘
1

3.6 TEST RESULTS AND DISCUSSIONS

U

bl
In the presentation and discussion of the test results, it is

L -
‘conyenient to consider separately the two different types of decks tested.

’ . bl
[ >

Information’ obtained from the test results are load-deflection curves,

s

ultimate shear strengths, shear stiffnesses, maximun deflections and failure

modes. General ohservations are made from both a constructional and behavioural

< viewpoint On the ability of the two- systems to effectifeiy function as shear

\
\

resisting elepents. .o ‘ ' :
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_ " _ 3.6.1 Evaluation of the Shéar Parameters: -

The important parameters which characterize a diaphragm are its

shear stiffness (or conversely the flexibility) and shear strength. These
. §

quantities can be computed from the load-deflection curve obtained from a

9
1

s e st
g PREI LS
w e e e o

diaphragm test (Fig. 3.13).

3.6.1.1 Shear Stiffness:

-

The shear stiffness G' (1b/in) is conVentionally defined as the

; ‘ secant modulus of the load-shear deformation curve at 40% of the ultimate’

.

load [21,27,28,32]:

JoT——

‘ - 0.4 Jb : | .
| : . ‘G o= e , " (3.1)
c C a' /2 “a
in which ‘* .
a, b = the dimensions of the diaphragm perpendicular and parallel
. ' ~ to the load direction, respectively.

RN , . .
\\\\ A's the shear deflection at.40% of the ultimate load

Q1

the ultimate load

Evaluation of G' requires accurate measurement of the actual

. shear deflection (AS). First, the defléction effect of 59a11 unavoidable
. i

[

rigid body movements of the cantilever support points and corners must be
eliminated. The effect of such movements on the deflection at the jack in
the ‘direction of the applied load is ‘easily de§ermined using the known aspect

ratio of the diaphragm in conjunction with recorded diial gauge readings of

such support and corner movements. Noting the geometry and dial gauge

iocatibns in Fig. 3.2, the.net measured deflection,.ANET, in the load,

.direction is given as: - ' |
g =1, +n ) A - A ) f\ ‘ ' L
AT =7 By * By - Bg - B 2 , : .
NN N T SRS , S " (3.2) ﬂ
Y3077 %7 % ; =4l

where a, is the measured deflection at gauge i.-

‘
.
' N o . . .
‘ +

. - , ' ) N,
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To fi_nally arrive at the actual shear deflection, AS, it is

necessai‘y to subtract the deflection component due to axial strains in

the test frame's perimeter members, from the net deflection, ANET" An

estimate of - this cantilever bending deflection, Ab, as a function of the .

propervties of the edge frame members, is given as [21,27,30,43]:

} !
{ 3 .
: ! = Q a . . /
: [ 8y = 3E . ‘ (3.3)
f in which . ~ : .
Ql= jack load. 1bs ’ .
. T Ll . E = modulus of elasticity of steel (29.5x106psi) =
2, ' . . 4.
1=~Ab/2 - .
A =°cross-sectional-area of perimeter frame members l
3 . . . 7
. perpendicular to load direction (members AD and BC)
. Thus, the net shear deflectibn, A's, in Eq. 3.1 is given as:
’ ¢ A" = qeT - & (at 0.4 Qult) A o . (3.4

In the present test program, the above correction is not necessary,

" for .the bending deflection, Ab’ is negligible in coml;arison with A for

NET

4

all levels of Q.
It is important here to emphasize that the diaphragm shear modulus,
- G', as éxpressed by Eq. 3.1, is invariant with reépect to loading configuration,

i

where the diaphragm panels may be laid parallel 'or perpendicular to the

.. o ) ioading cfirecti_on [20,27] . - This property has been verified by Cornell
‘ | University Laboratory .tests in 1955 as reported by Nilson in Ref. 20. A

simple analytical proof of the independence of G' of load direction gah be

: B ' obtained b?stuciyi the shear load-shear déférmation relations in the'tﬁo'
A cases as shown in Fipn3.14. For case 1, Fig. 3.14a, where the panels are
‘.laid par'allel to the load diregtiqq, Gi can be.expressed as:

°




is reduced to: = ‘ ' <\f\ D
" _ .

Ql 8 ys=s Qz b oy . ’
| Q Q o
\ ‘ 01‘ : —l;— = re S ’ (3..8)
* i.e. q; =q, for the sape y. ' -
Thus, '
TG} = Gy , ' (3.9)

48
| 6 = 1 ' " . (3.5)
1. Y1 ‘ ‘ ‘ ~ L
in which «
. g Q 3
' ' q; = _BL the shear flow
o . Al = t
and y‘l = — the shear angle o
a .
. Similarly, for,case 2, Fig. 3.i4b, where the panels are laid 'perpendvicular
to: the load direction:
qz ' ’ \ A
G = — ‘ . . (3.6)
2 Yy ‘ . ‘
in which o : | -
Q, b, S .
qz = —a— and Yz = b— . j . . . o
LetuQ1 and Q2 be such that Yy =Yg Since the shedr c}istortion (v) is the : '
same _in both c'a\'ses, the work done by Q1 and Q, must B)P identical: .
R Y NPNEE YA ~ (3:7)
SR T B A f At
f* .Aﬂ;\\\—\s/ v v
- From the definitions of the equal shegr distortions y, and v,, Eq. 3.7 )

Another measure of the diaphragm rigidity, commonly used by '
research“e‘:;s"from England (Brysn, et al) is the djaphragnm shear flexibility

°
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(c), defined as the shear deflection per unit shear load:
‘=4 \ (3.10)

It can easily be deducted from the abovelequations that flexibilities of
’» * ’ ¢ L

diaphrégms of cases 1 and 2 are related by the equation:
' _ a2 '
¢ = ¢ (59 ‘ | (3.11y
In the current test _program, because the aspect ratio (a/b) is

equal to one [a—b 10.0 ft), the diaphragm shear flex1b111ty is directly equal to

the inyerse of the shear modulus. Also in this case, the shear flexibility,

is the same whether the panels are laid parallel or perpendiculdr to the

load direction. .

'3.6.1.2 Shear Strength: L ] .

The ultimate shear strgngtﬁ Sﬁ (1b/ft) “of the deck is defined

as

in which o N

Qult = the force require& to pioduce failu¥e of the_deck.

The uiéiméte she;; load, Qult’ wa§ the Qighest recorded load
in the tests. Continued application of the load after that would result

3

in very large deformations.

[l

3.6.2 Cavity Decklngiblaphrag__

The behaviour of all the tested cav1ty decking diaphragms followed'
a general pattern. The seam fasteners on the bottom face of the deck (bolts
and nuts) were leSS‘effectxve {mch smaller stiffness. and strength, see .

Chapter IV) than the other connections in the deck. Although early failures .

»

at these.fasteners were observed at loads of 50 to 60% of Qult’ this did not

3.
.
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precipitate cdllapsé of the diaphragms. - The forces in the bottom seanms

were transfered to the top seams which are cénsiderably stiffer.

At high
_
loads, slipping of one unit relative to another at the seams and tilting

»

of the.edges of the diaphragm units rélative to the frame here'pb;erved.‘

When a decking was dismantled after the test

units along the bottom seams.were clearly visible. Overall collapse of the

* a

diaphragm was caused by localized bearing failure (tearing)‘of the asbestos
_around the end fasteners nearest to the diaphragm corners.

N}

Table 3.3 contains a summary of the results obtained in testing’
. S o : : .
the eight cavity decking diaphragms.’ A,detailed discussion of each test
)
follows: !

3.6.2.1 Test C-1:

s A view of the testing arrangement of diaphragm C-1 is shown in

Fig. 3.15.

.

The fastener pattern of this diaphragm was: similar 'to that in

current use (as recommended by Atlas Co.) and charaqterized by the use of only

end and seam connectlons It should be noted that the exterlor unlts were not

-

connected at their ends because the length of the top steel plates welded

o

to the flanges of members AD and BC did not permit these connect1ons. Thus,

" the exterlor un1ts were only connected to interior unlts at the seams

The ultimate load of the deck was reached after four end fasteners

* at the lobations shown in Fig. 3.16 failed ‘at diffefént but close load levels

by crushing of the asbestos around the fasteners

i
.

' first three fasteners had failed, the dlaphragm was still capable of sustaining

Although by the time the

additional load. L ' | o :

When the deck was dismantled, the shanks of the,bottém seam bolts

of the 4th and 5th seams/were poticably bent to different degrees, more at the .

T T ARt 4

o A - ETY AR L i it

, severe bearing failures of the:

s
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width and aiong their top seam took place (Fig. 3.20)

and in strength of 31% over those for C-1 as a result of the use of side
. ’ \"

. ——— %

o

ends than at the-middle (Fig. 3.17). Bolts of the 3rd and 6th seams were

also bent, but to a lesser degree. Other seams did not show.hny noticable

damage or large hole elongations like the above seams. The éomplete load-

_deformation curve, with the total jacking force in Kips as the ordinate ‘and

1

the corrected deformation in inches as the abcissa, is given in Fig. 3.18

The results of this first test revealed a moderage-capability

of ashestos-cement shéeting to' function as a shear diaphragm, where the. values

v ©

obtained for both stiffness and strength are of a comparable order tg

previously tested screw connected light—gauge steel diaphragms reported in

the literature, [37,62]. - ) '

" 3,6.2.2 Test C-2:

Diaphragm'C-2 was idential to C-1, except that it was connected to

$

the other side members (AB and DC) with 5 side fasteners per side. The test

. . o~ . '
set-up for this diaphragm is shown in Fig. 3.19. Failure of the diaphragm

was due to tearing of ashestos around the two end fastenérs, Fig. 3.20. At

failure, separation of the two overlapping units at the centre of panels

By

. 3. . This demonstrates that

these top seam .connections do contribute to the capac ty of the diaphragm.
P P % P g

>

In general, the deformatlons at the dlaphragm corners as well as

o

the net shear dgflect1on were much smaller compared to those of Test C- 1 at

comparable load levels. This deck showed an increase in stiffness of 74%

conpections. Load-deformation curve for the diaphragm‘C-Z is given in Fig.

3. 0 E °

3




B 3.6.2.4 Test C-4:

f r& | ‘, ‘ . ‘ ‘
.. - - ‘ \
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3.6.2.3 TestC3 ) - N . S
' , | In testing t.h:xs d1aphragm, ‘the l\;\k unit(s were laid in a
direction perpenchcular to the load direction \as\; shown in Fig., 3 2 + This
allowed alY the deck units to be connected to u{é end members (members AB
Lo end_DC'in this caee) ;‘ The diaphragm wis subjected*to tme.y;:les of loading
. and unloading to a load level of about 35% of the faliure load. The riaose

v

mater1a1 " Results of this ,test show that the. deck became st1ffer in

second cycle of loadmg and there was no not1c:{b1e damage‘aof the dlaph g .

However, this cannot te 'gehe'ralj.zed to the case of gore load cyc’les or igher‘
load level. The }iec}; was Lsuhsequently loaded to failure. ‘
~ ' , AR N o

~ Failure occured when the asbestos cracked at the first end fasitener

M A ©

at corner D (Fig. 3.23a). The ultimate load was much higher than those

reached in tests C-1 and C-2. .In fact, when close to failure, the welds a.\'\t .

corner B between the/test frame and the baSe -frame. fa11ed and' the reactmn-
‘ ’
transmitting beam {;.N21X55) twllsted, noticably as shown in Fig. 3.22b. For .,

. later tests, these members were stiffened by steedl stiffeners welded to the

‘webs and flanges._ And, in addltlon thabottan f.langes of these two reaction-

ﬁtransmttmg heams at corners A and ‘B were welded together

w v

, Load-def'orgnatmn qurves for deck C-3 are given in Figures: 3.24
\ » : i
and'.‘.’;.ZS. ‘ﬂThe,cuznxlative' e_ff%ct ef.the'two cycles of loadinbg’l p‘roducedda
permanent set of 0.12.'" in the shear deflection. "It is evidene tiat byk SN
increasin'g the number of side and seam fasteners, a conside‘r’ablfe r:i.nc:rease

in both the strength.and stiffn%s of the deck results.

E)

- Smllar to diaphragm C'}Z, except Jgh{t the number of s1de ‘and seam
' e
.Connections was’ further 1ncreased and the deck was loaded/ and unloaded }n
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»lower than that of Cc-4.. The cause for h1gher stlffness and st{_ngth in tes,t

.steel, dlaphr,a ] have resulted in 51m11ar comparlsons [28] C ) ’
; “In ev Ty other aspect, the behavmur of the ,deck is ‘similidf'tﬂo a
'tharo.oo'f C-4, for exampie, the sequence of en‘d. fastener*fail‘unS (Fig." .3.29)’.
Load—'def‘ormation curvé for C-5 is givegl in:‘ihg. 3.30. 4 N ;; o
3626, Test‘C6 . / , \?\

RO
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five cycles to 32% of Qult’ then was loaded from zero- to failure. Again,

there was no noticable damage of the diaphragm after five complete cycles.

Failure of the deck was brought about as before by tearing of "the asbestos
4 - -« ’ . ‘

around end fasteners at the locatiohs Shown in Fig. 3.26. Cyclic loading

resulted in excessive deformations of most of the end fasteners bearing
. ®

égainst the asbestos which was slightly crushed. Damage -to the screws neoprene

N

washers was also observed. The cumulative effect of the repeated loading

resulted in a permanent set.of 0.165" in the shear deflect:.on " Load-

deformation curves for diaphragm C-4 are presented in Flgures 3.27 and 3.28,
3.6.2.5 'Test C-5: o - , i

' The  fasteners pattern of this diapHraggn was identical to that 1 I '

of Test C-4. However load-was increased gradually from zero to fallure in
order to compar«(,\ the results ‘'with those from cyc11c loading of Test C-4

Contrary to what was expected this d%hragm failed at load slightly lower

(32 kN) than the one reached in C-4 (34 kN). Also, thqwftlffness was, 7%

-

-z{ may be attrlbtured to the gradual elongatlon of holes arounﬂ the screws
\.

under repe ted Ioadlng which tend to produce umfom load dlStI'lbl.lthﬂ to .

the screws .

. 0

Even though these differences fall withm tﬁe range of test

scatter, this 1s con51dered un11ke1y because smllar tests on' llght-gauge

4
Thxs,.d:Laphragm was constru\:ted usmg oq\ly the bottom f’t wings

~

.of the p of11e as shown in Fig. 3. 31, and tme fasteners drstribution was,

. (3 PR .
. . . I [ ™
. . -\ a -7 '
- R
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identical to that of C-4 or C-5 (end, side and bottom seam fasteners ‘only}.

The aim of this test was to evaluate the contribution of the bottom flat

part of the profile directly connected to the perimet"er members 2nd of its

seam fasteners. As anticipated, this deck failed at a low load of 19.15 kN
(Sé% of the averdge oQult for\C-4 and €~5). The failu\re was along the seam
lines. The failur load was very close to the recordedilevels of loading
corresponfiingﬁ to bottom seam fﬂ\lures (50—60% of Qult) of the previous tests.

Due to the absence of the corrugated part and of the top flat

- surface with its much stiffer seams, this deck also showed a reduction in

" Separation of t}_{e units dlong then' top seams.can also be seen in this

stiffness (44% of the average G' .of C-4 and C-5). Considerable amount of
relative displacement of adjacent units was noted as shown in Fig. 3.32,
which also shows sample of the seam fasteners failure. Load-deformation

curve for C-6 is given in Fig! 3.33, . -

3.6.2.7 Test C-7:

. c

This diaphragm was similar to C-3 except that two end fasteners
: . [ 9

per unit end were used. Test results showed that doubling the number. of end .

N N

fasteners did not result in any substantlal gains in either the stlffness .

or the strength. Typical fa11ures at the end fasteners are shown in Flg 3 34. ‘

v

fi“gure,.~ The load-deformation (cui've for C=7 is given in“Fig. 3.35.

