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Castellated and cellular beams typically have higher span-
to-depth ratios than ordinary wide-flange sections: conse-
quently, deflection typically does not govern the design. In
most cases, castellated and cellular beams behave like pris-
matic sections as it relates to deflection. However, additional
deflection due to shear deformation around the openings
does occur. The magnitude of this deflection is usually only
significant in very short spans or when heavy concentrated
loads are present. For most applications, it is not necessary
to do any rigorous deflection calculations beyond what is
typically done for prismatic sections. The deflection for both
composite and noncomposite castellated and cellular beams
can be approximated by using 90% of the moment of inertia
at the net section and treating it as a prismatic section. Trans-
formed section properties, at a section cut through an open-
ing, may be used for deflection calculations in the composite
condition. More complex methods of predicting deflection
have also been developed (Hosain et al., 1974; Altfillisch
etal., 1957).

3.7 DEFLECTION
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The following limit states should be investigated when
designing castellated or cellular beams:

1. Compactness and local buckling
Overall beam flexural strength
Vierendeel bending of tees

Web post buckling

Axial tension/compression
Horizontal shear

Vertical shear

Lateral-torsional buckling
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3.2.1 Calculation of Axial Force and Vierendeel
Moment at Each Opening

3.2.1.1 Calculation of Axial Forces in Beam

The axial (tensile/compressive) force is a function of the
global bending moment in the beam. It is similar to a chord
force in a truss. The axial force is calculated by dividing
the global moment in the beam by the distance between the

centroids of the top and bottom tees, d.g. The axial force is
assumed to act uniformly over the cross section. See Figure
3-1 for terminology and variables used to calculate the axial
forces.
Required axial compressive strength:
M,

P = 3-1
dypic ©-)

where
M, =required flexural strength, kip-in. (N-mm)
d g = distance between centroids of top and bottom tees,

in. (mm)
a
B - Wo 2 & a D, e
& | ~—ENA of top tee ¢ ENA of top tee
1> S
- [ gl B | —
5 =l ST =
& Global / \ Glcbal
Sk SNk
o] Moment, M = \ / Moment, M
=7 L I |§ Pbm =1 T ] D ti— _T E_-'Pbﬂt
ENA of bottom tee J _ ENA of bottom tae
E 3
g g
| = [N
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3.2.1 Calculation of Axial Force and Vierendeel
Moment at Each Opening

3.2.1.2 Calculation of Vierendeel Moment in Beam

The Vierendeel moment is calculated by dividing the global
shear force in the beam between the top and bottom tees and
multiplying that shear force by a moment arm. If the top
and bottom tees are identical, then the shear can be divided
equally between the top and bottom tees. If the top and bot-
tom tees are not identical (as is the case in asymmetric sec-
tions), the shear force should be proportioned between the
top and bottom tees based on the areas of the tees relative
to each other. For castellated sections, the moment arm for
calculating the Vierendeel moment is one-half the width of
the top of the opening, ¢/2. For cellular beams, the moment
arm should be taken as D, /4 (Bjorhovde, 2000).
Vierendeel required flexural strength, M,

Castellated Beams: M,, = Vr{ Aree ){f] (3-2)
Aﬂef 2
A D
Cellular Beams: M, =V, | £ {—"] (3-3)
Ane! 4
where

A,;= combined area of top and bottom tees, in’ {mmzj

A,..= area of tee section, in.2 (mm?)

D, = opening diameter, in. (mm)

V. =required shear strength, kips (N)

¢ =length of solid-web section along centerline,
in. (mm)

The axial forces (compression or tension) and the flexural
forces act concurrently on the top and bottom tees. In the
case of a positive global moment, the top tee is in compres-
sion and the bottom tee is in tension. Both tees undergo flex-
ure from the global shear forces in the beam.
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3.2.2 Calculation of Axial (Tensile/Compressive) and
Flexural Strength of Top and Bottom Tees

3.2.2.1 Calculation of Nominal Axial Strength
of Top and Bottom Tees

The nominal compressive strength, Py, is the lowest value
obtained based on the applicable limit states of |

Design Assumptions

1. K,=0.65 (assumes rotation and translation are fixed
at the ends of the tee section)

2. K,=10
3. E =29,000 ksi (200 000 MPa)

4. L =laterally unbraced length of the member,
in. (mm)

= ¢ for castellated beams

= D,,/2 for cellular beams
5. L, =KL = effective length, in. (mm)
6. L.=K.L

=K,L
7. G =11,200 ks1 (77 200 MPa)
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Compressive Strength for Flexural Buckling—AISC
Specification Section E3

For members without slender elements, the nominal com-
pressive strength for flexural buckling is calculated using
AISC Specification Section E3,
P,=F. A, (Spec. Eq. E3-1)
¢ =090 (LRFD) Q. =1.67 (ASD)

where
AH=AM,

The critical stress, F_,, is determined as follows:

[E F,
(a) When L <471 [— [or —= 2.25)
r Fy F.

