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ABSTRACT .

A method applicable to the design of unbraced multi-storey steel frames to
specified limits on horizontal sway deflection is presented. This method of
design is the extension and combination of the work by Wood and Roberts [1]
and Anderson and Islam [2]. Only simple calculations are required by the
method and its application is illustrated by worked examples. Regular and non-

- regular steel frames are considered. The method proposed is suitable for the
design of unbraced multi-storey frames if the choice of sections is controlled by
sway deflection.

Notations
Ky is the top beam stiffness of substitute frame
Ky is the bottom beam stiffness of substitute frame
K. is the column stiffness of substituie frame
K, is the upper adjacent colunm stiffness of substitute frame
K, isthe lower adjacent column stiffness of substitute frame
A is the storey sway
H is the storey height
F is the wind shear
K, is the Grinter substitute frame column stiffness
E is the elastic modulus of member
§ is taken as zero if effect of cladding is ignored
D is the sway index
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INTRODUCTION

In unbraced frames, lateral stiffness is provided by the flexural rigidities of the
beams and columns, connected by moment resisting joints. Thus, some degree
of continuity is essential for the overall stability of the frame. The detailing of
the connections may be expensive to ensure the frame stability. However,
unbraced frames offer more flexibility in architectural planning than braced
construction. For unbraced frames, the control of sway deflection can be a more
important criterion than strength; design to ultimate resistance will often result
in excessive sway under service loading. This form of deflection arises mainly
from the wind, and its control may govern the member sections. There were
many limits for the sway (A):height (h) ratio, §, to be used m design. A survey
by the Council on Tall Buildings [3] showed that the limiting value varied from
171000 to 1/200. However a Jimit of 1/300 has been commonly used and
recommended by present British and European guides.

" DERIVATION OF DESIGN EQUATIONS

By analysing the frame using the stiffness distribution method suggested by
Wood [4], Wood and Roberts {1} distribution coefficients, k, and &, (see Fig. 1)

can be defined as

c+ u :
k. __KAK )
K6+Ku+ Kbr
+
ky = —e K @
K.+ Ki+ K

The authors [1] also obtained a non-dimensionless expression for sway index,

o where,

- W+ ko — |
& l1s (ko + ki~ ko) | } )
4 =3, =3k, + 2hp ko + s(1—kpk,/4)/ 3

The actual sway index is then obtained from :

I H
= )

o=—
FH I opKk )
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To develop this into an.expression for direct design the same devices used by
Anderson and Islam {2] (i.e. assuming point of contraflexure at mid-height of
column and also minimising the T second moment of area x iength) are now .

applied to the substitute frame concept which Wood and Roberts [1] used as the
basis for their analysis.

Imposing a central point of contraflexure on the colurnn of a single ‘cell’ m
Fig. 2(a) implies that the distribution coefficients, k, and &; at the top and the
bottom of the column are equal. This arises because, from Fig. 3 it can be seen

that

M,:Mb a.nd e‘r:gb

Therefore
kb = 'kl =k (S)

Substituting Eqn. (5) into Eqn. (3), the sway index now becomes:
— 2% -1
L N2k-i2)
4 -6k +2k>

44— Gk +2k>+ 6k — 31>
4 -6k +2k*

_ 4k _(2-kN2+E)
(4-2k)(1-k) 22-k)1-k)

— +k- - :
D=—- _ 6 -
2—k ©

[N

and from Eqn. (4) and Eqn. (6},

A/ H ) 2+k -
FH /{12EK.) 2-k
As:
(&/H)=[(FH)/ (12EK.)] @ ®)
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Equation 8 reff;rs to the point which lies on the diagonal of Fig. 1.
By takiﬁg the limit of sway:height ratio recommended by the UK guides [1,2],
ATH = 1/300  gives:

K. ‘:‘ (25 FH/E)y® | )
or more generally : |

K. = f@ (10)

where the constant, f in Eq. 10 may be adjusted to suite other deflection
requirements. ‘

DESIGN EQUATION FOR INTERMEDIATE STOREY OF A FRAME

Fig. 4 shows a typical intermediate storey in a building frame indicating the
column and beam stiffnesses. For an intermediate storev, the distribution
coefficients k; and k, are given by Eq. 1 and Eq. 2. The requirement that these be
equal can be satisfied by making the column stiffnesses K, K, and K (Fig. 4)
the same while insisting that the upper and lower beam stiffnesses Ky, and Kj,

are also equal.

Allowing for continuity between the storeys, the distribution coefficient from
Eq. 1 and Eq. 2 can be rewritten as:

kz%_z_KC_ : (11)
2K+ Kp . ’

where K, denotes the beam stiffness.