- BN N . . , b
3628 Test C-8: )

© Diaphragn C-8 was 1dent1ca1 to ®he diaphragm'C- 2 except for an

A

" intermedidte pur11*n~ as prevmusly?mentmned. By c_omparmg. the.;-esults of the

-

.two un;gs' along the top seam line: startmg closest to the applied load and -

¢ f

two {e_éts_in e 3.3, it is seen that the preserice of the purlin only

”

increaséd y the diaphragm ,siiffness and strength'. "The seque.nce of -

failure of thq e two dlaphragms was";dentlcal even in the separatmn of

. , b
P * ' . - ro, . ! -
RN . : : [
. . . . )
. ; i B -\ .

.
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‘proﬁagating' in the dizection of load as showrlxg in Fig. 3.36. Ibad—defomat_ioh

i

curve for C-8 is given in Fig. 3.37. . ‘

’

. 3.6.3 "T" Deck Diaphragms: N

Lo
Table 3.4 summarizes the results obtained for the five "T"

" deck diaphragms tested. The type of seam fasteners used in thése diaphragms

provided much stiffer connections than those used in the bottom seams of ' -
cavity decking“,?thus considerable increase in ti1e overall stiffness of.kthe
digp}{i'agms can f)e ‘expe‘cted. This increase was also due tp the fe\ger seam
lines (S in case of "T" deck versus 8 in case of cavify deckirllg)' through |
which Fhe shear force must be transfered. On ihe other hand, "T" deck )
diaphragms were less strong due to the open profile.

4 - Failure of all "T" deck diaphragns was observed to initiate at

the corner end fasteners. . It was also observed that at hi‘gh load levels,

near failure, material cracking occured around the screws of interior seams

’ t

and that dll fasteners along these seams exhibited the same level of bearing

failure. It must be emphasized that failure of the seam fasteners does

not ‘ne‘ce’ssarily mean that the ultimate load has been reached. However, it

was observed in tests that the additional increase in load after an initial

[ 3 ’ *

Failure of this type usually did not exceed .20 to 30%. "A detailed discussipn

of the tests is presented in the following:
, > :

. ) N : i ) ) f 4 x

- '3.6.3.1 Test T-1: - - L,y T
- A yview of t‘h.e test set-up is shown in Fig. .3.38. ,‘l‘?le fasteners -

4 *

pattern of this diaphragm was similar to that in current use (as recommended

by Atlas Co,J, and like test C-1, «characterized by the\lqse éf onl'y the end

and seam connections. Failure of the diaphragm was due to cracking of asbestos

. - . “ Nhiaied . 4
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? %, at the end fasteners nearest to the corners as shown in Fig. 3.39. Failure
4 ~ s ' . ’ ’
also occured at the interior 2nd and 3rd tgp\seém fasteners which separated
; g ", from their secure positions and pulled down through the material as shown in
,Fig. 3.39. The load-deflection curve for Test T-1 is given in Eig. 3.40.
C

This test shows that the deck as being used today possess significant strength

u 1

» .and stiffness. : :

3.6.3.2 Test T-2: . v

]

Diaphragm T-2 was identical to T—1: except that it was connected -
to the other .twe side members‘(AB and DC) utiiiiing three shear connectors
1!! ’ p?r side (Fig. 3.41). Hairline crack; at the end fasteners were noticed
‘ shortly prior to failure, and the complete failure‘of'the deck was brought

v ) R .
aboyt by simultaneous failure of the screws connecting the deck to the shear

. rconnectors. Shearing of these fasteners was sudden and with little warning.

Simultaneous with this failure, the hairline cracks at 'the end fasteners

opened as shown in Fig. 3.42. , ) -

By comparing the load-deflection curves for Tests T-1 (Fig. 3.40)

’

and T-2 (Fig. 3.43), it can be seen that the use of side connections increased

1

: " ‘the stiffness cénéiderably (178%) and the strength only moderately (35%).
[N N " . ? .
. . . . € .
-3.6.3.3 Test T-3: . . , “

¢ A

. For this deck assembly, the number of bottom seam connections was

[

increased from 3 t6 5, and those of the top s%%m ifom 5to7. ”In‘addatioﬁ,
) : ! \ :

four side shear connectors were also introduced. /As shown in Fig. 3.44, the
. ; -

S

deck units of this diaphragm were laid in ;‘direction péréendiculaf to the - "
}oad direction. The deck failed at. a load hiéher than that of.T-é because

of th increased numger 9% seam and side fasteners. However, the diaphragﬁ‘,
stiffﬁess, as c;iqulated from the load-defbrmatién curve (Fig. 3.452; is, 15%

L] s
i d X +
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less than that obtaiﬁed for test .T-2., This, although unexpected, may be .
due to lesser degree of tightness of the shear connectors' self-tapping

screws. . . ‘ Q. s ’ -

“

3.6.3.4 Tests T-4A and T-4: - ‘ ;T
O v : ]
Diaphragm T-4A was identical to that of ‘test T-3, except that

the number of shear connectors was increased from 4 to 5 per side. Again,

M  the deck failed in a similar mannér as in T-2 and T-3. The failure load

"was 5.5% lower than that reached in T-3, while the stiffness was 10% higher,

{j o | but was still lower ;haﬂ that for T-2.

R

' The failure mode by sheaf!ng of the shear connectors' fasteners

“could be attributed to the fact that these fasteners were overtorqued in

undersized drilled holes. Thus, it was decided to replace the five shear
- |

connectoxs in another test (T-4) by direct connections at the troughs of

the corrugations to the steel members AD and BC.

& e
\

. Failure of diaphragm T-4 was observed to initiate at the corner

£ et 0 e W T Ty s ot

end fastepers, and with increasing ;oad, a sudden splitting of the material

ocaurred -at all the end fasteners éﬁonggmembef QD (in 1ine'withxkg§§ applica-
. tion).  This resulted in the most complex overall failure mode ob;erved

h(Fig. 3.46), which is believed to be due to a build-up of profile distortion

A
whlch could not be re51sted by such a brlttle material as- asbestos cement,

1

. thus 1ead1ng to the cracks shown The severe proflle dlstortlon of this deck

S ,',yi:nw ——
-~ .

could be attributed to the fact that the end and side connectlons were
located in a plane 4" lower than the plane ‘of shear in the contlnuous sheeting.
e L

'This dlaphragm sustalned the hlghest shear load of- all xests. Load—deformatlon

curves, for the two tests are glven in Flgures 3. 47 and 3: 48 respectlvely

: ! .
N L@ . '
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Also, it has been shown that by ;mcreasmg the number of seam and side.

N

of the diaphragm's high shear flexibility (see Fig. 3.32) as they are applied:

3.7 CONCI4JSIONS
e

One of the main obJectlves of this chapter was to mvest:.gate if

\

\ the two asbestos-cement decking systems gan functlon as shear dlaphragms

\
in building construction. The test resultﬁobtained indica;e that the
; e

\

two decks, as currently constructed (Tests C-1 and T-1), possess a \

moderate amount of shear strength and a low shear stiffness. -However, when
. -

the decks were connected at all four edges of the.steel frame (Tests C-2. ‘

and T-2) the diaphragm st1ffness increased con51derab1y (74% and 178%

respectively) and its strength tnly moderately (3195 and 35%, respectively),

fasteners, both the stlffness and strength increase substantially,

’

In general, the two deckmg systems are very flex1b1e (especially for

cavity decking) in comparison with light-gage steel diap_hragm}» of the same \\ ‘
nsiz.e. Thus, if diaphragm design is based on deflection limitationms, it.:

would begome difficult to eliminate the conventional i:racing systems normally
used. However, in'such a E'ituation, use of the deck's shear resistance may

still effect some reduction in building costs. On the other hand, the two

decking systems pdssess sufficiently high shear strength to meet the normal
requirements of diaphragm design based ori strength alone.
‘ g

o I
~

Tests of cavity decking have clearly shown that the fasteners lconnecting'

the underlaﬁping edges of the sheets (i.e., bottom seams) are the main source

into slightly oversized holes. Thus, to enhance the deck's shear stiffness,

aIternate types of fasteners are requned

Overall collapse of all diaphragms was observed to be caused by . locahzed
bearing failure (tearmg) of the material around the. end fastengrs nearest
. ' ! . N

to the diapﬂragm corners. Failure of all -cfiaphragms can be ¢lassified ,asl
. ' ' e ' : *

- .
* ‘.
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as accompanied by

, brittle, as it took place without prior warning and w

S

'a sudden drop in the load carrying capacity.
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N b, . TABLE 3.3
: ~ . RESULTS OF CAVITY DECKING DIAPHRAGM TESTS
o Diaphragn  Shear Stiffness Shear Flexibility Shear Strength Max. Net
: ' ] ) © . Deflection °
@ .. G'(1b/im) ¢ (in/Kip) s, (1b/ft) (in)
C-1 2400
\ c-2 . 4166
c-3 C/__\ 6135,
C-4 7690

Cc-5 . 7140
c-6 3225 .
C-1 6250

c-8 . 5000

1

@~
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TABLE 3.4 .
\ RESULTS OF "T" DECK DIAPHRAGM TESTS
Diaphragm Shear Stiffriess Shear Flexibility Shear Strength Max. Net
i : ‘ : - Deflection
G' (ﬁ/in) ¢ (in/Kip) s, (1b/£t) .\ (in)
T-1 5990 * 0.167. 333 1.34
T-2 16666 0.06 450 0.66
T-3 14490 0.069 662 .. 0.85
T-4A 15870 * 0.063 618 0.85
T-4 16660 0.06 814 1.0
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- shown later in'the next two chapters.

‘characteristics of connections were established by subjecting lapped

CHAPTER IV :
v

LOAD-DEFORMATION CHARACfERISTICS OF ' ‘ ‘ .

DIAPHRAGM CONNECTIONS

L 4
4.1 - INTRODUCTION .

i

In all the tests performed and reported in the previous

chapter, it has been observed that the comnections, type and pattern,

¢
P

play a/major role in the behaviour of diaphragms, influencing both

o

s
all diaphragms was initiateg at the weakest connectich. _ ’/y/

Stiffness and ultimate strength. Also, it was. clear that failure of //

This chapter is concerned with the experimental evaluation of
the 1oad—d;$p1acmegt respdnée of the connections used in the two decking ‘ i
Systems. ‘The stiffness\andvstrengﬁh of the connections as w 11 as their
failure mode are of main interest. Parameters affecting the mechaﬂical
behaviour of the connections are algo investigated. The data for the

stiffness and strength of the connections are required for the analytical .

prediction of the performance of the complete diaphragn system as will be

v

4.2 LAPPED-JOINTS AND TEST METHOD

’

Diaphragm connections fall into two categories, those connecting
sheeting units along their seams and those connecting the slieeting to the

supporting structural members. In most of the previously reported te?ts

on connections of light-gauge steel sheetings [35,37,46-52], the mechanical

joints to direct tension till failure. These single shear connections
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, “*
were composed of two parts, either two light-gauge steel sheets, or a
kS 3

thin sheet and a hot-rolled flat sectioh, and joined together by‘means

.

T e

of an appropriate fastening device. -~

In the present investigation, tension tests on lapped-joints
were cénducted in two series. The first are for seam connections which
serve to fasten adjacent ﬁnits;'and the second for edge connectiqns which
are used to fasten panel edges or panel ends to the flanges of marginal

, beams. Thus, the. first séries‘dealt with the connection of éwo asbestos-
cement sheets of the same thiékness (3/8"), Fig. 4.{3, whereas the -

second was concerned with the attachment of an akbestos-cement sheet to

~

a steel plate 1/2" thick dnote that W10X21 steel marginal beanms used in

l’full-scqle tests have a flange of 7/16" thick), Fig. 4.1b. The specimens

tested were fabricated to produce as close as possible the connections used
\, '

!

in practice and in. the full-scale test diaphragms. Due to the orthotropic

. ' '
.

nature of the sheeting specimens of the sheeting cut in both the iongitudinal
‘ i
(parallel to corrugatioﬁs) and transverse diréctioqs.
For each type of connection, the following variables (Fig. 4.1)
' .were considered: i) diamqter\of drilled screw holes,:ii) edge distan;e
from center of screw in direction of load, and iii) edge distance from '\
center of screw in perpend{;ular direction to ‘stress {or full width of
‘test specimen). . ‘ *
To ﬁinimize.the‘scatter of test results, special emphasis was
placed on the: b
o (1) measurement of the connection dinensions
(2) drilling.of'ghé fastener hole . , ‘ )

(3) consistency of screw tightening, and

‘(k)“\eeasurement of ¢onnection Vsl;p" and applied. load.
'
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All tests were performed using the Instron Universal Testing

Machine (model 1125) of 100 kN (20,060 1bs) capacity load cell, equipped

with six load ranges. The two lowest ranges {2 and 5 kNJ were used for ‘

most of.the tests,’ o !

a

/4.2.1 Lapped-Joint Déformation .
i

The total déformation in fheaconnection at a given load consists
"of a number of compohents. First, the deformation due~;;f§he clearance
between the fastener and oversize hole results in 4 rigid body slip of
the sheeting until bearing is established. Second, further slip is due to
aeformatiOH (mostly plastic) of the joined elements and/or the bolt, in

L]
i

the vicinity of the hole. And finally, a negligible amount of .sheet

deformation also occurs.

o ‘ . o | . |

4.2.2 Test Procedure .

After appropriate centering and vertical alignment of the i
connection installed in the test fixturés (grips); first, a relatively

- small load (0.2 kN) was applied then released to produce initial fit.

Load was then applied continuously (till failure) and the total deformation

recorded automatically by the strip chart recorder. Different tests were

conducted with different cross-head travel speeds of 0.02, 0.05 and 0.1 in/

min.

The inherént deflections of the ;aad cell and the machine, and

- . "

also thé slippage of the joint parts from the grips could be sufficient to

affeét'ahe accuracy of the recorded displacements. To compensate for these
v ,

. 8grors, a direct calibration of the machine deflections was obtained by

» \

A
+

'

g it &l a1l e
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running a "no-stretch” curve, as recommended by the Instron machine
manual, This test was gimply conducted on a rigid specimen (steel or
asbestochement), with virtually zero gauge length (grips are touchingﬁ, .
a load-deformation curve was obtained, which was used to correct for
the measured displacements of ; lapped-joint at aﬁy level of loading.
The Jccuracy of this method was proved satisfactory when checked against
. measurement of the relative disPI;ceménts of the two pa?ts of a number
of loaded connectiéné'by high precision (1/1000 inch) dial gauges. The

two procedures yielded very close load-slip curves for the same connections.

.
IS

4.3 SEAM FASTENERS
B [

Two types of seam fasteners are currently used:

(1) 1%“ X %“ diameter flat head stainless steel bolts and cadmium plated
pal nuts (Fig. 4:2), and ,
) 1&2? 1%" x No. 2 flat head "A" type self-tapping screws (Fig. 4.3).
The first type, only used with the cavity decking system, is
for connecting the underlappiné edges of ‘the sheéts (Fig. 3.9b). According
Jto Atlas' application instructions [44], the holes in the asbestos ;heets
are drilled with a‘%ﬁ diameter bit. These §1ightlf oversized holés are
in fact iﬂtended to facilitate the placing of the bolts from the bottom
side of the sheeting: The underlap is fhen tightened up using the nuts.
This type of ﬁestener ensures that the ségging bottom flat wing of the
sheet (due to its weight), is lifted up and leveled with a horizontal
continuous plane provided’by the rest of the decking sheets.
The second type, is used to connect the top seams of cavity

decking units (Fig. 3.9c), and in connecting the top and bottom seams of
1
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. . A%
the "T'" deck sheets (Figs. 3.12b and 3.12c).. Self-tapping screws ace

. ot

perhaps the most popular fixing almost universally used today. As the

., , name implies, self-téfping screw§ tap theyf own thread in the two sheets
to be connected after a slightly undersjze pilot hole has been drilled
through the sheets (3/16" sizé bié, as recémmended by Atlas [44]). - This
type of fixing is more practical ;s'it can be used from one‘side of the
' sheéting. :

- . . ) . EJ i

4.3.1 Test Results of First Type

,‘ ‘In.this test‘series, the follbwing variables we;e considered:
QZ;liame}:er of drilled bolt hole (3/16", 7/32" and 1/443, fuil width of test
specimen (1", 1%” and.2"), and edge distance from center of boit in the ) Y
-direction of t;;.load &§1§:JQ1" and 2"). Each two of the underlined ’ F
values were kept unghanged while considering the variations of the third.‘ . ; ‘
For every such combination of tﬁe.variables, two tests were conduéted. In
cases of large discrepancies, a third test was performed. i
A set o% load-displacement cﬁrvés was obtained. In general, fhé
curves were found to have essentially the same characteristic shape. The
average load-displacement behaviour from zero to failure is shown in éigure
‘4.4 and 4.5 for the lqu;tudinal (L) and transverse (T) directions,
X _ respectively. The following values for, the stiffness (K) and the ultimate

. load (Fu) are then obtained from these curves:

8400 1b/in.

