Design of Partially or Fully Composite
Beams, with Ribbed Metal Deck, Using

LRFD Specifications

SRIRAMULU VINNAKOTA, CHRISTOPHER M. FOLEY and MURTHY R. VINNAKOTA

A Hindu saying states, ““One picture is worth a thousand
words (numbers).” With this optic in mind, the design as-
pects of steel-concrete composite beams using the recently
adopted LRFD specifications' are analyzed critically and
the significance of several parameters is brought out
clearly. Charts are then constructed to facilitate the design
of partially or fully composite beams using rolled-steel,
wide-flange sections of A36 steel or A572 Gr. 50 steel.
The slab may be a composite metal deck slab with ribs per-
pendicular to the beam, a haunched slab or, simply, a flat
soffit concrete slab. The charts cover both adequate and
inadequate slabs. The charts provided are a valuable tool
from the practical standpoint, and also familiarity with
them should contribute to the student’s and young engi-
neer’s overall feel of the composite beam design problem.
The design charts given here complement the composite
beam design tables provided in the LRFD manual.

Introduction

A typical bay floor framing of a high-rise building consists
of steel floor beams framing into steel girders along bay
lines (Fig. 1). The floor beams generally are designed for
only gravity loads imposed by the floor as simply sup-
ported composite beams with the slab essentially in com-
pression over the full span of the beam. The beam nor-
mally is of a standard rolled, wide-flange shape designed
to interact compositely with the concrete floor slab by
means of shear studs placed in metal decking troughs. In
such a metal deck composite beam system, the ribs or cor-
rugations generally run perpendicular to the supporting
floor beams.
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The Load and Resistance Factor Design Specification
(LRFD) for Structural Steel Buildings' adopted by AISC
in September 1986 uses the ultimate strength of composite
beams as the basis of their design. According to LRFD,
composite beam designs are classified as fully composite
and partially composite designs.?>#5:6:7:8:9:10 The present
report on the design of partially composite beam design is
a generalization of the work presented earlier in Ref. 11.

COMPOSITE METAL DECK SLABS

Composite metal deck slabs consist of light-gage, ribbed
metal deck forms which interact with structural concrete
topping as a composite unit to resist floor loads (Fig. 2).
Special embossments, dimples or lugs cold-rolled into the
decking increase bond and act as shear connectors. Uplift
is prevented either by the shape of the profile or by inclin-
ing the lugs to the vertical in opposite directions, on the
two sides of the rib. It is usual practice to design the slab
as a one-way, simply supported beam, for the ultimate
limit state (with the metal decking acting as reinforcement
steel in the span direction), even though the slab and the
decking may be continuous over the floor beams. The slab
is usually provided with square mesh steel reinforcement
at, or above, mid depth of the slab to minimize cracking
due to shrinkage and temperature effects and to help dis-
tribute concentrated loads.

The variables for a composite deck slab include span
length, gage thickness, rib depth, slab thickness, unit
weight of concrete and concrete strength.'>'3-* Thickness
of metal deck plate elements usually varies from 22 ga.
(0.0336in.) to 12 ga. (0.1084 in.), depending on configura-
tion of the section. For noncellular decks 1% in., 2 in. and
3 in. deep decks are generally used for spans up to 8 ft, 10
ft and 15 ft, respectively. The thickness of concrete above
the metal deck typically varies from a minimum of 2% in.
to 4 in., which may be controlled by fire-rating require-
ments of the slab instead of structural requirements. The
choice of lightweight concrete or normal weight concrete,
depends on economics and fire-rating considerations. For
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high-rise buildings, lightweight concrete weighing about
110 pcf is often used.

The advantage of the metal deck slab system is the elim-
ination of the formwork and shoring and the consequent
increase in speed of construction. The metal deck can be
used as a working and erection platform. Also, it acts as a
diaphragm to help stabilize the steel skeleton by integrat-
ing all members into a system.

The steel deck alone has to withstand the weight of the
wet concrete, plus any construction loads for placement of
concrete, for the desired non-shored condition. The depth
of the ribs necessary is generally controlled by this load-
ing. The composite steel deck (steel deck + concrete) has
to withstand the factored superimposed dead and live
loads. Design of the steel deck should conform to the lat-
est edition of the specifications for the design of light gage,
cold formed steel structural members of the American
Iron and Steel Institute (AISI). The permissible superim-
posed floor loads are tabulated for different deck sections
by their manufacturers. The tabulated capacity is obtained
as the smallest load of the following conditions: 1. bending
stress at the bottom fiber of the deck; 2. bending stress in
the top fiber of the concrete; 3. bending stress at the top
fiber of deck under deadload only; 4. value of the trans-
verse shear for shear bond failure and; 5. deflection at
mid-span. Hence, a detailed design is not performed by
the structural engineer.

SHEAR CONNECTORS

The purpose of shear connectors in a composite beam is to
tie the slab and steel beam together and force them to act
as a unit. For this, the connectors must resist the horizon-
tal shear force that develops between the slab and beam as
the composite member is loaded, and they should prevent
vertical separation or uplift of the concrete slab from the
steel beam.