'
F., =[{J‘658"'—* ]F (Spec. Eq. E3-2)

{(b) When £>4.?1 f% (or %>2.25]
r v e

F. =0.877F, (Spec. Eq. E3-3)

where
r = minimum of r, and r, of the tee section, in.

The elastic buckling stress, F,., is determined as follows:

2
E
F=-"12_ (Spec. Eq. E3-4)

lt 2
(%)
If the tees include slender compression elements, AISC
Specification Section E7 is used to calculate F,.
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Compressive Strength for Flexural-Torsional Buckling—
AISC Specification Section E4

The nominal compressive strength is determined based on
the limit state of flexural-torsional buckling as follows:

P.=F.A, (Spec. Eq. E4-1)
0. =090 (LRFD) Q. =1.67 (ASD)

The critical stress, F,,., is determined according to Equa-
tion E3-2 or E3-3, using the torsional or flexural-torsional
elastic buckling stress, F,, determined from:

F+F.
F!= —_— 1-
2H

4F,F_H
(F, +F. )

(Spec. Eq. E4-3)
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where
C, = warping constant, in.% (mm®)
2
E, =-T1 £ (Spec. Eq. E4-6)
Ty
n’EC,, 1

F. = ¥+ G |—— (Spec. Eq. E4-T)
[ (Le) ] Aglo

G = shear modulus of elasticity of steel = 11,200 ksi
(77 200 MPa)

_r:‘: + y.g
H =1-""2 (Spec. Eq. E4-8)
To

I, I, =moment of inertia about the principal axes, in.*
(mm*)

J = torsional constant, in.* (mm4)

K,  =effective length factor for flexural buckling about
x-axis

K, =effective length factor for flexural buckling about
y-axis

K.  =effective length factor for flexural buckling about

the longitudinal axis
L., =effective length of member for buckling about
x-axis, in. (mm)

=KL,
L. =effective length of member for buckling about
y-axis, in. (mmy)
=KL,
L. =effective length of member for buckling about the
longitudinal axis, in. (mm)
=KL,
i = polar radius of gyration about the shear center,
in. (mm)
T =XYoo+ Litly (Spec. Eq. E4-9)
g
ry = radius of gyration about x-axis, in. (mm)
r,  =radius of gyration about y-axis, in. (mm)

x},, ¥, = coordinates of the shear center with respect to the
centroid, in. (mm)

oS oo dwlne 05 g (odomo— oded (HleS (gl e )3 ((owl) 29290 ()LiS Cnglio 1SS
BPy = BForAy > B = - /% LRFD clls
P F. A
o= g/nc S 0, = V/SVASD el gy

oS (o0 dwmolme 0 j O yguan (oo pded b (oiomn StV (5l i el g Fop Jlyoe 05

_ Fey+Fez \:anEaz
E%‘( /m)[‘— ' /(Fey+Fez)*]

395 90,8 )0 &S FoyipsS oo duwlxe 5 &g

_m'E I
Fey =T /(Lc__y)vum 9
Ty
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Tensile Strength—AISC Specification Section D2
The nominal tensile strength is determined based on the

limit state of tensile yielding in the gross section:
P,=F,A, (Spec. Eq. D2-1)

$. =090 (LRFD) €. =167 (ASD)

oS oo dwlne 05 Oy ol alaiie gl ) (iiS el (g S )3 (Lawsl) S ge (S Cunglie 1SS
@:P, = @, FyA; - @ = /4 LRFD b (gl
P F,A
“/Qt =7 g/Qt > Q¢ = /Y ASD s lp
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3.2.2.2 Calculation of Nominal Flexural Strength, My

The flexural strength of the top and bottom tee sections
must be determined and compared to the required flexural
strength to support the Vierendeel design moment, with an
unbraced length equal to the length of the tee section (refer-
ence Figure 3-2).

Design Assumptions
1. E =29,000 ksi (200 000 MPa)
2. Ly= e for castellated beams
=D, /2 for cellular beams
3. G =11,200 ksi (77 200 MFa)
The nominal flexural strength is the lowest value obtained
according to the limit states of yielding (plastic moment),

lateral-torsional buckling, flange local buckling, and local
buckling of tee stems.