"

v . . KL

450 1bs.

N ’ R .
: . - X FuL

. : and
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o rmgmens we




o

>

aape

1i6
S

FuT

It can be seen that the two curves are expressing similar

6720 1b/in.

330 1bs.

B

behaviour; with higher values for both the stiffness and failure load in -
ghe ""longitudinal™ direction. The two curves are characterized b; an :
”initial slip stage at very low levels of‘loading (this stagg being shorter
in the case of smaller predrilled hole), then both followed almost a
/ligear behaviopr till about 85% of the failure load. From this level of ‘
{ loading to failure, the connection exhibifs a slight nohlinear béhaviour.

The effects oflthe connections three design pérameters on its
mstiffnessland ultimate strength are summarized in the following:

(1) A decrease in the hole diameter slightly increases (5-10%) both the
ultﬁngﬁe load and stiffness of the connection.

(2) - An increase of the edge distance in the direction of loading increases
Significantly the ultimate load (20-30%5 whiie affects very little
the connection stiffness. And,

(3) An ihcrease of the specimens width incregses the connection ultimate
load (20-30%) and only slightly the stiffness (10%).

As, for the failure mode, tilting of the bolt.and\Sending of the
pal nut was always present at high loads close to the ultimate, this is
‘be%ng followed by a transverse tension-tearing across the specimen's né§
‘section (Fig. 4.6). Fa{lure of‘all specimens was sudden with chart pen
aropping to algost zero load (complete separation). Finally, it i; interesting
to recall the behaviour of this type of fastener in the full-scale tests

on cavity decks (see Section 3.6.2.1 and Fig. 3.17) and observe the great

similarity to its behaviour in the current lapped-joint tests.
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4.3.2 Test Results of Second Type

'

1
B
]
}
!
i
¥
!

The main parameters considered in this test series were:

the diaﬁeter of the predrilled screw hole (11/64", 3/16'", and 7/32"),

the width of the test specimen (1”; 1%“, and 2"), and the edge distance -

from the center of screw in the direction &f loading‘(§£§ﬁg 1'" and 2").

As in the previous test series, 9 combinations of these variables were

considered for testing, by keeping each two of the underlined values of

]

~the parameters unchanged while varying the third parameter.

Similar to' the results obtained for the first type,’average

load-displacement. curves.in both the longitudinal and transverse directions

—

were obtained (Figures 4.7 and 4.8, respectively). Each curve shows two
distinguished stages. - The first stage is linear up to approximately 50%
of the ultimate load, and in the second stage, the curve deviates progressively

in another linear path with a reduced stiffness till failure. The two

A

curves were used to establish the following values for the initial stiffness

and ultimate load, in the two directions: o . o ;

.«

Ky

i

19600 1b/in.

500 1bs. : o -

' FuL >

i

Kp

FuT

I

11760 1b/in. . o ' g

(]

N

330 1bs.

.Comparing the above results to those obtained for the first ;;;2 of seam
connections, it is clear that the present connection (self-tapping screws)
exhibited suﬂstantially higher’riéidity, in thé two directions, than those
for the first type. However, the ultimate loads of the present c:pnecfion i

are only slightly higﬁérf This is quite expected, as failure of both types
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occurs in the asbestos plate across its net section (Fig. 4.9).

The results of the parametric study of these test series were
found to be similar to those of the first type, with the scatter of

results being within a slightly lower range.

4.4 PANELS TO FRAME CONNECTIONS

In the two decking systems, the connections between the asbestos
sheets and the steel framing members (end, side, shear connector or purlin)
are effected by the self-tapping screw #14 x 1" type '"B" (hekagonal

headed) with a 3/4" x 9/32" washer (Fig. 4.10). The washer is known to

help in spreading the load over a larger area of the'sheeting and to ensure

a more uniform tightness which is essential to obtain a consistently rigid
LR

and strong connection.

-

A

In current practice, the hole drilled in the asbestos sheét is
1/4" diameter while that in the steel flange is 3/16" diameter. In this
test series, the specimen size as well as the main parametefs are similar

to those of the previous test series (second type of seam fasteners).

Gam ted

4.4,1 Test Results - -

“

—

The averagé lpad-displacéhent curves for this type of connection
are shown in Figures 4.11 and 4.12, in the longitudinal and transverse
{ : . T

directions, respectively. As can be seen, the twoe curves are almost linear

-

up to approximately 65% of the ultimate load then showing a more pronounced

nonlinear behaviour (especially in the longitudinal direction) till failure.

“
~

The two curves were used to establish ;be following values for the initial

stiffness and ultimate load, in the two directions: -

gl pik 5 'Wm' e
- e
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* ‘ : N
“ K, = 28000 Ib/in. , !
. ‘ ' F_ = 850 lbs. ’ : |
ul ‘ . i
and’ ‘ ‘ ’ ’ '
» Kp = 28000 1b/in ’ ; )
F.. = 670 lbs. y . . ~ .
uT

~
\ .
+ 13

It isﬁto‘be noted that scatter of this test series results
- was much less than that in the seam connections tests.  The reason for -,
this' could be attributed to the use of the washer as previously mentioned.

It 1is aléo believed that the much higher values for the load carrying .

N capacity and stiffness for this connection type when compared to seam

P

connections, is due to the presence of the heavy steel-platé, thus
v . N ' N .
restraining the tilting of screw under load.

3

< '.4,4,2° Failure Modes : . : ¢

. _ The failure mode of these tonnectionirwas variable depending on

T Bt e st 1 i, AL R A i - S 0t

. . the geometric design and edge distances of the connection. As can be
. seen in Fig. 4.13, failure was either due to transverse tension-tearing
across the specimen's net section (for large edge distances), or due to

’ »

horizontal and vertical cracking (small edge diétances). A third mode

PR T SR W

of failure was also observed (Fig. 4.14a), where failure occurred due to

. - »a diagonal and vertical cracking of the asbestos éheet at the screw. The

‘ latter mode was associated with gpecim?ns of typical representation of !
the actual Eonnections in the fu{lfscale tests. Fig. 4.14b ;hows the most
common failure mode at. the end fasteners observed in tﬁe full-scale tests
reported in thé/previous chapter.- Comparing the two photographs, it is

5 . ) P \
interesting to note the great similarity between the performance of the ) .

prototype and its model. ‘ a -
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| CHAPTER V ]
: FINITE ELEMENT ANALYSIS AND bORRELk;%ON WITH
EXPEegENTAL'kESULTs

5.1 INTRODUCTION -

The finite element method has been extensively developed to a
stage where it becomes é.powerful numerical techﬁiqué for solution of a‘“
large varietyyof phy;iqal problems. A'comprehensiQe pfesentation of the
methﬁd and its many applications has been given bx Zienkiewicz [S3j;and
many 6thers'[e.g., 54-57]. In the application of thé finiée element -

’

[ . \ . . . s
method to structural problems, the structure is idealized to consist of

+

a lérge number of interconnected elemental regions in which the relation--

ship between force,'di5placement'and strain may be determined by using

energy methods. The behaviour within a region (or eiement) is sEecified

in term¢ 6f some paramgters at the nodal points which are theé points
where the eleménts a;e joined'toéether. In.simplébelements, nodal points
are bftenvlocatéd atﬁthéuelementAcorners, and iﬂ“more.compléx elements

additional ;odal points may be assiéned at the mid—fbints of ' the element
sides. ’ ' .
. s

The nodal parameters are usually specified'in terms qf\displace—"

ments and rotatiens. Since these nodal parameters are common_ to the

adjacent elements, compatibjlity of the element deformations is achieved *

~

at the nodes. Along the element edges, compatibility may or maj not be

maintained depending on the the€oretical basis upon which the element-

behaviour is derived. ' :

‘ >~
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‘ ‘ For solutions, the dire#t stiffness method is employed to
' determine the nodal’ paramet‘ers satisfying the overall equilibrium of
; | ' . * -
the structure, the elements and of the nodal points. - In general, only -

¢ approximate solutions can be obtained with this technique since tHe

y oo . differentjal equations of equilibrium and compatability m{‘y be‘v.iolated
. within the element and aiong ;he element edges. ) a '

AY

s |

-

The'application of the finite element method to~the analysis

of shear dlaphragms is not new. It was initiated both in the U.S. [45,

58-60] and Austr,alla [61]. Si‘n_ce then, it Ihaqs been regarded as the most

.accurate and reliable analytical technique to predict the diaphragm

respon;ses',.‘smd it has ’eft.en bee; us;i to check the accuracy of‘other,

appron\timate methods [62—68] .

i " The finite. element n:ethod has eeveral advantages, \aich include:'.
tl) A re‘alisti“c,idealization of a complex structure. Lo

. » ’ ,

: B(ZJ‘ A large variety of elements of different types and shapes.

3 ‘ The a-tzilipy to aecommodate arbitrary support conditions and rloading‘, .

" N and . ,. Jn , ‘ P .

. ~ (4) The ability. to.provide detailed informetion on the distri\;'ution‘of :

o ©o- interna'l forces on the constituent components.

an . . " In this chapter, the appllcatlon of the finite element met‘hod N
. , g ,
" is extended to predlct the response of absestos-cement dlaphragms. '
v B N K] H)
- . . “ .
t ¢ . . . ” R ¢ _
; I 5.r.1 - Basic 'Assumptions : ) S

~ T . ‘
8 oY , b v

.« . It has been observe$ m t‘ne full-scale tests al;:eady performed
.S

t
& . ) g . .
H (Chapter III) that' ~ S ; .
. . . - ,
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(1) The connections play a major role inthe be}i"aviour of diaphragms :
‘ influencing both the stiffness and ultimatelstrength.

(2) The failure modes are characterized by localized failures at the

_connections. - ‘ S )
' 3 At low levels' of loading, the. shear is mainiy transmitted 'through .
‘ the continuous flat surface ;;art of the;deckilalg. )
Based on the above observations-and also on previous experience
‘ < on the finiteuele’meﬁt. anaiysis of light-gauge steel djaphragms, the

3

fo{llowing assumptiohs are made:
(1) All diaphragm componen‘ts {asbestos sheeting, steel.framing members
. .. .
\* e ) C and connections) 'havevlinearly elastic behzi'v.iour.r .o

) (2) The full shear load is transmitted through the flat sheets of the

, the other. The other parts of the profile are considered effective

profiles, which span continuously from gne side margina) ‘member to

e

’ only for stiffening the diaphra:ém against overall buckling and

¢ transverse bending . ol '

' .
N ) The first assumption ignores the nonlinear behaviour of connections

’ ' and thus neglects the poss{ble redistribution of fastener forces at collapse.

© - "

‘However, small-scale tests on connections have shown that.'they behave
linearly to about 50-65% of their ultimate load. Also, in the full-scale’

. v ) s k]
tests, it has been observed that only a small number of connections

(characteristically near the diaphragm corners) are stressed beyond this

o € .

linear range. The second assumption related to the neglect of the stiffness

~

of the ocorrugate‘d part .of the profile seems to be réasonable for the case

of cavity decking due to the existence of the continuous and interconnected

flat sheet. In the case of T-deck diaphra,gn;sl, because the sheets are

PRI

1)

actually connected to the end framing members at the corrugations and not

~
.




) ;élement analyses of testéd diaphragms will be shown to ﬁrediqg the ’
di?phragm behaviour satisfaétorily. L .
< * . |
ST o S
5.1.2 Type of Analysis ' ‘ \
Matrix methods of structurai analysis.based on discretecelemenf
e idealization may be clas;ified broadly into two groups: ) . :
. Di5p1acement-methods (stiffness meéthods), in which éeometricailyh : ‘
i tompatible states in individual e}ements‘%fe combined to* give ' 1
» .. equilibrium, and : h
(2) Force methods (fle;ibility m%thods)} in which equilibrium states in ‘ \ !P'A
individual elements are comgined to give geometric compatibility. "

, © 135

N direcfly at fhe top continuous flat sheets (see-Fig. 3.12d), this | ’

¢

assumption may be questionable. However, because of the large disparity
between the stiffnesses of the sheeting and the connections, the error

introduced is negligibleﬂ These ?ssumptigns are adopted in order to

avoid an overly'complex mpdelling of the diaphragms. ‘ : !

~

In spite of the above simplifying assumptions, the finite

Historically, when qﬁmputeps came into use for structural analysis,

&

it was soon recognized that the displacement methods could be easily .t

\ 0
by

formulated for'computer programming,.and it has become the dominating ;
approach in the finite element methods. ° ‘ ' .

One of the characteristic features of the displacement methods
. < ‘

N s
a

.'is that the question of statical redundancy does not arise, as the direct
solution is for the unknown displacements,at the nodal points. These
nodal displacements. are used to calculate the resulting stress distributions-:

) I
(or internal-forces) within the individual elements. Since shear

diaphragﬁs are highly redundant structures, the displacemenf method is

to. . /-
therfore adopted in the present work.
o . - R . Lo

L Q
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5.2 FINITE ELEMENT IDEALIZATION AND ELEMENTS STIFFNESSES“

The main components of the structural .idealization of a
diaphragm system are the marginal framing ;embers, the puflins, the panel
sheets and the connéctions. Similar to previous investigétions [58-60],
three basic elements are mysed in the finité elemént.modelling of as£estos.
'ﬁiaphragms. Fog illustrafion, the analytichl finite elémeﬁt model for
a simple diabhragm wifﬁ four panels and its attachﬁent is shown in Fig.
5.1. . The steel perimeter members are simulated by beamAtype elements
having axial and "bending stiffnesses. The .sheeting is simulated by plane
stress plate elements. Finally, the different discrete connections are
represehtéd ingividuallyQby‘two-dimensional linkage elements of zero size.
In the following, the thxee basic elements will be described and their

stiffness matrices are given.

N -
f

5.2.1 Marginal Frame Members and Purlins

The féame members and purlins are idealize& by one-dimensional
linear elastic pr%§métic beam elements héving three degrees of freedom at
each of its tdo nodes as shown in Fig. 5.2a. Th; three degrees of freedom
‘at each node represent the axial and the transverse displacements in the
plane of the d;aphragm, and the rotation‘about the Verticalzgxis to
diaphrégm.surfaée. The stiffness matrix of this element is well known
and can be foun§ in many texts [e.g. 69,70].

3

Based on a cubic displacement function, the stiffness matrix

.

-"is given hy




Symmetric

12E1- 6E1
. i? 2/
4E1

where
L is the length of element
A is the cross sectional area of element

and T is the moment of inertia about the axis of bending.

o
~

It should be noted that the above stiffness matrix corresponds

to elements in the modelling of marginal members or purlins positioned

pafallelnto the x-direction (Fig. 5.1}, where the local axes of the

eiement and the giobal axes of the system are the same. In the case of

side members (the marginal members parallel to the y-direction), Fig. 5.2b,

»

the stiffness matrix of the element after transformation from local

global system coordinates is given Byu L .
v
L 6E1 12E1 )
3 T2 T3 °  -=3
.+ L ‘L L
< EA ‘ EA
T 0 R
k] = - 4L SEL"
[Kpy] T 5 0
. . . L Y
\ lZE%. 0
. L
EA
' ' L
7 \,

to .