Presently, stud connectors are the most commonly used
shear connectors in the U.S. The stud shear connector is a
short length of round steel bar, welded to the steel beam
at one end, with an upset end or head at the other end.
They range in diameter from %2 in. to 1 in. and lengths
from 2 to 8 in. The ratio of the overall length to the diame-
ter of the stud is not less than 4. The most commonly used
sizes in building structures are ¥ in. or 73 in. dia. The
head diameter is %2 in. larger than stud diameter and the
head thickness is % in. or Y2 in. The anchorage provided
by the head on the stud ensures the required uplift resist-
ance. The studs are made with ASTM-A108, AISI Grades
C1010, C1015, C1017 or C1020 cold-drawn steel with a
minimum tensile strength of 60 ksi and a minimum elonga-
tion of 20% in 2-in. gage length, as specified in the AWS
Structural Welding Code D1.1-75.

To prevent premature failure of studs because of tearing
of base metal, the size of a stud not located over the beam
web is limited to 2% times the flange thickness.' The

strength of stud connectors increases with stud length up
to a length of about four diameters and remains approxi-
mately constant for greater lengths. For design purposes,
the connector strengths are always expressed in terms of
an equivalent shear load. Thus, according to LRFD speci-
fications, the nominal strength of one stud shear connector
embedded in a solid concrete slab is

0, =05 A, (f. w)** (1a)
= A, F, (1b)

where
A,.= cross-sectional area of a stud shear connector,

in.?

fi = specified compressive strength of concrete, ksi

w = unit weight of concrete, pcf

F, = minimum specified tensile strength of connector
steel, ksi

Table 12 of the LRFD specification gives nominal shear
loads Q,, for the standard range of welded stud shear con-
nectors for normal weight (145 pcf) concrete made with
ASTM C33 aggregates. For lightweight (90 to 110 pcf)
concrete made with C330 aggregates, the values from
Table 12 are to be adjusted by multiplying them with
coefficients given in Table 13 of the LRFD Specification.

When metal deck is used, the studs are generally welded
through it. When the ribs are relatively deep, the compos-
ite interaction between the slab and the steel beam is af-
fected adversely by the reduced concrete containment
around the roots of the connectors. The nominal strength
of a stud connector for deck ribs oriented perpendicular to
the beam is the value given by Eq. 1a, multiplied by the
following reduction factor:*

R= Sf;\/—s, (%) [IZ— = 1.0] =10 @)

where

h, = nominal rib height, in.

H, = length of stud connector, in., not to exceed the
value (h, + 3) in calculations, although actual
length may be greater

N, = number of stud connectors in one rib at a beam
intersection, not to exceed 3 in calculations, al-
though more than 3 may be installed

w, = average width of deck rib, in.

The factor 0.85/V N, accounts for the reduced capacity of
multiple connectors, including the effect of spacing. Thus,
the strength of a stud shear connector in a deck rib is given
by

Q. = R[0.5 A (fEw)*] (3a)
<A, F, (3b)

As the load on a composite beam is increased, the heavily
stressed connectors near the supports will begin to yield
and they will deform without taking additional shear.
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Hence, further loading will be carried by the lightly
loaded inner connectors until eventually all the connectors
are stressed to the yield point. Thus the connector flexibil-
ity permits a redistribution of forces so all the connectors
between the points of maximum and zero bending mo-
ments become loaded equally. Therefore, it follows the
exact spacing of the connectors is of little importance. In
statically loaded structures, like the ones under considera-
tion in the present paper, the connectors may therefore be
spaced equally along the length of the beam.

The minimum spacing of connectors along the length of
the beam in flat soffit concrete slabs is six diameters.
When the ribs of the metal deck are perpendicular to the
beam, the longitudinal spacing of shear connectors must
of course be compatible with the pitch of the ribs. Also,
since most test data are based on the minimum transverse
spacing of four diameters, this transverse spacing was set
as the minimum permitted. To control uplift and to avoid
too irregular a flow of shear into the concrete, limits are
placed on the maximum spacing of connectors along a
beam. According to the LRFD Specification, the maxi-
mum longitudinal spacing of shear connectors shall not ex-
ceed 32 in. or eight times the total slab thickness.

FULLY COMPOSITE AND PARTIALLY
COMPOSITE BEAMS

Figure 3a shows a simple-span composite beam with uni-
formly distributed load. If the magnitude of these loads is
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Fig. 3. Shear forces at ultimate moment
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increased monotanically, the ultimate bending moment of
the composite beam is reached at mid-span. Figure 3b is
an exploded diagrammatic elevation of the composite
beam showing the longitudinal forces acting on the con-
crete slab, between the mid-span and the end of the slab,
as a free body separated from the steel beam. Let C equal
the compressive force in the slab at mid-span, T equals the
tensile force in the steel beam and H equals the horizontal
shear force to be transferred from the slab to the steel sec-
tion over the length L/2. From the longitudinal equilib-
rium of the slab,

H=C 4)

As natural bond and friction between the slab and the
steel section are not relied upon, the horizontal shear re-
sistance is to be provided by the shear strength of the con-
nectors over the length L/2.