25 g & (2l Sld b oS anlio a5l Sk hed S el 5554 gblie il 5 Vb sl )3 (ram (hod Cunglie 105
2l e
(MPa)cws 2 E =V x V.0
(MPa) s :G = YV/Y X V"
(Mm) ces (Sl sxnlee g9 Job : Ly
Mbe @ bl (A s slagligw b 5)9554Y lay ) oS

b/ v b osle (o b saghsw b (gy955aY (loys )5 o

Nominal Flexural Strength for Yielding—AISC Specification
Section F9.1

The nominal flexural strength for yielding, M, is determined
as follows:

M, =M, (Spec. Eq. F9-1)

M, =M, (Spec. Eq. F9-4)

where
M_\' = F:vs_t-ree
= yield moment about the axis of bending, kip-in.
(N-mm)
S..1ee = elastic section modulus of tee about the x-axis, in.?
(mm’)

Note: Because the stem will be in compression, M}, is lim-
ited to the minimum section modulus of the tee, S e, multi-
plied by the yield strength of the steel.

& My, 0iS o 39050 |y M, Jlade bl oo 03,8 alaio gy > 45 (y52) S oo duwle 1) Cygery Vprdud Sl 3 el Caoglie 1SS

(‘39""&" dgdoe Sy—tee X Fy

' Yielding
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e Dy
£ ,ab g, W2 2 1a| D, e 2
‘% /—ENA of top tee }; ENA of top tee
1= PNA of}tnp tee | ::* :’/—PNA of top tee
] r E= '.‘:E [ 5 RN R — R o >
= :ﬁ ]I_ g - é
«
s "‘?-t, E ESHlat %
1= | K
i ff s A== 2.5 |
ENA of bottom tee — ENA of bottom tee —/ ©
% PNA of bottom tee E| PNA of bottom tee
= |:‘§
Castellated Beams Cellular Beams

S g0l (W g 43 cuinod Cuoglie dawlo (5l 03] 3590 OlaMbo! -V JSUS
BuM, = @M, - B, = - /3 LLRFD el o),
M"/Qb - M”/Qb 0, = \/$V ASD el
S o Jnt 5y il 55 3 S 25 g ol 51
M, =M, > M, = F,Z, < \/sM,

oS oo Jos ) Cjpgar aidl a8)S 15 Jlis cod by e ST b
M, =M, » M, = F,Z,

Adboo My = FySy_tee &)ygar My jlide o5 g 5bas

(NmM) oy (pliad po20 Jo> pabus ,SI: M,

(MMT) s 32 (X) 970 Jg 5y Suto¥] Jgdo : Sy e

F9. TEES AND DOUBLE ANGLES LOADED IN THE PLANE
OF SYMMETRY

This section applies to tees and double angles loaded in the plane of symmetry.

The nominal flexural strength, M, shall be the lowest value obtained according to
the limit states of yielding (plastic moment), lateral-torsional buckling, flange local
buckling, and local buckling of tee stems and double angle web legs.

1. Yielding

M, =M, (Fo-1)
where

(a) For tee stems and web legs in tension

M,=FZ < 1.6M, (F9-2)
where
M, = yield moment about the axis of bending, kip-in. (N-mm)
—FS, (F9-3)
(b) For tee stems in compression

My,=M, (Fo-4)
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Lateral-Torsional Buckling—AISC Specification Section
F9.2

When Ly € L, the limit state of lateral-torsional buckling
does not apply.

When L, < Ly < L,

M, =M, —(M_,, _M}'}{? :EP]
r P

(Spec. Eq. F9-6)

when Ly, > L,
Mﬂ = Mc (Spﬁ'['. Eq 9-?)
where
6 E
L, =176r, F_,, (Spec. Eq. F9-8)

(Spec. Eq. F9-9)

M, - "E5E ,/_:,.;[m J|+32) (Spec. Eq. F9-10)

b

d\ [T,
B =23|—| /=% (Spec. Eq. F9-11
( L ] 7 pec. Eq )

d =depth of tee in tension, in. (mm)

For stems in compression anywhere along the unbraced
length, M, is given by Equation F9-10 with

d [,
B=-23]—|. |-~ (Spec. Eq. F9-12
{ Lb] 7 pec. Eq )

where
d = depth of tee in compression, in. (mm)

For tee stems

M,=M,<M, (Spec. Eq.F9-13)

teniS oo Jos pj O (Sl iomy (ST S (gl 14055

Al ged (ol iomy GBS (38,5 e )5 @ (il bl L85 Ly S Ly (sl ST ()
S oo Joo ) Copar Ml 3 Ly < Lp < Ly il S1(c)

L,—L
M, = M, — (M, ~ M) )

14
oS o oo pj Oygar A3l 1B Ly > Ly sdbayly S1(o2)
M, = M,

Mo = 0F) LB+ VB

B=v/v /)",
L
ty = [Fg, = 1 = v ) VY [ims (B ) o4
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M, =M, < My

Flange Local Buckling of Tees—AISC Specification Section
F9.3

(a) For sections with a compact flange in flexural com-
pression, the limit state of flange local buckling does

not apply.
(b) For sections with a noncompact flange in flexural
compression

Ao = Apr
(Spec. Eq. F9-14)

M, = [MP - (M, -0.7F,s,, }{ ﬂ)] <1.6M,

(c) For sections with a slender flange in flexural
compression

0.7ES ..
= 2
by
2ff
where

S, =elastic selection modulus referred to the compres-
sions flange, in.* (mm?)