(5.2)
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oo ‘ 5.2.2 Deck Panels
A The continuous flat sheeting is modelled by two-dimensional

plane stress orthotropic plate elements. 'As. shown in Fig. 5.3, this

element is a basic four-noded rectangle having two translational degrees

of freedom at each node. The derivation of the element stiffness matrix

'was carried out by Ammar [45] in the standard way. Based on a bilinear ‘ ‘

\ - displacement function, the element stiffness matrix is given by
- . . . "B ‘ . - i
1 R \ |
By B By B -5 By K By |
B, ~-B, B, -B % 3 B -
6 4 7 T2 T2 4 8 :
B1 .
. By B, B By -5 B
' B
: K1 = . . ) . _ 6 (5.3)
P ¢ \ B6 B4 BS B2 7
By By By B .
éymmetric ' '
86 -B4 B7
B B
i S 1~ ' Bé“ A

where the expressions B to By are given by:

t EXX
N B = 7 T gxy),
| t Vyxbx
— B, == (XX 6 )
2 4 ) N Xy -
-2E
ot xx
83 6 ( ) v ny) ' *
t VyxExx
B, = - (XX .6 com
4 4 by Xy
.p By -
B = 5 (3 - 2 G, ) (5.4)
f ¢ TE Gx - oo ’ . _
By = 3'(-7§X'f ) O co- ‘
¢ - ) ) » N ", . . * , A ’
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B, = & (XX - XY, ’
7 6 A T ’ \

t -2rE Gx .
A S S | ,

XX Eyy’ vyx and ny are the elastic constants of the orthotropic
mgpium; t'is the plate_thickneés; r = a/b is the aspect ratio of the
'rectangle used, and A = (1 - vxyvyx)' The material elastic constants are
those found experimentally (Chapfer IT). For details on the derivation

of the,[Kp] matrix, refer to Ref. 45. ' - K

5.2.3 Connections ' o
In a diaphragm installation, four t&pes of comnections can be.
presgnt, those between the sheets and themselves tseam connections),-or
those connecting the sheets to the end marglnal members (end connectlons),
or those connectlﬁg the sheets to the side marginal members (side connectlons)
and flnally the fasteners connecting the sheets totlntermedlate pur11ns. -

In the finite element model, dual p01nts are established at such loqatlons

4
»

and the connectlon i's modelled by a zero size linkage element connecting
the two nodal points. A linkage element have two mutually perpendicular
’ . springs (Fig. 5.4) of stiffness Kx'and Ky, to account for slip resistance

in each direction, parallel and perpendicular to the panel edge, respectively.

g. . . The 1inkage element is represented by, a 4x4 matrix formed by two uncoupled ’

o AT AR, NGB,

4 9§ - . - . . .
2x2 submatrices as: ' . BN
K, K, 0 0 | |
- ° { % % 0 . o .
) k] = . ~ ‘ (5.5)
c 0 0 g K} b o
. . ' y b4 o
{ ) | 0 0 K, - ky'i' . ﬂ
. “, '
2
- Y - ’ L)
r -
. R -
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The values of Ky and Ky have.been determined experimentally

<

for the different types of fasteners used in the two decking systems

as reported in the previous chapter.
i}

\ Vo
G
5.3 METHOD OF ANALYSIS
T

{

' f
El

next step is the assembly of.the overall or global stiffness matrix for

the entire structure. The.most common assembly technique is known as the

"di£ect stiffness method", in which the cbefficieﬁté of the global stiffness
matrix are computed by simply adding relevant coeffigients of the element
stiffness matrices for common Hegreés of freedom (unknbwn displacements)

at any node, Thig is traditionaily achieved through what is termed, the
element's "'connectivity" matrix, relating two degrees of freedom (DOF)

numbering systems, one for the overall structure and another assigned to

the individual element. The relation between the two numbering systems
\

determines the location in the, global stiffness matrix to which coefficients

of elements mitrices are assigned. . ,

o -

By the dire¢t stiffness method, a set of simultaneous linear
U . . N . .
algebraic equations will be obtained, relating loads to unknown displacements .°

through the assembled structuré stiffness matrix, as: .

- . °
.

[K] {u} = {P} o T (5.6)
in which o -
[K] - St?ucture's sfiffness{matrix 1 ' ,/' v .
{U} - Unknown displaceﬁent vector | T o

[
.
v

{P} - Load vector.

Once thg eleément stiffness matrices, have been established, the - /

"

oo

B
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: facility in the larger finite element computer packages. “On the other hand,

-

.
-
S e b e St ottt bt s e r

These equations cannot be solved until the geometric boundary
. . i

conditions are taken into account by appropriate madification of the
equations. The most straight forward approach, is to consider all nodes

as being free&whenrforming the global stiffness matrix and then introduce

the boundary conditions afterwards. To breserve the banded nature of the

o "y

equations, the row and column of [K] corresponding to each geometric

N -

boundary condition (support constraints in shear diaphragm analysis) are

made null with the exception of the diagonal element, which is made

,

unity {54]. :

5.4 SOLUTION OF EQUATIONS v '
The solution of the linear load-displacement equations (Eq. 5.6) 3
is usually the most time-consuming computation step in the displacement 3

method. Therefore, one of the most important features of a finite element

! | X . ‘

program package is its ability of efficiently solving very large sets of

. . . ' b ) . :
linear equations.

’
o

The two basic approaches for the solution of large systems of

v

equations are elimination and iteration. The former also known as the .

~

d1rect approach and typified by Gaussian e11m1nat10n, is a procedure wherein
the matrix [K]'is transformed to a triangular form which can be solved’

directly for the unknowns. The latter is’ a series of successive corrections

o

to an initial,estimate\for the unknowns, the process being carried out

repeatitively until the size of the necessary corrections bec%mes negligiblq.

4

’ Survey of the 11tefhture reveals that iterative methods for the

.

solutlon of the load-deflection equations are séidom provided as a standard

- -
v
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direct methods are used almost exclusively in finite element analysis,

programs. They have proved to be more versatile and reliable.

[ Y

Direct (closed) methods‘as distinct from iterative methods

yield the solution by performing a fixed number of arithmetic operations.

n

. There is no direct method possible which solves a general system of

- -

linear algebraig equatiops by a smaller total number of arithmetic opera-

_tions than that which-is required by Gaussian Elimination [71,72].

Considerable reseafch has been devoted towards finding very éfficient

. . equabionosolving algorithms. Although a great nﬁ@ber of these algo}ithms ’
ére bd;ed'on Gauss elimination, they differ in: thé required data ) -

?

organization, the arféngement of the intermediate calculations, and

F——

their simplicity to be incorporated into structural analysis programs.
. Based on the above discussion, it was decided to incorporate an

efficient equation sblver that uses.Gauss elimination into a computer

o

. program specially developed for shear diaphragm analysis. The routine

//
¢  developed by Wilson et al. [73] is believed,to provide the best compromise

FRRWL A SR

among efficienly, génerality and ease of use, This routine (SESOL) has

. been used in a general structural analysis program [74] and demonstrated

DR

cy 2 . . -
the desirable economy and efficiency. Basically the routine uses Gauss

. “ elimination on positive-definite symmetrical systems. The specific features ‘

are that systems of very large size and bandwidth can be solved and’that ; ?

. e all.operationd\on zero elements are eliminated. Also, the routine is i

‘ very ﬁimple and can be incorporated into existing or developed programs : ’
3 . .
k . . . « !

with minimum effort. \

— ' . - . [ RIS B T - . . P
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3

5.5 . COMPUTER PROGRAM - ’

N

Computer p}ogrgm SHEAR was devéloped to perform a linéar

elastic -analysis of shear &iaphragms, employing the direct stiffness
method of analysis; The program incorporates the equation sqlver, (SESO
[73} Fo effect an éfficient solution of the system equations. The progfmn'
was written in FORTRAN IV and run on a CDC 6600 computer.

Finite element computer prbgfams are often criticized when

. -

involving a large volume of input data. Preparation of the input.of a
I
finite element grid (nodal coordinates, node and element numbering, elements'’

o
-

connectivities, element material properties,....etc) is not only tedious

‘ 5
and time-consuming, but it is also liable to error unless great care is

[

taken in checking. This problem has been overcome to a largé extent by

the present program, which includes a special-purpose automatic data
7o\ ) ' .

—

. . .
generator, ‘thus reducing the input data to a few number of cards. .

The program has the capability to analyse diaphragms with load

configuration either parallel or perpendicular to panel's corrugations.

In addition to the solution for nodal displacements, it provides detailed

information regarding the distribution of internal forces in the constituent

components.

A detailed description of the program, user's guide and FORTRAN

AR LS
(. ST NP

oo

SR el
P

_computer program, ten asbestos-cement diaphragms were analysed. The full-

. listing are presented in Appendix C. Also, a sample input and ogtpuﬁ of

the analysis of diaphragm C-2 is included. 1
0 . ”

»

B

5.6 ' DIAPHRAGM SIMULATION AND CORRELATION WITH EXPERIMENTAL RESULTS

4

To verify the validity of the basic assumptions made in Section

5.1.1, and to illustrate the efficiency and capabilities of the developed
C . 7 -

°
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and strength for each case, and to compare the results with experimental

144

scale testing of these didphragms, 6 of the cavity deck type and 4 of

the "T" deck type, have been fully described in Chapter III. The main

objective is to predict the diaphragm shear stiffness (or flexibility) -

data.”

v

As it is not practical to present here a detailed destriptioﬁ

of the finite element simulation of all the diaphragms énalysed, only a
typical one is described below. The cavity deck diaphragm of Test C-2

. / . .
was chosen as a demonstrative example, as it involves the least number of

—~——

elements, which makes it easier to display the idealization and results.

. P

5.6.1 biaphragm C-2, Finite Element Simulation ) .

¢

A schematic diagram of the structural model of the diaphragm and

s s e o

o o,

saguential numbering of the different types of elements is shown in Fig.

o

automatical??jby the program. It should be noted that the DOF numbering

s W e

scheme (Fig. 5.6) was such that it would yield the minimum bandwidth for
the overall structure stiffness matrix, an essential feature for storage
savings and speed of execution.

i

Each of the marginal test frame members AB and DC (in the y- ,i

dinection) is modelled into six linear Ueam elements each 20" lqﬁg; while

each of members AC and BD (in the x-direction) is modelled into 18 elements

Ed

each 7.5" long, as described in Section 5.2.1. For each element, longitu-
dinal, transverse and rotational degree of freedom are assigned at each end,

thus, axial deformation and bending about the vertical ax%s - z (normal to,
- . . K

» {
8 ' ;‘
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the diaphragm pléne) are considered. This results in a 6x6 stiffness

matrix expressing the contribution of a segment. At each of the four

end corners of the test frame, a double: node is used to model the hinged

connections. %hese two nodes occupy the same position in spac; and héLé
the same translational displacent; but distinct ro;atioqs.

‘Each of: the nine panels comprising the deck (oniy the bottom
flat w1ngs), is modelled into 12 plane stress orthotropic plate elements,

giving a total of 108 elements - The size of each plate element is 20"
1 (in the y-direction)“by 7.5" (in the x dlrectlon) pgoduc1ng an aspect rat1o
of 23.

The thickness is taken as that of the flat plafe 38", the elastic

constants in the two principal directions were takén as those of the base

‘material, determined experimentally (Chapter II) as: E. = 2,25 x 106'psi,'

L

E. =.1.70 x 106 psi, v = 0.9 x 106 psi.

T = =0.2, v

LT L = 0.15 and G LT

As for the three types of conrections present in thlS d1aphgagm
(end,* side and seam fasteners), these are each ideafized by two orthogonal

" springs as described'in 5.2.3. The end fasteners, 7 in number at each end

a

(the exterior'panels'were not connected in the test), are each modelled

by two orthogonal springs with the stiffnesses: Kx =.Ky = 28000 1b/in,

The same spring constants are given to the connections modelling the side

¥

‘fasteners (5 on each side). The spring constants for the seam fasteners

(5 in number for each ‘5eam), connecting the g'cdviiy'decking panels at

their underldpping edges (bottom seams), are Kxf= 6720 1b/in., and K

y:

8400 1b/in.
It can be noted from Fig. 5.5 that the lengtﬁg of the beam and

the dimensions of plate elements are thus chosen to match the spacing

pattern of the diaphragm connections.
r :
was found to be satisfactory, and it was felt that further refinement is

o

The resulting finite element model

s

4
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Another important aspect worth mentioning is in relatién to the .’
' L
. . dimensional properties of the plate elements used in. the analysis. , Ammar

+

[45] investigated the effect of the element's aspect ratio on.the accuracy .

of results. His findings were: for the isotropic cage (i.e., E; =E =g,

T
Vir = Vpp TV and G = ’ET%:;TJJ, the 'aspect ratid should be kept be;ow.S.
, However, in the orthotropic case, larger aspect-ratios can be tolerated
- . and may even be beneficial. Study of the terms. on the main d1&gona1 of
tpe element stiffness{tgtrix (Egs. 5.3 and 5.4) discloses that the modulusb )
of elasticity in_the strong.direction‘(gyy) ?; m&ltiplie& Hy the Fatio of
"the width to the length, i.e., the inver%e of the aspect ratio, On the

other hand, in the "weak direction”, the madulus (Exx) is multiplied by

i the aspect ratio itself. Aslarge aspect ratio will thus have the effect %

) of iqtreasing'the smallé% terms and reducing.the larger ones on the diagonal, 3

o resultiné in a better conditioning’of the matri;i" In thé present study, - | ; ;
- aspect ratios in the ra;ge of I.SIFO‘S{O have beeﬂ‘nsed. o ' ‘ B

- h E

. It ié well known that with the use of conform@ng @isplacement ;

1

. finite element model, the solutions obtained provide an upper bound to

'\

: ©
\'the true stlffness of the structure.. On the other hand, in the inodelling
of the two decking.systems, only the flat pért of the decking 8ssém51y is
considered (Seation 5.1.1). Thus, these two opposite effects make it .
* -3

impossible to-ﬁredict whether the finite element solutions are truly the

uppe} boﬁndesolutions. "In addition, the large variation in the comnections'
I . ¢ ‘ '

. © stiffnesses énd’strengths&may further accentuate the discrepancies between
' o ‘the finite- element. solutions and the experimental data. . T

i . . . i ts ) —
. oY 5 6.2 D1aphragp,$hear Flexibility

’ S «

~

. ' . The computed shear flexxbllities of the 10 diaphragns are compared’ |

o

with full-scale test results in Table 2.1.‘ The computed diaphragm glexi-

1

*
P
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' - * ) ' ’ ' ) ’ * . ' -
o % in the case of "T" decks are ignored. The warping results :in some' reduction
R ' .

- \ .
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bilities can be seen to be in good, agreement with those obtained from tests,.

! \ \
' degpecially for the cav1ty decks (discrepancy is less thah 10%). The ’

L]
higher dlscrepancy observed in the results for the "T" deck d1aphragms ‘can

‘be attnbuted to the seccmd basic assumptlon made earlier in the finite

s

(’3

element modellmg of the dlaphragm assembly (see sectmn 5.1.1). - It has

[

[y

been assuned that the presence of l:he* prof11e corrugations and‘ the warping

f ” . - . . 2

_in the diaphragm's shear stiffness andc‘ strength.” )

,-;_l‘l‘.,'

o “. v N o ’

fQ“ 'i . Il
e 5163 Dlaphragm Shear Strength )

' X
- . ' Wh11e th? true strength of a dlaphragm cannot be found from oo

[y

., the elastic analys1s prevmus workers [45, 62] have noted that 4 lower - o

.t

bound .on the strength can be obtamed by extrapolatlng from the results

e,

of fthe elast1c ‘analysis up to that' load which produces failure in the : '
L. ’ 3

-
PE

most highly stressed part (usually a connector). }n tests, becalise of

3.

I the local inelastic,deformations”at the, c%nnections and the resulting
. \ —~ Yo »

kY

, red1s;r1but10n of 1nternal forc'es, diaphragms are expected to carry hlgher ,
, loads than' those predlcted based on an elastlc analysis. Neélect of

@15 redistribution w111 ;theoretlcallx give af:onservatlve estmate of °

L ‘ ) fow s
the strength -

R 5 e kb it o ¢

i ! . ' :
The results of finite element analys1s provide extenswe quma-

L]

)
tmn regardmg the dlstrlbutlon of 1nternal forces in the panels " the

fﬁsteners and ‘the test frame members. ' Although this additional data has-
no experjmental counterpart, nevertheless, it provides a new insight into .