Let C* represent the maximum compressive strength of
the concrete slab, T* the maximum tensile strength of the
steel section and § the shear strength of the connectors be-
tween the point of maximum moment and the support
point. Then,

C*=F.A.=085f.bt. (5a)

T* = F, A, (5b)

S =NQ, (5¢)
where

A, = area of slab based on the actual slab thickness ¢,
in.?
A, = area of steel section, in.?

b = effective width of the slab, in.

F, = equivalent yield stress of concrete in compression,
assumed to be equal to 0.85 f;, ksi

F, =yield stress of steel, ksi

fi = compressive strength (28-day cylinder strength) of
concrete, ksi

N = number of connectors over half-span length

Q,,,= shear capacity of one connector, kips

The slab is said to be adequate when C* = T™ and inade-
quate when C* = T*. According to the LRFD Manual, the
compressive force C in the concrete slab is the smallest of
C*, T* and S. That is,

C = min [C*, T*, §] (6)
Introduce the notations S*, N* so that
* = min [C*, T*] ™
N* = 8%1Q,, ®)
Equation 6 can now be rewritten as
C = min [§%, §] 9)

If the strength of the shear connectors actually provided §
is less than §*, the beam is said to be a “partially compos-
ite beam.” On the other hand, if the strength of the shear
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connectors actually provided S is greater than or equal to
S$*, the beam is said to be a “fully composite beam.”
Thus,

§ < §* and N < N* for partially composite design
S > §* and N > N* for fully composite design  (10)

A composite beam in which the concrete, steel and con-
nectors are all of the same strength is said to be of a bal-
anced design. Thus, for a balanced design,

C=C*=T*=5§"=5§ (11)

The thickness of the slab and the size of the steel beam are
often determined, in practice, from factors other than
their strength when acting together as a composite beam;
and its strength, when calculated by full interaction the-
ory, is found to be greater than required for actual load-
ing. The most economical design may then be one in which
the number of shear connectors provided in a half-span N
is such the degree of interaction between the slab and the
steel section is just sufficient to provide the required flex-
ural strength, and is less than the number N* required for
a fully composite design. Some such situations for use of
partial composite action are:

1. An oversized steel beam must be selected from the
available rolled beam sizes for architectural reasons or
ease of fabrication (repeatability) or when deflection
controls and strength requirements are adequately met
by less than fully composite action.

2. When the ribs of the metal deck are perpendicular to
the beam, the longitudinal spacing of shear connectors
must be compatible with the pitch of the ribs. Quite
often it may not be possible to fit in sufficient number
of shear connectors, for the beam to be designed as a
fully composite beam.

Decreasing the number of connectors for partial compos-
ite action reduces the effective stiffness of the composite
beam slightly, so deflections may increase. The LRFD
Manual recommends a lower limit for the connector
strength S from practical considerations; namely

Smin = 0.25 T* = 025 A, F, (12)

NOMINAL PLASTIC MOMENT OF
COMPOSITE SECTIONS

According to the LRFD Specification, the moment capac-
ity is approximated by the plastic moment of the compos-
ite section M,, provided web dimensions satisfy local
buckling criteria:

helt,, < 640/V'F, (13)

Here, t,, is the thickness of the web and A, the web depth
for stability. From Sect. BS.1 of the LRFD, h,_ is twice the
distance from the neutral axis to the inside face of the
compression flange less the fillet. For simple beams con-

sidered in this report, A, is a maximum when the concrete
is poured and the composite action is not yet effective. For
positive bending, rolled steel sections and simple beams
considered in this report, A, ., is therefore equal to the
web depth clear of fillets (= d — 2k). For steels with F, =
36 ksi and 50 ksi, to which the present report is limited, all
the rolled sections tabulated in the LRFD Manual satisfy
the criteria given by Eq. 13. So the design of composite
beams considered could be based on the plastic moment
M,,. This plastic moment is obtained by assuming the steel
section is fully yielded (in tension or compression) and the
compressed part of the concrete slab is everywhere
stressed to 0.85 f, considered as an ‘“equivalent yield
stress for concrete.”” The tensile part of the concrete slab,
if any, is assumed ineffective.

The equations for the plastic moment of a composite
beam depend on the location of the plastic neutral axis
(PNA), which in turn is determined by the relative pro-
portions of the steel concrete and connector areas.''¢1”
There are three fully plastic stress distributions to be con-
sidered:

Case a: applies when the plastic neutral axis is in the
slab

Case b: applies when the plastic neutral axis is in the
flange of steel section

Case c: applies when the plastic neutral axis is in the web
of steel section

The assumed stress distributions are shown in Figs. 4, 5
and 6, respectively. The compression force C in the con-
crete slab, in these figures, is defined by Eq. 6. The depth
of the compressive stress block in the slab is given by

C C

““F b 08f0b

(14)
Let Y. be the distance from the top of the steel beam to
top of concrete and Y, the distance from top of steel beam
to the compression force C in concrete. Then,

Y. =h, +t. for a metal deck slab

=hy, + ¢t for a haunched slab (15a)
=t for a flat soffit slab
a
Y=Y -3 (15b)

where
h, = height of rib, in.
hy,

t

height of haunch, in.

thickness of a flat soffit slab, in.

|

t. = thickness of concrete slab above
metal deck, in.