Substituting Eq. 11 into Eq. 6 gives :

&§=£§§§;19Q (12)
b

When this expression for sway index is substituted into Eq. 10 the following
relationship is obtained :

A.C (13)

K. =
(Kp~3f)
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For multi-bay frames Anderson and Isiam [2] made the ‘weight’, W, per storey
of each equal bay width as approximately :

W= X(HI)+Z(BI,) = WP K)+XBK) (4

where B is the bay width.

Now if K, and K, refer instead to the equivalent Grinter-frame concept which
Wood and Roberts [1] used to formulate the graphical method, we have:

K. = (. /H)
K = 231,/ B)
The ‘weight’ is now :
B®
W o= HrZ-KC'l-—B;—‘Kb (13)

For unequal bay widths, B may approximately be taken as the average span.

Substituting K, of Eq. 13 into Eq. 15 and differentiating the expression with
respect 10 K, and setting zero for a minimum leads to

ﬁ“_/:B_Z+H2f 1L~k ~0
Ky 3 Ko=3f  (Ky=3f)
2 / 3 )
. %+H2_{L——H———*—KV f_f”]=0
(Kb_?)f)

L. SHf
Ky=3f =73
{ H)
=3fi1+— _ (16
Ky Ji e )
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Substituting K, into Eq. 14, K. follows from:

of L HY
/Ky 3f(1+3)

K= =
Kp=3f 3f(1+£)—3f
_ = |
H
f(1+*)
K. = HB =f[1+~§~) {17
E .

COLUMN AND BEAM TAPERING

The simple expresston of Eq. 16 and Eq. 17 can be applied to each storey in
turn. However, the increasing wind shear down the frame results in more than
one design for each member. This can be avoided by ‘tapering’ the design to
resist the increasing wind shear.

Beam tapering
The assumptions used by Anderson and Islam 2] resulted i relationships

_between the stiffness of the upper and lower beam (Fig. 5). With second
moments of area /,, and [, then from Fig. 5(b) the “weight’ is :

W=HK.+BI,

= H* KA1 B I+ L B, -

- IPK +Bz(lbn+1bl) '
‘ 2

_ (Ibu+lbf)
2

The relationship between the /;,, I and the wind shear are:

I (18)

7= (th’z‘*‘Fshs)lIb" (19)

%I_ (Flhl"}'FZhZ)
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Column Tapering
Consider a column subj ected to pure sway as shown in Fig. 6.

By slope-deflection equation:

M= GEI—AL
h2
- MP; |
6E(—)
h
but M=F E
2
2
J= FhA
2r{2)
h
le _ _—__ﬂ_ (20

The rules of column tapering the limiting value of A/h for consecutive StOTeys,
are as follows and shown in Fig. 7. :

2 |

L= 122 @n
2k
: 2

fo= 1—?—% @)
2 b

It is also necessary to consider the cffect of the proposed taper, on the values of
the distribution coefficients kr and k,. By substituting Eq. 21 and Eq. 22 into
Eg. 1 and Eg. 5 it can be shown that &, = k, (see the derivation in Ref. [5])-
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DESIGN EXAMPLE

The method discussed above is demonstrated by designing a six storey frame
subjected to unfactored wind ioading as illustrated in Fig. 8. Ir 1s designed by

Untapered direct design of beams resulted in similar section second moment of
area for both the beams and the columns. Since the difference between the
section second moment of areas are not large, the resalting beam or colump
sections will be the Same as those given by Anderson and Islam method [2].-

CONCLUSIONS

The method proposed in this paper is suitable for the design of unbraced multi-
storey frames if the chojce of sections is controlied by sway deflection.
- However, it has limitation in that unique design cannot be obtained for
frames of urregular storey height. A strategic and engineering judgement is
needed for such cases in applying the proposed method. :
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Table 1 Comparison of wmm::u

Internal Column {cm®) External Column (cm™ Lower Beam (¢cmD) . Upper Beam (cm")
Storey )
Ie Ie T L I I Iy Ty "y Foy I Ty
(ref [7-5]) (Drirect (After (ref [7-57) {Direct (After (ref [7-5]) (Direct {(After (ref {7-51 (Direct (After
Design) Tapering) Design) Tapering) Design) Tapering) Tapering) | Tapering)
5 5673 5663 5663 2836 2836 2831 7252 5066 7354 3626 5666 3778
: 14447 ' ’ 10835
3 13234 13215 13216 6617 6608 6608 13218 £5105 13218 11332
115993 11995
2 16314 16991 16990 8157 8496 8495 16243 16995 18883 14862 16995 15107
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Fig. 1 : Sidesway defleciion for unbraced frame values of @
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(a) “Cell” with beam split up (b) Forward intergration

Fig 2 : Hlustrating stiffness concept
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Fig. 3 : Distribution under sway
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Fig. 4 : Typical intermediate storey of a frame
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Fig. 5 : Relationship berween upper and lower beam

Fig. 6 : Column subject to pure sway
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Fig. 8 : Designs for six-storey two-bay frame[ref. 6 1 (a) inifial design; |
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