* the ‘diaphragm behaviour énd thus, %nld permit more rational design.

D
e .

B, . - The distributions of. ‘1nternal forces obtained for most of the -
’ dlaphragms analysed followed a snular patgern as that for d}aphragm c-2,

Which is described in detail and its strength estimate calculations g.n the

N . 4 .
followmg . ’f - N : -

.

.
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Figure 5.7 shows the distributlion of  forces imposed on the

marginal beams BC and AD from the diaphragm end fasteners, in the lateral

direction (transverse to be'am length).. A tensile force between beam-and

panel is considered to be positive.

For diaphragms having a single end fastener per panel end

(the case in all tested cavity decking d‘iaphragms., except for C-7), a
ty]iical pattern‘rof lateral .for'ces on end merginal beams is shown in '9‘ i
. Fig. 5.7. It can be observed that compression ‘is present at one corner . . §
of ‘the ;:liaphragm and tension at the other corner The distribution of 3
lateral forces at the end fasteners between the ‘two corners approxmately
fits a Srd degree parabola ‘along the beam length. In the other d1aphrag11|s |
(C-7 and "T" decks), the panel ends® are connected wituh two fasrehers per - )
_end. Diétri'bution of 1atera1 force; on end beams in this case also
fallowed a typlcﬁl pattern in which tension was present at one end fastemer | L
and ‘compresszon at the' other, at the s%panel end. . R '

The longltudmal forces transferred at each end fastener between ‘.- : ,

. 'y / ’
marg,ix 1 beams BC and AD’ and. diaphragm panels are shown in Fig. 5.8. These;
'S \ ’ ',_ W <. . K

. .
forces .Ar'e approximately proportmnal to the trlbutary area of -the connections.

They\are more or less uniform at the interign fasteners and slightly higher
hS I . ¥ K ‘ ) L
i

l . o

.at the two exteridr fasteners (notenthat the two end fasteners at the
b <« .

o -

exterior panel} are absent). It can also be noted that the highest of -

ends’ A and ‘.B) ..

Figure 5)\9 shows the variation of lateral and longitudinal forc_es ‘

[y

unposed on the members AB and. DC from the deck side faste ers. It is'clear

-
-

4

that the trans?nlttal of shear 1nto the diaphragm along th & beams, is

*+

more or less umform over thefix lengths, with somewhat {}ugher va‘lues being

.obtained near the Jack {(end C) and gez::\: the hmge \(\md A), than the other

%
.- . —— . - .
. - . % . v - . «
. . - Lo e . g RN
C . . S B . ot '
Y oz o e ihttarncairaliie. - . Sadic o 2ot et
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The shear transfer (longitudenal or vertical forces) at the

seam fasteners is shown in Fig. 5.10. Seam No. 1 is 15" from side

mafginal member DC, while seam No. 8 is 15" from side marginal member AB, .

It can be observed that a uniform. shear transfer is obtained.

behaviour Wa's found in all diaphragms analysed. The slighfly higher values

at the seams 1 and 8 for this particular diaphragm:(C-2) are due to the

.absence of the end fasteners in the two exterior panels." The lateral
, 4

(horizontal) force distribution at the seam fastemers are not plotted as °

the)" were extremely small compared ta the longitudenal forces.

3

i

Equilibrium checks of the results of the computer analysis were
made, both of the entire diaphragm assembly and the individual panels' and

marginal beams. These checks indicated satisfaction of the requirement of

® equilibrium for all components.

A strengtHh estimate was made on the basis of the elastic ahalysis,

. +neglecting redistribution 6f internal forces due to local plas‘ticity as
. . s ©

previously mentioned. Also, based on experimental, observations of the full-

scale testing, ultimate fialure of the‘diaphraém was reached when local <

failure at an end fastener occured. Inspection of the internal force .

f +
s . , o . i N a
- .

dis‘tributions at . the end fasteners (Figures 5.7 and 5.8) revealed that thé )

.

”

- end fastener nearest to corner B was the most hlghly stressed end connection.
»

-~ &

W:Lth an. applled load of 1 k1p, the force components on that connector, in

the dn'ec’cxons parallel and perpendlcular to the panel axls were computed

' ; ‘ S at 19 2 1bs ‘and 139 0 lbs, respectlvely-; Accordmgly, the resultant force
‘ '( : (:l N <r .

. ' - v 2 w2 ' .‘ K
o ; E = /(19.2) + (139)° = 1408 1bs . SR .

' < of tests on the sheet to-frame faSteners lapped Jomts
) ‘. (Chapter IV), it-is known that t\l‘xenstrength of end connectlons in the

- L, n} . * ) (a' ‘-I/ ] t e ‘. "
. .

The same v

e

PUBERE L

S
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¢

longitudenal direction is 850 1lbs and in the transverse direction is 670
. 7
. ' i :
""-1bs. Accordingly, the-strength predictionf'based on the connection

strength along the major force component is: . ‘ !
o (670 ‘ T
Qit = 1.0 x 140 1403 - 4-78 klps )

4

The above predicted failure load for diaphragm C-2 is only 1% higher .
’, . N '

'thgn the experimentally determined value of Qult = 4.72 kips.

It s interesting 'to note that the analysis is also in agreement ) '
with the full 'scale testing regarding the sequence of end fastener failures,
where the second end fastener occured 'at the connection mearest to cormer.

D, the second highly stressed connection as predicted by the analysis

°

(Figures 5.7 and 5.8).

Another interesting observation is that the anélysis predicts
N « .

quit'ejclosely fhé level of loading at which the early failure at the seam

1

lines took place in the full-scale tests (in cavity decking diaphragms,

?

Sec. 3.6.2). The average longitudinal force in the first seam line is

predicted .as 205.5 1bs (Fig. 5.10). The strength of seam connections

predicted and are compared W1th full-scale test result_s .in Table 5.2. > ( ’

Fmally, it is of 1nterest to con51der the computer time needed for

o At o e

«
'(Fi}sf type, Chapter IV) 'in the longitudinal dyirectio(is 450.0 1bs. Tbus,v .
thel predicted failu;'e load- is‘given ‘as A ' )

1 Qult(seam) = 1.0 x ;gg 0 2.19 k1ps T
The 'load at,which failure of seam line connections of diaphragm C-2 was (
. girst observed is 2.36 Kips. - - b 0
In the{same manner, the ultmate strength of all ﬂ1aphragms has beer; ’ .

. . -~ P

the ana1y51s of diaphragm C-2 which involved a system of equatlons

cénta.mmg 526 unknowns (Flg. 5.6). 'I'he\ t:.mg requ:red for program ' o




full-scale testing. '
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» g

L | '
compilation was’'18 seconds, while execution required 7.5 seconds. These
~ ‘ j . N . . .

numbers are ﬁy far less than those quoted by‘Ammar“[4S] for problems of -

the same size or even less, using the program developed at Cornell which

was operated on an IBM 360 éomputer. The advantage of data generation

-

routine developed and incorporated in the present computer program becomes

Vi
apparent when the two prografis are compared. For example, the program
1y o r

developed at Cornell reqﬁired 172 input data cards for the analysis of a
very simple diaphragm assembly as reported by Ammar in Ref. 45. Using the
AN

present program, only 12 input data cards are needed to analyse the same

diaphragm.

s

5.7 RESPONSE OF DIAPHRAGMS TO CHANGES IN MAIN PARAMETERS. :

1
.

An important advantagé of the developed computer program for
the analysis of sheaf diaphragnms is that it permits study of the influence.

of the different parameters on the general performance of the diaphragm.
As has been seen in Chaptexy III, results obtained from full-scale testing

R .

apply only ‘to the specific layout of connectors used for each test. If

any significant change in the size of the frame marginal members, or if a
different typé.or layout of connectors is adopted, or either the length

, , ‘ ”
of the decking panels or the diaphragm wiith (i;e. ﬁo.%ff p;nels) is'varied,
2 new test'is required.' On the otherlhand, effects of ;ﬁch changes c;n
easily be evaluat;d by using the present computer ﬁrogram. ~The cost oé g

Ly

an analysis run on the computer is much less when compared to that of |

v
'

!. \.

4

In the following paragraphs, ‘comparative studies of diaphragm . .

behaviour are presented to iyghstrate the influence of certain factors on
(S . .

‘ .
'
S

o e ot —— AW KRR § g e o

J
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= . .performance ‘(stiﬁn\gss and strength). Basically, these studies were

conducted using the'data of the first four cavity decking finite element ©

structural models C-1 to C-4.

4 . 1

5.7.1 Fastener Stiffness o : A -

.

The ‘basic data set of diaphragm C-1 was altered to study the

influence of connection stiffness on the diaphragm's shear flexibility and .

fastener forces. Increase of t‘ha stiffness of all diaphragm connections
(seam and gnd fasteners, no side fasteners) by 20% resulted in a decrease
of 15% in the diaphi:agm .flegc'ibility and .%lightly (1 to 6%) increased
fastener forces. On the other hand, dec‘rease c')f the stiffness of all
connections by 20% increased the diaphragm flejxibiligy by 22% t'md' slightily
" decreased the fastener forces; | '
Reduci‘ng the ,st-i‘ffness. of only the end and side fasteners to
half thei}' actual values in the analysis of diaphragm C-2 (i.e. from 28000

1b/in to 14000 1b/in, in both directions) increased'the diaphragn's flexi-

bility by 11%, and decreased the lateral force of the first end fastener

by 78% and its longitudinal farce by only 10%. Side fastener fq:;ce's also
. . ’ Fohd ¢

decreased by 17%, while seam fastener forces slightly 'x;lecreased (1%).

r

4 A

&
v

’

5.7.% Size of .Mg&inal Frame Members

. . Changing the marginal members"dimens.i(ons by pedt;cing botl} the
area ‘and mome.nt of in‘ertia by 50% did. nof afi:fect the béhavio& of diaphragm
‘C-Z significantly. More spgecifically,‘ such change Iresulted in a.O.S%' ‘

increase in tip deflection, and less than 3% change in fastener forces.

" Ao " . a
This conclusion confirms what hassbeen observed in previous ekperimental

studies” [27,45]. '

‘ ¢

. TN
L P
. .
.
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5.7.¢ Plate Element Material Properties . . .

o

R . ' ’
The effect of changing the orthotropic properties of the plate-

element in‘'the analysis of diaphragm C-2 was. investigated. -Reduction of

‘the material shear modulus GLT.io one tenﬂ% its test value, resulted in

an increase of 15% in the diaphragm’s flexibility and almost 50% decrease

in the end fastener forces. A very §light decrease (1 to 5%). in the seam

and side fastener forces was obtained. Increase of ‘the material elastic

modulus 'in the fibres direction, EL, ten}times its test value, resulted in

—

a decrease of only 1%.in the diaphragm's flexibility and a véry small

change in the fastener forces. Finally,.setting equal te¢ zero the values of

LT and VL resulted . -

\
This finding shows that

Poisson's ratios in the two ¢rthotropic directions v
in almost no change in the diaphragm beahviour,

N

that of the other components, change in the former induces little change in
. i 5

¢

betause’ of the already large stiffness 6f the shéetings in cokparison to

the diaphfagm response.

5.7.4 Panel Length
NN A g
This parameter is of major interest since in practice, panel
length may vary from 6.0 to 10;0 ft depending on the supporting joists.
Two siudiés were thus considered. In the first, the sidé and seam fastener
spacing was kept constant, while allowing the nuﬁber of these fasteners

-

to change according to the length of the deciing. In the isecond, the number
of‘side and seam fasEsners per line was kegt constant regardless of
diaphragm length.‘} ”

In the diaphfaém&tests C-2, C-3.and C-4, the spacingg of both

the side and seam fasteners were, 20", 15" and 12", respectively, corresponding

to 5, 7 and 9 fasteners, respectively, over a span of 10 ft. Based on the

. -
v N A
¢

k]

\ %

o e e Rk P
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data for the finite element models of these’three diaphragms, the

variation in panel length with a constant spacing of side and ,seam

fasteners was first studied. In the first study, 12 diaphragms were

- !
analysed (for an applied load of 1000 lbs) and the results are summarized

. v

in Table 5.3. Inspection of the results reveals that the shorter the

diaphragm length the smaller its shear modulus (G') capacity. This is

: f expected, since the number of faSteneIis transmitting the shear forces _
' ' a ¥ . . * '

are smaller in the shorter diaphragm. Fig, 5.11 Shows th;? Variétion of
. v ,
the diaphragm shear modulus G' versus the diaphragm length for the three;

spacings of fasteners. - b { -

" In the $econd study, the number of fasteners per side or seam .

\ . L

line wés kept constant. The results obtained for this:study ‘aTe -summarized

ot e e

. in Table 5.4. It is interesting to note that shorter diaphragms are -
stiffer' (higher G'), while their carrying Qapacities are slightly lower. BERERS

Fig. 5.12 shows the variation of the diaphragm shear modulus G' versus the °
»

diaphragm length for the three layouts of constant number of sidemeam '

fasteners. . ‘ F o R

A 0

5.7.5 Diaphragm Width s :

In practice, the number of deckin'g panels between supporting

i 2

framing members is usually greater" than that used in the present full-scale

1 . v

¥ testing, thus, it is necessary to investigate the influence of diaphragm

width {or number of decking units) on its performance. Analysis of 6

Cavity decking diaphragms w'as‘ performed. The diaphragms were common in

v

. . ' their fasteners layout (5 fasteners on each-side and per seam line, and R

> f .

. one fastener per panel end, i.e., as’i’;n Test C-2) and were different in

. N 13 & (:f- P, - . '
'thei: covering width (or No. of decking units). The results“%btained from
, ] ) D ! . .

.k , . i ' ' Lt
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these analyses are summarized in Table 5.5. As can be seen, the diaphragm

width has a very moderate influence on’ the shear modulus G énd'very

~ .
»

little effect on the gheag,stxength (or fastener forces).

5.8 CONCLUSIONS

‘-

In the previous section, it has been demonstrated thép the

+ results obtained by the finite "element method yield satisfactory accuracy

without the use of excessive computer time. In addition, the ﬁplléwing

°

points can be emphasized:

1) . The finite element model data generator routine specially

developed for diaphragm analysis has proved to be an excellent feature
' y

by, which the required iﬁput data is kept to the minimum. - \

N »

(2) The equation Solver incorporated in the program has proved

[y

~to be quite effective and the computer execution time remained in a very

»
)

acceptable range. "

(31 The length of tﬁ?.decking unit has a significant influence on

the diaphragm stiffness and capacity. Decrease in the deck}ng ﬁﬁngth T

.

while keepiﬁg the fastener spacing constant tends to reduce the two

©

behavioural paraméters. On the other hand, decrease in the decking length

while keeping the fastener number constant produces the opposite effect.