The dimension Y, is used as a parameter in the prepara-
tion of composite beam tables in the LRFD Manual and in
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Fig. 5. Plastic neutral axis in flange (Case b)

the preparation of composite beam design charts devel-
oped in this paper.
Plastic Neutral Axis in Slab-Case a

When the PNA lies in the slab, the assumed stress distri-
bution at flexural failure is shown in Fig. 4. The resultant
compressive force in the slab is

C=F,ba=085f ba (16)

and it acts at a distance a/2 from the top of the slab. The
resultant tensile force in the section is
T=F A, =T 17)

where A, is the area of the steel section and 7™ is the yield
force of the steel section. The force T acts at the mid-
depth of the steel section.

For the longitudinal equilibrium of the composite
beam,

C=T=T* (18)

SECOND QUARTER / 1988

The plastic moment of the composite section is obtained
by taking moments about the mid-depth of the steel sec-
tion as

M,,=Ce=Te=T*[‘2—i+Y2]

=05T*d+T"Y, (19)

where e is the moment arm, d is the depth of the steel sec-
tion and Y, is the parameter defined by Eq. 15b.
The PNA will be in the concrete, if

a=<t, (20)

By multiplying both sides by 0.85 f/b and using Egs. 5, 16
and 17, this condition for the PNA to be in the concrete
slab can be written as

C=T*=C* (1)

We observe that the steel section is the weaker of the two
elements of the cross-section, namely, concrete slab and
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Fig. 6. Plastic neutral axis in web (Case c)

steel section, and the connectors have to develop the full
strength of the steel section. The beam is therefore a fully
composite beam, and the slab is adequate.

Plastic Neutral Axis in Flange-Case b

If the PNA is in the steel section, it yields in compression
above the PNA and fully yields in tension below the PNA,
as in Figs. 5a and b. Here C is the compressive stress resul-
tant in concrete, C; is the compressive stress resultant in
the top flange and T is the tensile stress resultant in the
steel section.

Although only the steel section below the PNA is in ten-
sion at yield stress, a simpler expression for the plastic mo-
ment M, results by assuming that (by adding a pair of
equal and opposite forces) the entire steel section is in ten-
sion and compensate for this by doubling the compressive
yield stress in steel section above the PNA, as in Fig. Sc.
The modified tensile force in the steel beam is

T,=F A =T (22)

66

while the modified compressive force in the steel section is
Con=2F, A, (23)

where A is the area of steel section at yield in compres-
sion. For longitudinal equilibrium,

Tm =C+ Csm (24)
which, using Eqs. 22 and 23, can be written as
T"=C+2F, A, (25)
resulting in
Com =[T" = (] (26)
and
Ay =——I[T* -
. ”w ] @)

Then, denoting by y, the distance from the top of the steel
flange to the PNA,

As _ 1
by 2bF,

(rr - o

(1" - €] =
2 Py

y = t (28)
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where by and t; are the width and thickness of the steel
flange, respectively, and P, is the flange yield force.
Therefore, for the moment arm,

Byt I

Taking moments about the mid-depth of the steel sec-
tion,

Mn = Ce + Csm €m

1 (T* - C)
Ce+§(T*—C) I:d_Wtf:I

C(g + Yo+ (1= ) [d —(T;—;ﬂc)zf](w)

The PNA will remain in the flange if 0 = y < ¢ From Eq.
28, these limits are seentobe C = T* and C = T* — 2 P
= P,, where P,,, is the web yield force. Thus, when P),, <
C = T*, the PNA will be in the top flange. In addition, if
S < S*, the beam is a partially composite beam and the
depth of the concrete compressive stress block a is less
than the slab thickness ¢.. On the other hand, if § = S$*,
the beam is a fully composite beam and the entire slab is
in compression.

Plastic Neutral Axis in Web—Case ¢

Figure 6b shows the plastic stress distribution where the
PNA is in the web at a distance y, above the mid-depth of
the steel beam. This distribution can also be represented
by three equivalent parts, as in Figs. 6d, e and f. It can be
seen that the part in Fig. 6d represents the compressive
force C in the concrete, acting at a distance e from the
mid-depth of the steel section. The part in Fig. 6e repre-
sents the tension and compressive forces with zero stress
resultant and a moment resultant equal to the plastic mo-
ment M, of the steel section. And the part in Fig. 6f repre-
sents a tensile force in the web,

T,,=2F,t,Y, (31)

with its resultant at a distance y,/2 from the mid-depth of
the steel section. The longitudinal equilibrium of horizon-
tal forces gives

C=Ty=2F1,y, (32)

The distance of the PNA from the mid-depth of the steel
section is

__C _ Cc@d-2y _ _C
2Ft, 2t,(d—-2t)F, 2P,

where (d — 2 t) is the height of the web and P,,, is the web
yield force.