M,

(Spec. Eq. F9-15)

b

A =—1
2ty

App = k. the limiting slenderness for a compact flange,
AISC Specification Table B4.1b

A = A, the limiting slenderness for a noncompact flange,
AISC Specification Table B4.1b

S oo oo ) yges gy Jb (rdge GBS J S (gl 1SS
Sl god Jb (mdge (leS (58,5 i )3 4y (gl 00yt JL L gblie (ol (W)
oS (o Jos ) Ojgean 0dpuibpd (o)Li8 Jb b gblie 4l (<)
A—2A
My = [Mp = (Mp = < /VEyS)C 75y DI VM,
S e Jos nj ©ogar £ (LIS L L gblie 4l ()
M. = /VESxe )
A= f/\'tf)
(mm‘“) o> d)L.uB Jb dl).g n_iu.w\ﬂ c.la.sbo u»l.w‘ : SXC
b
A="1 Yt¢
DD)M’Ié }Jl) LS‘)’. d)‘c\j w)ao :)\pf = }L
03yl il JL Slp i cops i hg = A
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Local Buckling of Tee Stems in Flexural Compression—
AISC Specification Section F9.4

The nominal flexural strength for local buckling in flexural

compression, My, is determined as follows:

M, =F.,S. (Spec. Eq. F9-16)

where
S, = elastic section modulus about the x-axis, in.? (mml}

The critical stress, F,.., is determined as follows:

(a) When L1 <0.84 L3
Fiv F,

F.=F, (Spec. Eq. F9-17)

(b) When 0.84 E dasn|E
E\' tw F:v
d [F,
Fir =(l.43—0.5]5—,f—'JF‘.
twNE |

(Spec. Eq. F9-18)
d E
(c) When —>1.52 ’—
e ‘F:r

F, = 'd = (Spec. Eq. F9-19)

where
d=d,

dos 25 Opgar i Sl (9o (ST SIS lp WpS o0 ) (mdge (LS Cot e ) (3L U Co lag e sla L 1SS
S s
My, = Fop-Sy
(Mm") a2 (%) ys7me Js> alabo Szl Jgao: Sy
oS o oo 25 Sogear Jbo ol 3 For Sl BT (gl (sl
S Y, S I8 (B sl 3190 ()

e pj Oypar Sl A5 ik,
F,=F,

il )5, « /AF /E/Fy <dfp <\ /E/Fy alal) 4S50 53 ()

Ml pj Oypar Sl (S ik,

F, = (/% — ./mad/tw E/Fy)Fy
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3.2.3 Check of Top and Bottom Tees Subjected to
Combined Flexural and Axial Forces

The interaction of flexure and axial forces in top and bot-
tom tees constrained to bend about a geometric axis (x and/
or y) is limited by AISC Specification Equations H1-1a and
HI-1b.

For combined flexure and compression:

P
a) For =02
(a) P

[
B B My, My <1.0
P 9\ M. M,
(Spec. Eq. H1-1a)
(b) For E <0.2
F
Fr | M= +ﬁ <1.0
22 '\ M, M,

(Spec. Eq. H1-1b)

where
. = available axial strength, kips (N)
P, = required axial strength, kips (N)
M, = available flexural strength, kip-in. (N-mm)
M, = required flexural strength, kip-in. (N-mm)
x = subscript relating symbol to major axis bending
y = subscript relating symbol to minor axis bending

A check for combined flexure and tension can be made
using the same equations: however the available compres-
sive strength will always be less than the available tensile
strength and therefore the available compressive strength
may be used to simplify the calculations. This may not be
true in asymmetric sections, in which case the available ten-
sile strength may need to be investigated as well.
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Calculate the shear strength of the concrete deck—
this will be subtracted from the global shear to calcu-
late the net shear, which will be used to compute the
Vierendeel moment in the top and bottom tees.

Calculate the net shear and moment at each.

Calculate the axial forces and Vierendeel moments in
the top and bottom tees.

Calculate the available axial compressive and flexural
strength of the top and bottom tees using Chapters E
and F of the AISC Specification.

Check the interaction of the available axial compres-
sive and flexural strength using the equations in Chap-
ter H of the AISC Specification.
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