4 Changes in the number Of decking units has practically no

influence on the diaphragm: shear modulus or its capacity. This fact has -
* : '

great implications in selecting the diaphragm size for testing.
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L TABLE 5.1 - A
% ... DIAPHRAGM SHEAR FLEXIBILITY FROM FINITE ELEMENT .
l " ANALYSES COMPARED TO FULL~SCALE TEST RESULTS )
. , , \ ‘ T
. DIAPHRAGM DIAPHRAGM SHEAR FLEXIBILITY F.E. RESULT
i (in/kip) v TEST RESULT
; F.E. ANALYSIS  FULL-SCALE TEST
c-1 '0.455 0.417 1.03
;o c-z | ' 0.224 T 0.24 0.93
c-3 " 9.159 0.163 0.98
C~4 0.127 0.130 0.98 :
c-7 . 0.149 0.160 .0.93 : .
’ c-8 ' 0.218 0.200 1.09 3
‘ T-1 0.134 0.167 ‘ . 0.80 ‘
-2 . Co.071 . 0060 1.18 )
-3 ; 0.051 0.06% 074 "
‘ -4 0.048 0.060 0.80 |
* »
FIAN
' ’ ’ s . ’ v -~J) - ' A\
- { .
’ ° 7 ! .
g ] . S L :
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B N o , . )
% e e - TABLE 5.2 , /
: DIAPHRAGM FAILURE LOAD AS PREDICTED BY . o
% 0 FINITE ELEMENT ANALYSES COMPARED TO FULL-SCALE TEST RESULTS )
:t ‘4 . .{ ’ ' ’ ‘
P, DIAPHRAGM » . FAILURE LOAD (KIPS)
v s ! F.E. RESULT
F.E. ANALYSIS . . FULL-SCALE TEST m {
c-1 3.89. : 3.60 1.08
¥ . & N
L . c-2 4.78 . . 472 : 1.01
i c-3 . 7.23 ‘ 6.80 4 1.06 o
o ‘ C-4 - 7.3 . 1.64 , 1.01
{ ' -
c-7 ' 7.47 6.75 1.11
-8 . 4.82 5.76 | " 0.84
"y -1 ‘ 397 3.3 .0 11 ]
i ) . X . ‘ ,
? -2 5.58 2 4.50 ' 1.26
i -3 7.36 L. 6.52 " 13,
I L T4 7.44 8.14 C0.91 -
. o~
¢ M \ e U.\
- ‘ N 1 o v
. . ’
i . \ ' ! .
r " . < .
e, .
! ﬁ e -
, i/ ! L ] ’ .
N c“ . ' . 4
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Bheel CHAPTER VI | ' S e

.~ A SIMPLTFIED METHBD FOR DIAPHRAGM ANALYSIS
. ;

4 4

J 6.1 -INTRODUCTION ' - ' ‘

Full-scale testlng and finite element analysis (or computer
) . based*methods) has been regarded as the most reliable approaches to

pred1ct a diaphragnm shear flex1b111ty (or stlffness) and strength

However the two methods are often labelled as too ‘expensive and complex

+  for routine use, and consequently, interest has been growing in dériving
! ’ ! ' 3 ’ . ’
simple analytical expressions for predicting.the two parameters.
N &

The earliest analytical approach was that advanced by Bryan 2
et al;:IS4,35,75] a decade ago, and Wa;'based on a series of simpllfying
o ) assumptions rega?ding the distrjbution of iﬂteﬂhai forces within the
diaphragm. The flexibility of a‘diaphragm, expressed as the amount of
‘tlp deflection per unit load was evaluated by 51mp1e summation of indivi-
dual flexibilities of the d1fferent components Mathematical expressions
were derived for.thése components flexibilities using energy methods,

. ; . and some of these expressions contained data to be obtained by tests

. . _ on° components (e.é., the Elip value per unif load and ultimate tearing

value of different sheet faiﬁeners). Expreésions‘to predict the shear

ig_‘

: - étrength and based on tearing strengths of the different fasteners were
/‘-_ . A . , >
also derived. - An evaluation of tip deflections and strengths of some °

i C diaphragms using.the above approach, 'compated fairly well with experi-

- 4

mental results obtalned for full scale installations. ' .

.
C A dlSCUSSlOﬂ by Falkenberg [76] implied some def1c1enc1es regarding
the establishment of,corrugations flexibility, and proposed a variati¢n-\, _

o

. of the method, claiming better results. More recently, Davies 162,63] put

- v , - - TT H O i ok A AR A ) i) N DA
- . ¢ A EEACAY <
N "
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forward an improved version of Bryan's expressions based on improvements .

. e .

in, the assumed interngl force dlstrlbutmn ¥ Modlfied expr@ns were

- '

derived using static equilibrium.

o Ao s e
A

-

Also worth mentioning, the work By Libove and Lin [77,79],

b

r'garéing the analytical iﬁvestigataon of corrugated panels subjected to

*
H
i
A

the action of shear load, also used the same energy principles as Bryan, .

o ' .
with even more rigorous concepts, but failed to obtain more accurate

results when c&mpared with eXperimenté. The study was very thorough and
» o '
the reason for the relatively poor correlation may reside in the difficulty
. ' r

to define the boundary conditions correctly. b

. * A new different approach was'followed by Easley [80], and basea.
on, an experimentally obseryed mer of diaphragm deformations [81,82].

( Easley deyeloged formulas for the fastener forces and the diaphrggml "

fléxibifity, taking ingo account only the fastener deformations and shéar

strains in the sheetings: By adjusting the fastener stiffnesses ;nd

strength, Easley has obtained consistent. and good comparisons with hisn

expérimental data. However, when applied to other investigator's experi-

mental works, Easley's formulas produced erroneous results. This i§ due
- . ' ,‘: I
to three main factors:

@ -
’ B

(1) the theory assumes that all panels deform identically; ==

e seam slip was erroneously taken %o be the same as

the deformation of the corner end.fastener; and ° ) '

.~

neglect of possible profile distortion - .

(ii1),

e theory is further limited to diaphragms where all fasteners possess

v ~
“#  the same stbs and strength.

It should be emphasized that, all the above mentioned analytical

&

' works were basically developed to predict the behaviour of light-gauge

[
.

1 ' A
1, - . .

e

*‘ e 3 == o — . . P
* . hoeon ,N‘q‘*‘«»vm---_umrm -
.
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\ o
metal shear diaphragms. Again; it was also. the only attéﬁpt of 1nvest1-
gat1on into the structural behaV1our of asbestos- -cement shear dlaphragms -
[1], that Bryan applied his early analytical expressions. The correlation

obtained betweenqcalculared and test results varied greatly.
: i .
In this chapter, a simple analytical.methoé ks presented for

.y

the analysis of shear‘diaﬁhragms. The method is inspired by the simplicity

- of Easley's theory, however, the pre;ent work not only corrects.the N
| . . - N L4 .
deficiencies of Easley's theOTY;IEEE/élso'extends its applicability to a
more geﬁeral class of practical diaphragms. /’rd
. 6.2 ASSUMPTIONS - ' I o
\ T \

The expressions for the shear deflections and fastener forces are -
R developed based on an assumed mode of deformatlon 1n conjunctioh w1£€\m3

assumed internal force dlstrlbutlon from which failure loads can also be

estimated,

. A diagramatic arrangement of a typical isolated diaphragm is shown

in Fig. 6.1. It compriset several panels conhected together and to the
v 0 .
perimeter members and purlins with a Varlety of fasteners. The deformed shape *

of this diaphragm due to vertle;l deformations of the connections is assumed

" <

f?s shown in Fig. 6.2. This symple mode. of deformation-is based on many
experimental observations and extensivelfinite element analyses. Implicit
. ' in this asSumed mode are t;; follow1ng assumptlons .
-(1) Interlor panels deform in approx1mate1y the same manner thus;
S \ the seam slips are the same, that is the vertical components
of seam fasteners forces are constant. ' The reasonableness
- of this assumption is borne out by the F.E. study of the preVious
chapter showing the tip deflection is 11near11y proportxonal

"' to the number of panels, i.e. G' is independent of the number

of panels.

b g
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* (2) The horizontal co\nponents of the seam and side fastener

for¢es are negligible, .and the vertical components of
the side fastener forces arg also constant. .

. - (3) The vertical components of the end fastener forces vary

linearly within the sheet width. L

Although the last assumption may not be reallstlc under some c1rcumstances,

it gives rise to sunple expre551ons for the flex1b111ty and fastener f‘orces,

1

[y

o

. with reasonable accuracy when compared to experimental data and finite"
| : \ element results [67]: A more refined distribution of the f;stener forces
has been ‘incorporated by modifying aé.sumpt ion (3), to allow the vertical
component‘s of the end fastener forces to vary linearly within an ¢
’mtenor)anel and pﬁrabollcally in the extenor panels (Fig. 6.3)
.-~ " This has shown ta yield a better prediction of dlaphragm behav1our [68].
Experimental data and finite element analyses have also shown

that failure of the diaphragm is mvanably 1n1t1ated in the exterior

!
, panels; thus greater emphasis should be placed on these panels by ensuring

their complete equilibrium. In contrast, Bryan and Davies' approach.

L3

L .ensures equilibri&n of the interior panels, but violates moment equilibrium

equation of the exterior panels.

Sy F

R . e A 10 e R T ¢ o et i L, BB S
o A Ay e PRGOS J R T T 14 SR SR ,_";;—‘3‘

v

6.3 DERIVATION OF FORMULAS o ’ L
- N In' the following, the' expressi‘ons derived are relevant to the ) .
[ N assumed mode of deformation of Fig. 6.2, those for the mode of Fig. 6.3
: | f ' are presented in Appendlx A. ’ N
' § ) Slmllar to Bryan's method, the tip deflectwn of a complete | \
§ diaphragm ‘;s obtained as the sum of the followmg component deflec\tmn.‘
fé:‘ ‘ o D, = deflection due to deformation of all connections e;:\’:>ept that due to
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the horizontal force components in the end fasteners-which is denoted

Dz; 03 ='deflection due to shear strains in the sheeting and warping

. of the corrugation profiles; and Da = deflection due to axial deformations

of the perimeter mqmbers.' The present work differs from that of Bryan
and Davies in the derivation of the expressions for D& and the fastener

forces. ;)
. , ‘B
/ ' '

6.3.1 Expressions for.D1 (Deflection Due to Vertical Deformations

/ ’
of all Connections) and Fastern Forces

\ o,
With reference to Fig. 6.2,. the defilection component D, can

1
be written as: )
. . Dy = 2D, + 2(N-1).DS‘ . (6.1)
- ! B 4
f-in which}De, Ds = the vertical separations between the end menber and the

"panels at the diabhragm corners and at-the seam lines, respectively, and

N = number of panels in the diaphragm. o ‘

To determine De‘and Ds’ equilibrium of the exterior panel is

., considered. Fig. 6.4 shows the forces acting on the.left exterior panel.

The vertical component of the forces in the end fasteners are given by

. \ L4
the equation (positive for upward force): ' ,
- ' X, '
- _-ai .
Foi = Kg (1. xo) D, . §6.2)

in which Ke = stiffness of the end conngctions; xi = ho§fzontal distange
from the left edge of the panel to the fastener i, and &0 is as defined
in Fig. 6.4, Thé vertical foroes in the sheet-toﬁpﬁrlin fgsgeners can
also Be‘evaluated by Eq. 6.2 with X_ being replaced by kp whidt;is the

+ stiffness for these conneétions.(‘By making use of Eq. 6.2,'£Be)0e?tical

equilibfium of the panel may be written as
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« ’

X, B
1- =0 (6.3)
1~ 0

e X
1 - ;—J + M Dk

“n.F, - nst + ZDeke
1 o Py

dd

n o~ 3.
{3 e =1
..

i

in which Nys ne, n, =.the numbers of fasteners in the side, and end,
: »
and the seam connections, respectively; Fg» Fg = vertical forces in the N

&

. ) ' , . !
; side and the seam fasterners, respectively;yn number of sheet to

v

purlin fasteners; and M = number of purlins. , " “
From the assumed mode of deformation in Fig. 6.2, the deforma-

tions in the side and seam connections axre seen to be Dg and‘2bs,

Tespectively. Thu3;

F, =k, D y L (6.4)

and . ‘ \

F

W ,
s kSCZDS) = ZkS(E—-- 13 De‘ (6.5)

0

in which w = width of the panel.” Substituting Egs. (6.4) and (6.5) into
, . i §

Eq. (6.3) and soiving for X, yields

) 2nskS + Zkegle + Mkpg1E

X = w N (6.6)
‘ "o ndkd + 2ns}fs + 2nek¢ + ankp :
n n
R . 1 e _1 (e . .
in which Ble = w ié Xs and glp = ;'iil X, 1 \ (6.7)

‘ -
Moment equilibrium of the panel about the lower left corner can be

expressgd as: v o
n_ - n
: e X g X '
- r - = - ; - =
| nSF§w ZkeDr i%1 (1’ xo)xi MDekP L (1 xo)xi Qw . (6.8)

. This equation together with Eqs. 6.4 and 6.5 yields the following .

o
-

expression for D,

- Dy = Q/k o | . (6.9)

in which

-




N ’ I
. ’ -
. \\
)
L . ?
-

. w ¢ . “ .
k = 2nsks (;;-- 1) + 2ke(g2e - glel + Mkp(gzp = glp) (6.10)
ne ' | .
g = L z xz- ’ R
ae WX, 1=} i ”
and n - ‘ (6.11)
1 P
C B T ih1N
)
, Tﬁb«deflection component DL qf Eq. (6.1)‘becomes .
i ) ;?-_Q_ ~1 t
D =1+ (N-l)(xo - 1] | (6.12)
and for the fastener forces ' .
R Fd = kd Uk K N (6.13)
- 2k (2 - ' '
FS ‘2ks(x° 1) Q/k . . ) (6.14)
o ‘ xi
, Fvi = ke(l - ;;J Q/k ‘ (6.15)
and '
X, - . ) ' . .
- Fpi = kp(l - ;;9 Q/k ‘ c. _(6.16)

w

in which‘FP = vertical force in the sheet-purlin fasteners.
!

As has beeh mentioned earlier, the diaphragm deflection D is

r'meoﬂwr

component deflections Dy, D and Da are closely the same as those derived

obtained as the sum of several components. ‘Apart from D

i

by Bryan and Davies [37,62). However, for the sake of completenmess, the,
derivation for these component gdeformatiors is also presented in Appendix

B.

6.3.2 Failure Load Expressions o

In most practical diaphragms, the number of fasteners is

+ inadequate to develop the full strength of the diaphragm by overall shear

buckling. Thus, the connections are often the weakest component of the

]

< ' a !
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‘\;
system. Failure of these diaphraéms is caused either by shear failure
» -

of the fasteners or by tearing of the sheeting at the fasteners. '

"
¥

A conservative .estimate of diaphragm strength can be made ’
on the basis of elastic behaviour, neglecting redistribution of internal
forces due to fasteners yielding. Failure of a diaphragm can occur along ¢

a vertical line of fasteners (side or seam comnections) or at the end

fasteners of the exterior panels,

A
6.3.2.1 Failure at the seam:
{ .

.Let Fow Fpu and Fou be the strengths of the individual fas}eners‘

at the seam, purlin and end connections.

The capacity of the seam
o .
connection 1is nstu MF

pu + 2F

e’ in which the last two terms account

for any sheet-to-framing member connections in-line with the seam. From

Egs. (6.14) to (6.16) the failure load is obtained as

K(nstu + MFpu +'2Feu)

Y
Qf = o” ) . (6.17).
. ) : (— - 1(2n k_ + Mk '+ 2k )
\ ' 3 XO S s p e .
Yi : 6.3.2.2 Failure at the side: < '
. T 4 P
a o . ',(.,A_:.
\ The total vertical fprce along the side is . !
\ : ' .
‘ - ) N q
\\ . ﬂnqu * MFpl + 2Fel ol (ndkd + Mkp + Zke) (§.18)
A ‘ ) ) \\' .
% . . ' : gr{
\ Equating the above force to the capacity of the side and the
in-line sheet to purlin fasteners gives
: o - k(ndqu + MFPu + ZFeu) (6.19)
f ndkd + Mkp +-2ke ‘ . . o
in\which qu =»streng%hrqf an individual side fastener. .
“~ v ‘\ ¢
\ T - ' '
1 O \ .
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¢

6.3.2.3 Failure at the end:

2

The end fasteners are subject to both horizontal and vertical

©

forces.. In general, the horizontal components are small compared to the .

vertical forces, and thus diaphragm failure associated with the horizontal .

r

shear forces is rare. However, if the number of end fasteners inla ' °

) . diaphragm is small, their horizontal force components should not be

i Lo
ignored. The maximum vertical force occurs in the fasteners closest_to

the panel corners and can be evaluated from Eq. (6.15). By equating the ’

Y

magnitude of the resultant force to the fastener capacity (Feu], the
] . a .
{ : : :

failurélldad Qg can be evaluated. .