The plastic moment of the composite beam is next ob-
tained by taking moments about the mid-depth of the steel
section as

Yo d-21) (33)
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M,=Ce+ M, — T,,%2

2
d C
= — + - -
C[2+Y2] M, C4wa(d 2t)
C2
=CY2+M,,+0.5Cd—FMpw (34)
yw

1 . .
where M,,, = 2 (d — 29?1, F, is the web plastic moment.

The PNA will remain in the web for 0 < y, < (d — 2 ¢)/2.
Equation 33 shows this condition is equivalent to 0 = C <
pP,,.
yAgain, if § < §*, the beam is a partially composite
beam and the depth of the concrete compressive stress
block a is less than the slab thickness ¢.. On the other
hand, if § = S$*, the beam is a fully composite beam and
the entire slab thickness #. is in compression. The results of
Sects. 5 and 6 are summarized in Tables 1 and 2, and per-
mit classification as a composite beam based on the rela-
tive strength of its elements.

DESIGN MOMENTS OF COMPOSITE BEAMS

In the Load and Resistance Factor Design Approach, de-
sign moments M, are obtained from nominal moments M,,
by multiplying them with a resistance factor ¢, which is
specified as 0.85 for composite beams. Thus,

M= & M, (35)

resulting in the following relations (however, note the
order of the three cases is reversed for the convenience of
construction of design charts):

Case c: Plastic Neutral Axis in Web (Fig. 6)
From Egs. 34 and 35, write
My = (oY) C
+ [(d)c M,) + (0.5 . d) C - {—%KV}CZ]
=A,C+[A + A C— A CF (36)

where A, is a constant for an assumed value of the param-
eter Y,, while A, A;, and A3 are, for a given section and
steel, also constants. Eq. 36 is valid for 0 = C < P,,,.

Case b: Plastic Neutral Axis in Flange (Fig. 5)
From Eqgs. 30 and 35,

My = (6. Ys) C + [{0.5 & T (d S zf)}

2 ny
T* bt
+ - _ Xt 2
o3 P, e s ny} c|
=A,C+[Ay + A, C— Ay CF 37

where A,;, A,, and A,; are another set of constants for a
selected steel section and A, is as defined in Eq. 36.
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Table 1. Classification of Composite Beam Based on Relative Strength of Its Elements
S > $* §=5 MRS\
1. Fully composite 1. Fully composite 1. Partially composite
I Cc*<T* 2. Inadequate slab 2. Inadequate slab 2. Inadequate slab
3. PNA in steel 3. PNA in steel 3. PNA in steel
4. Use charts PFS, Ref. 11 4. Use charts PFS, Ref. 11 4. Use charts PFS or LRFD
or LRFD or LRFD
1. Fully composite 1. Balanced design 1. Partially composite
1I. c*=T* 2. Adequate slab 2. Adequate slab 2. Adequate slab
3. PNA at TFL 3. PNA at TFL 3. PNA in steel
4. Use charts PFS, FC, 4. Use charts PFS, FC, 4. Use charts PFS or LRFD
Ref. 11 or LRFD Ref. 11 or LRFD
1. Fully composite 1. Fully composite 1. Partially composite
III. c*>T 2. Adequate slab 2. Adequate slab 2. Adequate slab
3. PNA in slab 3. PNA in slab 3. PNA in steel
4. Use charts FC or Ref. 11 4. Use charts FC or Ref. 11 4. Use charts PFS or LRFD

C’*

Maximum compressive force of concrete slab = 0.85 f! b ¢,

™ Yield force of steel section = A, F,; $§* = min (C*, T%)

N = Strength of connectors between zero and maximum moment points = N Q,,
PNA = Plastic neutral axis

TFL = Top fiber of steel flange

Table 2. Classification of Composite Beam Based on Relative Strength of Its Elements
T [ ! e T e e
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Eq. 36 is valid for P, = C < T*.
To summarize, the design moment for the first two cases
(Egs. 36 and 37) could be put in the single format,'’

My = Mgy + My, (38)

where M,, is that part of the design moment correspond-
ing to the hypothetical case where Y, = 07. For a given
steel section, M, is a function of the concrete force C
only. M,y represents the influence of the distance Y, on
the design moment M,. It is independent of any terms re-
lated to the steel section and is a linear function of the con-
crete force C for an assumed value of Y,.

Case a: Plastic Neutral Axis in the Concrete Slab (Fig. 4)
From Egs. 19 and 35,

My = [60.5d T*] + [6. T*]Y, (39a)
or
Md = Bo + Bl Y2 (39b)

where B, and B, are yet another set of constants for a se-
lected steel section. The above equation is valid for C* =
T* and § > S*.

Equation 39b indicates that for a selected steel section,
the design moment is a linear function of the parameter
Y2.

DESIGN CHARTS

The design charts are divided into two groups. Charts PFS
could be used for the design of Partially composite beams
and Fully composite beams with the PNA in the Steel sec-
tion. The charts FC could be used for the design of Fully
composite beams with the PNA in the Concrete slab. (Ta-
bles 1 and 2).