6.3.3 Diaphragm Orientation - Relative to Load

| The above derivation of D, and fastener forces is based on

| the configuration where the applied load is in the direction of‘corrugapiéns
(Fig. 6.5aj). Fig.‘(s,sb) shows the altérnate configuration where the

load is applied in a direction normal to the corrugations, and whose
flexibility\would be different from that of the other case if the diaphragm

. is not square in shape. - A more intrinsic property of shear diaphragms

which is invariant with respect to loading configuration is the "diaphragm

shear modylus'-. defined as : w . _"
- o ‘ ~ '
- c=1. of (6.20}
‘ Y . -
) a %
in which q = shear flow, equal to Q/b for configuration of Fig. 6.4a and

to Q'/a for configuration of Fig. 6.5b; and Y = shear angle, equal to D/a

-

and D'/b for configurations (a) and‘éb); respectively. Note that the

“diaphragm length a is in the direction perpendicular to the corrugations,

- et

whereas b is the panel span.
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Let S be the-diaphragm stiffness derived from configuration (a),

§ Q = SD o 5 '6.21)
The diaphragmsstiffness S' for configuration (b); i.e. Q' = §'D',
may be dglived from S as follows./ Expressing Q and. D of Eq. (6.21) in
terns of 'q and y, the®diaphragm shear modulus is obtained as
. - a : ‘ .
' 4 G =S¢ ~ (6.22)

Similarly, for configuration- (b)

i

SV | (6.23)

Equating ‘G in Egs. (6:22) and (6.23) leads to

2 ;
A Q' =S Ef‘D‘ T (6.24)
-‘ ". b I \
The diaphragm stiffness S' is' then seen to be
az ‘ ‘
S' =8 "l . (6.25)
b . .

The fastener forces for configuration (b) can also be obtgined
from those of configuration (a) by :ecogﬂizing that the two configurations
eare statically equivalent if Q.= Q' %u Substitution of this equation to
Eqs. (6.13) - (6.16) gives the appropriate expressions for the fastener -

forces.

-

A\

I}

6.3:4 "Direct” and "Indirect" Shear Transfer Caseé

Past research has shown that a panel of profiled sheeting is

o

most efficient as a diaphragm when it is connected on all four edges [36].

This may be achieved either by‘ensuring that the framing members and purlins

form a flat surface, or as has been shown in Chapter III, by using "shear
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connectors" as side fastemers. This form of construction. results in what
is termed 'direct shear transfer" case. Absence of the side fasteners
will force the ;hear loads to be transferred through the end and purlin
conngctions, and will result in the '"indirect shear'trénsfer” case.

While Bryan and Davies Qerived separate expressions for the
fastener f&?ces and the deflection component Dy for the two cases, the
present expressions are applicable to both. To obtain solutions for

ndlrébt shear transfer dlaphragms one needs only to set the number of
side fasteners (nd) and thelr stiffness (kd) to zero in all expressions.

6.4 CORRELATION WITH TEST RESULTS AND FINITE ELEMENT ANALYSES

The validity of the pfesent simple method of previous sections
and its reflnement (Appendix A) have been verified in referen(*s 67 and 68.

The expressions were applied to the analysis of 8 llght gauge steel

diaphragms, which have been testeq and reported in the llteratune, and

having a wide range of tructional details, such as fastener type (welded

and screw fastened), pgnel type (flat stiffened with hat sections and

,cqr:ugatedusheefs), diaphragm size and direction of load application. The

¥
’ 4

// egpressions have shown to be general, easy to apply and also have been

o shown to yield reasonably good results (for diaphragm flexibility and
N strength) when compareé to test results and to finite element analyses.
AN
\\~ In this section, the expressions are applied.to the analysis of

)
-V /10 teé%ed asbestos-cement diaphragms (6 of the cavity deck type, and 4 of

the "T" deck type), to evaluate further its applieability to asbestos diaphragms.
These diaphragms are fully described in Chapter“III and also their finite

element analyses in Chapter V, thus, only those data relevant to the present

formulation, are tabulated in Table 6.1.

‘
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The calculated diaphragm flexibilities and strengths are compared

to finite element results and experimental data on Tables 6.2 and 6.3,

+ respectively. Inspection of Table 6.2 shows excellent agreement between

the present method (and its refined version) and finite element analyses
regarding the diaphragm sﬂear flexibility. The calculated flexibilities
for all '"direct shear transfer'" diaphragms are shown to be iower than finite
element results {9 less than 9%, with the results from the refined theory
being more accurate. On the other hand, higher discrepancy is obt;ined in
the case of "indirect shear transfer" diaphragms (C-1 and T-¥). The diaphragm
strengths are calculated based on the strength of the end fasteners, as :
discussed in the previous chapter (see Section 5.6.3). As shown in Table
6.3, the prédicted failure loads are, in general, on the conservative side,
aéain with higher’aiscrepagcy in the case of diaphragms C-1 and T-1.

It should be mentioned that in the analysis of the indirect shear
transfer diaphragms, i.e. C-1 and T-1, the diaphragm constant K (Eq. 6.10)
was multiplied by the ratio 2(N-1)/N, Qhere N is lhe number of panels in
the diaphragm. This modification is explainea by the fact that Ehe end

fasteners at the exterior panels are loaded with a horizontal shear force

half that of the end ?ésteners at the internal panels, as revealed by the

§
N

— \

correspond&ngéfinite element analyses. Thus, the shear force at the exterior
. Qa . Qa .

panel end is -equal to SN-T) instead of ﬁB~(F1gures 6.3 and A.1).

) . A summary of the fastener forces is presented in Tables 6.4 and

6.5. The results are compared to those obtained by finite element analyses.

The tabulated fastener forces are for an applied load of 1 kip. It should

be noted that the" finite element results for the force§ in the seam‘and side

fasteners vary very little from one fastener to another (as evident in

Figures 5.9 and 5.10), thus the average values of these forces are used

P Y TRy 777
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for comparison in Table 6.4. It can be seen that the present method, with

its linear variation of the vertical end fastener forces, predicts the

fastener forces more accurately than its refined version, This“clearly

indicates that the refined theory is suitable only when there are three

or more fasteners per panel end (see Appendix A), and only then a quédratic

variation in the end fastener forces is justified. :

6.5 _CONCLUSIONS >
A simple method for the design of diaphragms has been presented. .

The present method has the advantage that only one single mode of deformation
! O

has been assumed in the derivation of the expressions for both the fastener
forces and the diéphragm flexibility and sgrengéh. The formulas are applicable
to both direct and indirect shear transfer cases. The applicaégon of tﬁe
’method to asbesfos—cement diaphragms shows that the calculated strengths

and flexibilities generally agree with finite elemenf analyses and experimental

data. Although the refined expressions accurately predic;ed‘diaphragm

: ‘ ,
flexibilities, ppor correlation with finite element results was obtathed

.

«

regarding the fastener forces,

\/‘
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T

SUMMARY OF CALCULATED DIAPHRAGM SHEAR FLEXIBILITIES (inch/kip)

Simplified JRefined Simplified Finite Element Full-Scale

'Diamag.m .

Methqd Method* Analysis Test
‘ c-1 0.3372 . 0.5468 0.455 0.417
® c-2 0.2694 0.2187 0.224 _0.240
. s . o.1s81 0.1598 0.159 0.163"
c-4 & 0.1245 ©0.1274 0.127 0.130
-7 0.1409 0:1494 0.149 0.160
° N C-8 «  0.2060 0.2176 0.218 . 0.200
\T-1 0.0870 - 0.131 0.134 0.167
T-2 0.0644 0.0646 0.071 - - 0.060
: 7.3, 0.0480 0.0482 0.051 0.069

Y 0.0450 - 0.0451 0.043 -

0.060

.

/

'
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: : o TABLE 6.3 ‘ . ,

e . SUMMARY OF CALCULATED ULTIMATE LOADS (kips)

Diaphragm  Simplified Eiefined Simplified Finite Element ‘Full-Scale
Method Method* " Analysis- . Test
. : ' : . ~ ‘ s

#

c1. . 150 0t 1o . | 389 . 360 . f
c-2 s.44 . - 6.03 . 4.78 sy
c-3 570 6.03 . 7.23 6.80
- C-4 s.80 6.04 —* 7.73 T 7.64

i S C-7 6.25 10.15 7.47 ~6.75

. Cc-8 5.54 “ 6.02° 4.82 5.76
-~ \ [y # ° : !
- T-1 2.17 ' 1.92 - 3.97 - 3.33

~ . T-2 5.14 © 6.15 . 5.58 » . 4.50
A ) o
< T3 595 . 6.64 . T7.36 0, 6.9
v T-4 ;677 7.15 7.44 8.12
| ‘ '
‘.\ - ¢ t
; * See, Appendix A
i - * " . [}
!' - 3
é ' e d
: N
° ! ;‘,
\- ' !
: . o
RN — AR R T T =




R - - T \‘ : - . 189 ' .
T » TABLE 6.4 : :
' . : . / , Lo . B
< N ; o,
, . . SUMMARY OF CALCULATED SIDE (F,).AND SEAM (F,) FASTENER FORCES, in 1bs ;
' ) G i ¢ I ’ . . " T )
YDiaphragm Simplified Methdd Refined Simplified Finite Element Analysis+
Method* .
) . Fa Fs o Fy B Fa s Fs
‘ ’ & ' ,
‘ N oS | o, 225 \ - 225 - 185
‘ C-2 © 211 189 201 199 . 231 203 ‘
- « &3 s 137 143 142. 161 © - 145
c-4 115 1208 112 1y 123
T Coc7 147 . 18 146 - 137 159
o © ¢c-8 214,186 '/{201 . 199 236
“ T-1 - 10 ) - g -
. ! . .
/ , T-2 265 141 302 1317 232
T-3 . 207 93 | 231 86 184 .
T-4 173 90 189 86 158
. "- ) R " ) >
* See Appendix A : o
Average Values
13 @ «‘ \
' .
13 t Ay
' . N
"“j '{f = T . T i




~ ( -~
3 - ‘
§ " . \
. . TABLE 6.5 . 150
' SUMMARY OF CALCULATED END FASTENER FORCES, IN LBS, OF EXTERIOR PANEL
Diaphragm Simplified Meth§jd Refined Simplified Finite Element
‘ L Method* Analysis®
C-1 562.5 562.5 462.5
) v . . , .
- c-2 53 4.1 70
', - ¢ : 2
C-3 490 3.0 54
c-4 ° 32 2.3, 44
A o c-7 27 -92 9 .37 29 -108.
! ‘
C-8 48 4.0
4 ‘ } { ! .
T-1 +378 +143 - 432 34 4351,
h 2 . o,
: T-2 +143 +°21 70 -0.4  +128
/ u ' g
| . T-3 +116 + 25 57" -0.03 +104
T-4 + 94 + 15 43 -0.41 + 87
ki
f
’ . “. ' l N 4
" * See Appendix A
* Average Values . ' - _ N
: ' (
) N
¢ .
{ ' . "
. : ‘
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CHAPTER VII

DESIGN OF ASBESTOS-CEMENT DIAPHRAGMS
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* CHAPTER VII

. DESIGN OF ASBESTQSLCEMENT‘DIAPQRAGMS ”

7.1 INTRODUCTION .

~

-

Full-scale test results (éhapter IIT) have shown that both the

%
cavity and "T" deck roofing panels possess definite and useful diaphragm &

capabilities. Thus, if properly designed and constructed, the two decking
system woﬁld be capable of reéisting shéag forces in their own prbnés in
aédition to those forces acting normal to their su;face. The effective use
of their shear resistance can there%ore supplement or eliminate conventional
separate bracing s;stems and reduce building costs. Towards that goal,
design and construction guidelinés and recommendations are presented in
this chapter. An application of the design criteria is demonstrated by a
practical design example. |

b

7.2 CONDITIONS FOR DIAPHRAGM DESIGN L o

To insure proper diaphragm action, methods of erection and
maintenance used for the construction of” shear diaphragms should be carefully

evaluated [21]. In general, in order that a roof decking system may act

. as a shear diaphragm, certain conditions mist be fulfilled [20,21,37,38,40,
. h )

4] | ' |
L] ) - , ,
(1) There must be vertical walls or bracings at the ends of the deck so
. L ’ .
* that. the diaphragm forces may be taken down to the foundationms.

(2) The connections between the roof steelwork and the main frames must

be adequate to carry the diaphragm forces from the deck into the main
\ .

frames.




-
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.

(3) The decking and fasteners must be regarded as structural components.
It}ié imperative that proper inspection and quality control procedures be " ;
" established to insure the soundness and” spacing of the connections.

(4) Temporary bracing should be introduced wherever necessary during

PR Scmnd.

initial construction or when replag%pg panel sections.

(5) The deck mugt be provided with longitudinal edge members which are

adequate to carry the axial flange forces arising from the deck acting
. N *

as a plate girder. The connections between adjacent lengths of these

_members must also be adequate to carry the flange forces.

\

7.3 DESIGN CRITERIA 4 : ' ; ‘

:}
;

Similar to the case of light-gage steel diaphragms, asbestos
cement diaphragms may be desigﬂed on the basis of a limiting horizontal
Yeflection, or of the ultimate strength. In the first case, the shear
flexibility of the decking and the slip at the fasteners have to be taken
into account; and in the s;cond the usual criterion is tearing of the sheet

at the fasteners. In most designs, both stiffness and strength have to

be considered. 8 .

7.3.1 Deflection '

The permissible deflection of a given diaphragm depends on fﬁq
tyﬁe'of building construction and the type of occupancy. When diaphraéms

are supporting masonry or concrete walls, it is recommended that the maximum
deflection of the diaphragm computed be limited to the amount by the

formula given in Bulletin No. 1 of the Structural Engineers Association of

. \
|

Southern California. This formula is as fbllo&s:

d
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) _100h5fc . ‘ - |
R | max-y Et, (7.1) ,%
where ; ' ‘é
nax = Maximum permissible deflection of the wall (in.) n . ‘
hw = height of wall between h;rizontal Supports (ft.) \ ;
fC = alloﬁable flexural compressive)strength,of wall material (psi) : %
Ew = modulus of elasticity of wall material (psi) 3
t, = thickness of wall (in.) ‘

In addition to the consideration of deflection from the view-

point of structural safety, under certain circumstances an analysis of

AN 20

shear reactions, shear, and bending moments may depend on a deflection study.
For example, intermediate shear walls may be present in addition to the
usual shear walls at the ends of a-building (end-gables), in which case

- a deflection analysis is mandatory in order to determine the distribution

of reactions to the various resisting elements [30,31,37].
The method adopted in North America in calculating‘the total
deflection of shear diaphragms is based on arithematically summing up two

components of deflection [e.g. 20,21,27,30:31,33,43].

(1) Flexural Deflection (Ab) . ) .
The flexural deflection of a diaphragm is determined by

conventional beam deflection formulas as given in Table 7.1 for
\the two diaphragm épan conditions: the simple beam type (Fig.
7.1(a)), and,'the cantilever type (Fig. 7.1(b)). The moment of
inertia of thb‘diaphraém is computed considering only the moment
of inertia of the marginal beams about the mid-depth of the
diaphragm, neglecting the small contribution&of the diaphragm

web (see Appendix B, B.3).

O i
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(2) VWeb Shear Deflection (AS) |
The shear deflection of the diaphragm is the sum of the
deflections due to: (i) the shear stress in an assumeq'solid web

(flat piate), (ii) the seam slip between adjacent panels; and

s

(iii) the relative movement between marginal beams and shear web 3

at end connections. The diaphragm shear deflection (AS) can be l

Ed

seen to be inversly proportional to the diaphragm shear modulus -

.-

- (G') as given by the formulas in Table 7.1. =~
| It is also customary to éxpress the web shear deflection using
a prpportional constant (F) termed the ”F&exibility factor“o[SO,
31] measured in micro-inches per pound. It represents the average
micro-inches a diaphragm web will deflect in a span of one foot
under a shear of one pound per foot of diaphragm width. Formulas .
for "As"‘in terms of "F' are @lso given in Table 7.1. As can be
seen, the diaphragm constants "F" and "G" are related by the equation:
G* = & (7.2)
STED C “
7.3.2 Strength

Due to the fact that the roof decking panels are often

relatively istiff compared with the steel framework, they may attract a

" considerable shear load. This load may be in excess of what can be borne“.

by’the sheet-to-purlin and seam fastenef$ at the usual spacings. It is
therefore always important to check the diaﬁhragm strength'of a deck, even
if deflectioh alone is the expected criterion [37,40].‘

The general procedure is to apply a safety factor‘tq the measured
or calculated diaphragm ultimate strength. Thus, ‘the allowable design

shear for all diaphragms shall tie given as: C '

w

AR T P T
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. l . ‘ de% = S.F,. 'I . ' ‘ /“- ) .
where .
. | \ Sdiesg = allowable design shear lb/'ft. . 2.
S, = tested or calculated ultimate shear stremgth 1b/ft
S.F = safety factor .
‘ . ' : “  The choice of a spitable safety factor must be left to the.