It should be noted the eight charts PFS convey essen-
tially all the information given by the composite beam de-
sign strength tables included in the LRFD Manual.

CHARTS PFS

As seen from Egs. 36, 37 and 38 for design moment M,
that if a specified steel yield stress F), is selected first, and
concrete force C is considered as a parameter, then it is
possible to plot curves of M, against C for a wide range
of rolled-steel, wide-flange, beam-sections. Also, the rela-
tionship between C and M,y can be shown on the same
plot by drawing a series of straight lines through the origin
corresponding to a set of pre-selected values for Y,. In this
paper, values of 2, 3, 4, 5, 6 and 7 in. for Y, are consid-
ered. The entire range of curves can then be replotted for
other sets of rolled shapes and other steels. The resulting
set of curves are given as design charts PFS-1 to PFS-8, for
F, = 36 and 50 ksi. Where the curves are in full lines the

tThat is, the slab compressive force C is concentrated at the
top flange of the steel section.
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plastic neutral axis is in the flange of the steel section. The
broken curve to the left of a continuous line indicates that
the PNA is in the web of the steel section.

On any curve, the point represented by a solid square
corresponds to the abscissa C = 0.25 A; F,, = Sy, Which
is a practical minimum value for the shear connector ca-
pacity suggested by the LRFD Manual. To the left of this
point, it is suggested the beam be designed as a non-
composite beam with a resistance factor of 0.9 (instead of
the value of 0.85 used in the construction of the
curves).

It is worthwhile to note the correspondence between
several points on these curves and the designations for the
position of the PNA, used in the LRFD Manual composite
design strength tables. Thus, a solid circle on a curve cor-
responds to the case where the PNA is at the top flange of
the steel section (position designated as TFL in the
LRFD tables). An open circle on a curve corresponds to
the case where the PNA is at the bottom flange of the steel
section (position designated as BFL in the LRFD tables).
The solid square corresponds to the position designated as
Position 7 in the LRFD tables.

The broken horizontal line to the right of the solid circle
indicates that the PNA is above the steel section and hence
this part of the curve in PFS charts is no longer valid for
that section and the values of C (try charts FC described
next).

CHARTS FC

As seen from Egs. 39a and 39b, that for a specified section
and steel yield stress F), the design moment M, varies lin-
early with the parameter Y,. All these lines are shown in
Charts FC-1 to FC-4 for all rolled-steel beam sections for
F,, = 36 ksi and 50 ksi. As mentioned earlier, these charts
are valid for the case where the PNA is in the slab, i.e., for
fully composite beams with adequate slab.

The use of these charts for the design of composite
beams will be described in the next two sections.

DESIGN PROCEDURE

The design of simply supported, fully or partially compos-
ite beams using rolled-steel sections and ribbed-metal
deck perpendicular to the beam, is summarized:

1. Rib dimensions 4,, w, and slab thickness .

The design of the composite floor deck is performed fol-
lowing the manufacturer’s recommendations and test data
on proprietary decks. The metal deck and shear studs
should satisfy these general rules:
a. The decking rib height shall not exceed 3 in., that is,
h, = 3.0 in.
b. The rib width shall not be less than 2 in., that is, w,
= 2.0 in.
c. Slab thickness above the steel deck shall be not less
than 2% in., that is ¢, = 2%.
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[Fy=36 ksi] [FC-2] Fy=50 ksi.

FULLY COMPOSITE BEAM T (Kips) FULLY COMPOSITE BEAM T+ (Kips)

WITH PNA IN CONCRETE PR WITH PNA IN CONCRETE W36X210, 3080.0

4500 : ! : W33X221, 2340 0 6000 . : . %waaxzzn, 3250.0
W36X194, 2052 0 W36X194, 2850.0

> W33X201, 21276 = /wasxzon. 2955.0

4000 < W36X182, 19296 /wasxwz, 2680.0
W36X170, 1800.0 -~ A/wssxno, 2500.0

W36X160, 1692.0 /wsexnso, 2350 0

35007 W36X150, 1591.2 /wsesxmo. 2210.0
W33X141, 1497 6 ‘ W33X141, 2080.0

W36X135, 1429.2 W36X135, 19850

3000+ W33X130, 1378.8 ’ W33X130, 19150

/f”; W33X118, 1249 2 ,ﬁ; /wsaxue, 1735 0
'f W30X116, 12312 —‘f W30X116, 1710.0
g 25009 W30X108, 11412 & /wsoxm& 1585.0
] : : : W30X 89, 1047.6 kel o W30X 99, 14550
= /// T : W27X102, 1080 0 = //wz7xnoz, 1500 0
2000+ c N ) - W27X 94, 9972 W27X 94, 13850

: » W27X 84, 8928 //wzvx 84, 12400

W24X 76, 806 4 /W24X76, 1120 0

1500 W24X 68, 7236 C W24X 68, 1005 0

W24X 62, 655.2 W24X 62, 9100

W21X 62, 658 8 - /—wznx 62, 9150

10001 - W24X 55, 583 2 V//wzfax 55, 810.0
W21X 57. 6012 = W2IX 57. 8350

W18X 60, 633 6 \\wnax 60. 8800

500+ - \wmx 55, 5832 - : O-WiBX 55, 8100

i W21X 50, 529.2 o C \-W21X 50, 735.0

li W18X 50, 529.2 : W18X 50, 7350

0 T T T W21X 44, 4680 0 ; — — W21X 44, 6500

0 2 4 6 8 0 2 4 6 8
Y2 (in) Y2 (in.)

d. Stud shear connectors shall be % in. or less in diame-
ter, that is d,. = % in.
e. Stud shear connectors shall extend at least 1% in.
over the top of steel deck, that is H, = h, + 1% in.
Also, a general good practice is to limit the span of the
composite deck floor to 32 times the total depth (= A, + t.)
of the floor section.
At this stage, we know the parameter Y, lies between

B, + ’5 and h, + ..

2. Effective width of slab b

According to the LRFD Specification, Sect. I3-1, the part
of the effective width of the slab on each side of the
centerline of the steel beam shall not exceed:

a. One-eighth of the beam span, center to center of
supports;

b. One-half the distance to the center line of the adja-
cent beam; or

c. The distance from the beam center line to the edge
of the beam.
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At this stage, the three basic concrete parameters (fZ, ¢,
and b) are all known. Hence, the parameter C* = 0.85 f
b t. can be calculated.

3. Bending moment M,

It is well known>? that the effect of the method of con-
struction (whether shored or unshored) on the plastic
moment of a composite beam is negligible. The required
flexural strength can therefore be calculated on the
assumption that the composite section resists all the loads
(self weight of the steel beam, concrete slab, all perma-
nent loads and live loads). For example, if wy, and w, are
the dead load and live load per unit length of the beam, re-
spectively, and L is the span, then
L2

M, = (12wp + 1.6 w;) 3

(40)

4. Beam size selection

The beam size is selected, using the design charts, by trial
and error. By referring to the design charts presented in
this paper, select the one for the appropriate stress F,.

ENGINEERING JOURNAL / AMERICAN INSTITUTE OF STEEL CONSTRUCTION



FC-3 [Fy=36 ksi.| [FC—4] Fy=50 ksi.
FULLY COMPOSITE BEAM T+ (Kips) FULLY COMPOSITE BEAM T+ (Kips)
WITH PNA IN CONCRETE W18X 46, 486 0 WITH PNA IN CONCRETE WiBX 46, 675.0
600 ; ; /wxax 40, 4248 900 ; ! T W1BX 40, 590.0
w18X 35, 370.8 W18X 35, 515.0
W16X 36, 3816 W16X 36, 5300
W14X 38, 4032 800+ @« W14X 38, 560.0
5004 Y W14X 34, 360.0 W14X 34, 500.0
W16X 31, 328.3 W16X 31, 456.0
W14X 30, 3186 e W14X 30, 4425
W12X 30, 3164 W12X 30, 4395
W16X 26, 2765 W16X 26, 3840
400+ wi4X 26, 2768 ~ W14X 26, 3845
w m
g W12X 26, 2754 A Wi2X 26, 3825
_‘f W10X 26, 274.0 ,T: W10X 26, 3805
:_;:/ W 8X 28, 297.0 5 o W BX 28, 4125
o Wi4x 22, 2336 e} W14X 22, 3245
= 300 . g
WiRX 22, 2333 W12X 22, 3240
W10X 22, 2336 ] W10X 22, 3245
250
W 8X 24, 2549 ~WBX24, 3540
/—w12x 19, 2005 ~W12X 19, 2785
200 I —wsxzi 2218 %—w 8X 21, 3080
\w;oxw, 2023 ¥ W10X 19, 281.0
\WIZX 16, 1696 > ‘iwnzx 16, 2355
W10X 17, 179 6 \wnox 17, 2495
W BX 18, 189.4 W BX 18, 2630
WIRX 14, 1498 W12X 14, 2080
W10X 15, 158 8 W10X 15, 2205
W 8X 15, 1598 W 8X 15, 222.0
W10X 12, 1274 : W10X 12, 1770
0 — T — W 8X 13, 1382 T T T W 8X 13, 1920
0 2 325 4 6 8 W 8X 10, 106.6 0 2 4 6 8 W 8X 10, 1480
Y2 (in) Y2 (in.)

(The procedure is explained here with the help of Fig. 7,
an excerpt from the design chart PFS-4.) Plot the point &
corresponding to the value M; = M, on the Y axis. Also
locate the point ® corresponding to the value C* on the
abscissa.