‘designér, bearing in mind the nature and use of the building. In the:

- i

) design of screw connected light gage steel diaphragms a safety factor of ¥ 0
; ‘ 2.1-2,5 has been suggested in the Unitec‘l;/s/tates [21], while in Brita{n, ‘ v
s ) . : ) , g - .
a factor of 1.7 -~ 1.8 has been used [40]). For the case.of asbestos- : |

°

cement diaphrlagms, to account for its unpredictahle long-term behaviour ',
(due to carbonatlon, hydration of free lime and creep [1]) a safety factor

of 3 5 to 4. 0 is more appropriate.

- 3
< v

7.4 DIAPHRAGM DESIGN EXAMPLES ' ‘ : R
. AN . .
In the following two design examples similar to those in Ref.
. G Q‘. .
31 are presented to illustrate the simplicity of the design procedure. S j
» - ) .

: ] : .
7.4.1 ExamEIeOne o ‘ S

G‘wen' A one-storey steel frame building coveredq with 10 ft. long

i cavity decking panels. Hall height is 16 ft. and design wind’

. t
pressure is 20 psf.- Lateral deflection of the diaphragm will not

-

adversely affect the cladding. Therefore diaghragm deflection is

assumed to be not critical and limiting stress is the design criterion..
R o The bpuillding plan is given in Fig. 7.2. -

v
LY

;
) ’ - "

{1 ’ .
(s ¢ v .

o

RETR T GULA 1 T A SO v




v

+Required: To determine thé layout (distribution) of fasteners .

(seam an§1side) and the size of the diaphragm perimeter members

", parallel to the length of the building.

Solut;bn:' « .
. (1) Determine the lateral lpad due to wind aéting on the roof
diapﬁragm. As;ume this to be a uniform load, W, Equai to the wind
pressufe fi@gs half the wall height
W=20x1/2 x16 = 160 ;b/ft
2) Détérmine the maximum diaphragm shear, q, with diaphragm

spénning between end-walls (see Fig. 7.1(a))

— ' .
q = 5r= 25 X2 - 180 1b/5t

(3) Determine the required number (or spacing) of side and seam

fasteners to resist the maximum diaphragm shear. If a s: ety

LEEY

factor of 3.5 is considered, the layout of fasteners.for tested
diaphréﬁm C-3 (Chapter III) would be enough, where the allowable
diaphragm shear is given as:

980 - 104 1b/ft > 180 1b/ft 0K

Thus, 7 fasteners per seam line or side (spacing of ISPj are to be

used,

«
)

' (4) Select a trial perimeter member-. Try L 3-1/2 x 3-1/2 x 3/8

' continuous [A = 2.48 inz; r =1.07 in; S = 1.2 in3]
.Determine: . o
a) axial stress due to diaphfagm flexure (fa) v
wm? 160 x 2700 :
M= 8 = 8 = 1,458,000 ft-1b
.op, =N 4,458,000 45 950 10 )
a D 120 . ‘L
P .Y :
a _ 12,150 ' _ .
.fa iy 248 .= 4899 psi

oo
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b) local bencfing stress due to wind load acting on pefimeter

member over'itl:s unsupported length equal to the joist spacing

.of 10’ft;- Assume 'the two 'perimeter members transverse to the
wind directdon each take one hailf the total lateral load on:
the diaphragx'n
. 1 - ?
Wl--z—W-é—x 160 = 80 'lb/ft ‘
For @ continuous member
2
WL 2
- 171 _80x 10" _ |
M, = 10 - 10 = 800 ft.1b | _
N M - .
_ 1 _800x 12 _ . . o
and fb "5 " 12 ° 8000 psi ‘
c). check adequacy of,beam-column member (comblned stresses) For
. a non-compact section [83]
ot " i. width-to- thickness ratio :
- . P. <2 (CSA 516 Clause 14.1.1)
' o @ /F : -
o ‘ oy )
. - assuming F- =.44,000 psi. RO .
\ € \ y . ®
- ' fy-1013 Lol a3 <lns ook
. Y44 o
L ii, strength '
fa’, £ . , a
TEF T '<,-'1'0 _ (CSA S16 Clause 17.1.1)
Yy b i : .
o Fb' = 0.6 Fy (CSA S16 Clause,l16.2.4)
’ 4,899 . 8,000 _ D 0% = 089 < 1
36400 + 6400 ~ 0.186'+ ‘0.303 =0.8 < 1.0, 0K
iii. stability _ )
- , £ C fio : . S ,‘ Y
' —* ‘;‘ < 1.0 (CSA S16 Clause 17.1.1) o
a ‘b , :
} in which . ‘
. B = 22000 (CSA $16 Clause 16.2.2)
. (KL/T) _ .
F.D = 0.6 Fy ' (CSA S16 Clause 16.2.4)
Cm = 1.0 (equal end moments) '
) o« = amplification factor = lf R .Fé 149, 000
- . 7 . 1. & (KL/!‘)

'
Fe
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KL SR o
. , 1 _1x10x12 _ L J
. calculate T = T 117 . :
whence Fa = 11,878 psi, and @ = 1.7

4,899 . 1.0 x 8,000 x 1.7
11,878 26,400
1 13

Use L 3 5 X3 > X 7 contmuo\,xs

‘ ’7.4.2 Example Two
Given: A one-storey masonry wall building covered with 10 ft. long
cavity decking panels. 'fhe loading, spans and general design are
'the same as for Exa?nplg One, with ﬁe exception.‘ of the 10 inch thici(
masonry périmeter wallso.‘ In this example the roof diaphragm is tied
to, and provide§ lateral support for the ma§ér‘y walls. Therefore
" diaphragm deflection must be limited so as to prevecm/t excessive
stresses in the‘ walls due to lateral displacement.‘
Required: -To determXne the liyout (distribution) of fa,stene‘rs (seam 0
and side) and the sige of the diaphragm pe;rimeter members parallel
to the leng¥h c;f the building.
Sc‘)lution:
- (1) Follow steps 1 to 4 in:;.lusive of Exampie One? This: results in a
diaphragm design which is sufficiently strong but not necéssa‘r‘ily with
suffi;ient stiffness. .
- (2) Determine limiting deflection of the 16 ft. high mason;g“_r’ wall.’

Assume 1500 psi concrete blécl{ﬁnits wi}_:h‘g%és‘ M or S mortar. (See

S

CSA S304-1976 [84]).
100 ¥ £
' s in.
Améx ‘ Ew t:w

where: t =10 dn., E_ = 1.15 x 10° psi, £, = 0,32 x 1,150 =.363 psi

h, =16 ft.

’ . .
\/ - : - -
% . .
o
* N

= (0.412 # 515 = 0.927 <.1.0 0K
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_avian? s

I 5 in )
2.48 x 120° (12)° 6.4
- = L 5 = 2,57 x 10" in
_swt az’
Ar T TZRT EI
4 3 .
_ 5 x160 x 220 x 12 (.= 0.252 in.
384x29.5x107x2.57x10
‘ o ‘:
. 3) Web deflection (Aw) .
| WL 160 x 270 _ ‘
= m = —4—x-i—z—o-— - 90 1b/ft .
- 108 | ;
F = flexibity factor = T ‘

\

. ‘
* For tested difhragm C-3 (Chapter III). G' = 6135 1b/in

F = 163 ‘ _ , .
b, = EE - , -
Yoo2x10° ¢ ' . , | ' ‘
A =90x270x163.= 1.98 in. ) . , ] b
‘ w 6
2 x10
\ o A o]
. ¢) Total deflection ‘ , . ~
‘ . . .
. AT < AF * AW "
= = ’ i ‘ r
0.252 + 1.98 = 2.232 > 4. (0.820 im) NG
. ‘ ’ )
" Diaphragm stiffness must be increased. "’Redasign diaphragm so that
: A'I’ hd Ama.x' .
Q . \ \
; \ |
. g
’




vy . ) .
o ; -, y
o~ N .
. ’ (33/q1) ® 10 Z/71 Buore (yiprm wlexyderp Fo 3tun xod) xeays wmmh;w = b
) ’ (ur/q1) seninpou eeys wleiyderp = 9
’ . ) (aT/ux) 19/,01 = 203983 ATITATXGLF = 4
) : ¢ \ (33/91) peol Texs3el wroyrun = M .
) (sq1) pEoT TRIe3E Paj®IIUEOUODd = g )
. ) , (33) uesq zoAsTTIUED FO ueds = ® ~
, : : ® (23) weaq o1duts jyo ueds = 1q
. . (yut) wBeayderp jo
. - STXB TEPIOIUSD INOQE SI9quow (1o33utxad) o8uery wlerydetp yo erixoUT 3O juswow = 1
s . : (1sd g0T X S°6Z) T9931s yo A3ToT3IsE@ jo sninpou =g
" - e - - i ’
. . 9,9 19 ¢ ; 2ax\38)
T P o NSnm 3 PuUs 9313y 3® poridde 4 proq Ewubﬁop TBreTTaNeD
o0t we . .. __ g | " eor wrogmuy
KR ek @D Ex - . -
q,D% 19 899 ueds . d ¥
. —— Fo jutrod ¢/ :
. ) d nﬁmﬁumqmmm yoes e parrdde 4 peo
,. ) . o . : . o
- . aTxZ - - - . . -
2 LY - - 11 8y © x23u0d 3e porydde g proq ucoq ordurg
41 b 1d mﬁ.NSn,E T
- 9,98 ~ I3 v8¢ )
4= = BOT wWrIojrupn’
R M ﬂ »lmllu P I
: -71 ‘ 2 Mg
(seyour) %y z0) "¢ (soyour) Yy " NOILIGNOD
NOLLDJT130 YVAHS YO gaM NOILDAT43a TVINXTTd ) ONIQVOT WOVYHAVIQ . ROVIHAVIA 40 IdAL
’ - - NOILDIT14ad Eu<~m=m<Hc ROWIXV 40d SVINWIOd .
) B , o - 1°¢ 18Vl - g i

. ] . «

"

© vant

o

[eanprptovy o .,

ﬂ#‘ﬁﬁ?‘




° 4 1_'_" '
. s }—q.' A — 2l 5 upuRAGH SHEAR DIAGRAM
‘ LT . "
e L 4 T TPTTT
;o s+ ub |
A zb
1S % . . *
5 g =ﬂ-t)‘4 I APSLIED LOAD uf
) S
: N NS M P
" v R
* l, .
*k | l! I
S - |“. ! *s b
1 ' ' I - i
] L [ - X

O




2
€
1

P .
. .
. - ~
1 v
e HSS COL {TYP)
" B b 4 4 / L -3 - L . -
tecx DIRECTIPN
T erve)
VERTICAL N
BRACING 9
~ . Ll
* ®
- ) .
oFsJ ' =
’ . . J ?np) >
3 gl
3x10’
) 9 30'=270"
. .
a ’ ’
BUILDING PLAN - DESIGN CXAMPLE ONE :
P
[
2 A .
10 masonRry waLL (Tvp) HSS cou (Tve)
1
*
- g
t
: ]
. . 22100 . J
b 93 M*=27p°
' ) I A
[ -
‘ , SUILL iNG PLAN - DESIGN EXAMPLE TwO
L . .
- "
i | :
k3
.
° v '

FIG. 7.2 BUILDING PLAN - DESIGN EXAMPLES

. »

207

.x‘»" - £ vy i ¥
C e e ”‘*’»W{ M@-
RS A T Rt gk




-

PR Y

Ty S wesa b sy

oy

i

‘g .

1
) CHAPTER VIII
SUMMARY , CONCLUSIONS AND ‘RECOMMENDATIONS
FURTHER RESEARCH
L3 ’ f
1
. o \ BN |

.
3
L
.
.
N

/ o
N
‘S
o
R B
¢
,
I

i




]

¢ 208 -

- S 4

* O\
CHAPTER VIII

SUMMARY, CONCLUSIONS AND'RECOMMENDATIONS

.

FOR FURTHER RESEARCH .

8.1 SUMMARY OF THE WORK

The present work is the first attempt in North America to
study and evaluate the in-plane shear strength and stiffness of asbestos-
cément decking assemblies. The study covered both the‘iheoretical.and

experimental investigation of the diaphragm capabilities of the two g

- decking'systems (Cévity and "T'" decks) which are manufactured by Atlas

Asbestos Company; Quebec, Canada.
' The experimental work was directed toward establishing prelim-
inary design inf;rmation on the diaphragms action of the two decking '
systems as currently uséd. For this purpose, a cantilever fﬁi}—scale
test frame was designed and fabricated, and a total number qﬁ,thirteen
diaphragm tests were conducted. Small sample tests were also gonducted‘
to determine the mechanical properties of asbestos-cement material, and
the strength and stiffness of the fasteners. |

The analytical investigation included:
(a) Detailed finite element analyses.of the two decking systems. A
speéial—purpoée finiie element computer frogram was deveioped for this

purpose.

(b)«\?he development of simple CI;;Fd-ﬁorm efpressions for the diaphragm

_ shear flexibility and fastener forces. The formulas are applicdble to

both direct and indirect shear transfer cases. The development was based

on a simple deformation mode ob?frved in tests and on an assumed :

e
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distribution of the internal fastener forces as revealed by finite

element analysis. : )

Guidelines for the design and construc%#on of asbestos-cement

, shear diaphragms have been outlined Jnd-illuStrafed by a practical -

design example,

8.2 CONCLUSIONS . v

)

On the basis of the work described the following conclusions

are drawn:
(1) The results of the full-scale test program indicated that the two
asbestos-cement deckiné systems (cavity and "T" decks) as currently

constructed possess a moderate amount of shear stremgth (360 gnd 333 1b/ft,
P i A t in

resPectivély).and a low shear stiffness (2400 and 5990 1b/in,

'-respectiyeiy). However, when the decks were connected at all four

édges;athe diaphragm stiffness increased considerably (74% and 178%,

respectively) and its étrength only moderately (31% and 35%, respectively).

‘Also, 1t has been shown that by increasing the number of seam and side

fasteners, both the stlffness and strength increase substantlally

(2) In general, the two'decking systemsxare very flexible (especially

the cavity decking) in comparison with weléyﬂ light-gage steel diaphragms

of the same size. Thus, if diaphragm design is based on deflection limita-

tions, it’wculd become difficult to eliminate the conventional bracing
.systems normally used. However, in such a 51tUat10n, use of the deck's
shear resistance may st111 effect some reductlon in bulldlng costs. On
"the other hand, the two decklng systems possess sufficiently high ‘shear

strength to meet the normal requirements of diaphragm design based on‘

s el urenn A




' 210

strength alone. A safety factor of 3.5 to 4.0 have been recommended on

ot v . g

.the basis of the unpredictable long-term behaviour of the a;bestos-cement
. composite.
(3) For similar fa;tene£ patterns, "T'" deck diaphragms are between 2 to
3 times stiffer than cavity decking diﬁ?hragms. This is mainly attributed
to the low stiffness (8.4 kip/in) of the seam fastener; used in the cavity
decking as compated to that used in the "T'" decks (19.6 kip/in), aﬁd
seéondly because of the fewer seam 1ines\(fbr the same covering width) in
the "T" decks, through which the shear forée mst be transfered. On the
.other hand, the