Next, estimate a value a° for the depth of the compres-
sive stress block a (between 0 and #,/2) and, hence, an esti-
mate Y7 for the parameter Y, = h, + ¢, — a/2. In the bot-
tom part of the chart (Fig. 7) locate the line @
corresponding to the particular value of Y, = Y5, by inter-
polation if necessary. Through the point @) draw a straight
line @) parallel to the straight line . Let Py, P,, . . . P,
. . . be the points of intersection of line @) with different
curves shown in Fig. 7. We observe that the vertical inter-
cept between any one of these points and the diagonal line
@ is equal to My + My, = M, = M,. So, all the points P;
are possible candidates for the design, subjected to the fol-
lowing comments and restrictions:

a. If the line () intersects a curve to the left of the solid
square on that curve, the shear connector capacity C
= S using the corresponding section is less than the
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minimum value S,,;, recommended by the LRFD
Manual and preferably should not be considered for
design as a composite beam.

. If a point of intersection @) is to the right of the

point ®), the corresponding section and sections
below it are not candidates for design as they violate
the condition ¢ = min (C*, T*, S).

. If a point of intersection ) coincides with the solid

circle on a curve and if, in addition, the abscissae of
and @® are same, then the corresponding design
results in a balanced design as we have C = C* = T*
=8§*=S.

If the point of intersection @) is at or to the left of the
solid circle on a curve, then that section results in
a partially composite design. The corresponding
beam is heavier than the one corresponding to the
balanced design, while the shear connectors re-
quired are fewer.

. If a point of intersection () is at or to the right of the

solid circle on a curve the corresponding design pos-
sibly results in a fully composite beam with the PNA
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Mdo, Md (ft-kips)

MdY (ft—kips)

PFS-1 [Fy=36 ksi.

PFS—2]

PARTIALLY COMPOSITE BEAM
OR FULLY COMPOSITE BEAM
WITH PNA IN STEEL T* (kips)

| —W36X210, 2224

3000
T—Ww33X221, 2340
IT—Ww36X194, 2052
o kwsaxem, 2127

.\wasxmz, 1929
: \wasxno. 1800
e \waexxeo, 1692

W36X150, 1591

——&wasxms. 1429
\wssxm, 1497
w33X130, 1378

- W33X118, 1249

1000 -}
750
500
250 L
500 © 1000 : 1500 : 2000 : 2500
0 1 S C (kips)
250
500 —ve=2
—Y2=3
7507 i : : : : : 3 ? : : L—Y2=4
1000l AT S S P Gl
: : : : ' : Y2=6
1250 Y2=7
1500 //r

Mdo, Md (ft—kips)

MdY (ft—Kkips)

PARTIALLY COMPOSITE BEAM
OR FULLY COMPOSITE BEAM
WITH PNA IN STEEL T* (kips)

W36X210, 3090
W33X221, 3250
W36X194, 2850
,/waaxeon. 2955
"/wssxmz, 2680
W.,:./wasxno, 2500

,/waexmo, 2350

W36X150, 2210

S

=

W36X135, 1985
“F—w33X141, 2080
“S—wasxi130, 1915
TN wasxue, 1735

2507 {1000 ¢ 2000 1 3000 4000
i 1 i 1 i 1 i 1

250
500
750 T y2- 2
1000 L ve-3
1250 7 \/— Y2=4
1500 vaes
1750 ~
Y2=6
2000

in the slab. As mentioned earlier, the charts PFS are
no more valid to the right of the solid circle, how-
ever. The charts FC should be used if the designer
intends to use fully composite design. Such a design
results in lighter steel beam but with more shear con-
nectors, compared to the balanced design.

f. Whether a balanced, fully composite or partially
composite design results in the most economical
beam depends on the relative cost of steel, shear
connectors and labor for welding connectors. It is
generally felt, however, that in the USA partially
composite designs generally result in the most eco-
nomical designs.

For the selected design corresponding to point &) calcu-
late the actual values a’ of the depth of the compression
stress block from

a’=—c
085/, b

If a' is not approximately equal to the initially assumed
value a°, the calculations described in this section are re-

(41)

peated with a new value of a. Also, before the design can
be finalized, shear connectors are to be designed and
checks are to be made for deflection, shear and construc-
tion stage strength.

5. Shear connector design

The ultimate horizontal shear force to be transferred from
the deck to the steel beam, or vice versa, is the value C
corresponding to the beam selected in the previous sec-
tion.

If Q,, is the nominal strength of shear connector cor-
rected for the reduction factor for deck ribs (see Eq. 3),
then the number of connectors between the point of maxi-
mum positive moment and the point of zero moment to ei-
ther side is given by

- <
Qnr
These shear connectors may be spaced uniformly over that

length (i.e. L/2), with the proviso that spacing is compati-
ble with the pitch of the ribs when metal deck is used.

N (42)
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file:////-W36X135

PFS-3 [Fy=36 ksi.| [PFS—4] Fy=50 ksi
PARTIALLY COMPOSITE BEAM PARTIALLY COMPOSITE BEAM
OR FULLY COMPOSITE BEAM OR FULLY COMPOS_‘ITE BEAM
WITH PNA IN STEEL T* (Kips) WITH PNA IN STEEL T* (kips)
1600 . ‘ ‘ W33X118, 1249 : W33X118, 1735
1500 /wsoxne. 1231 S /—wsoxne, 1710
/waoxnoa, 1141 W30X108, 1585
»-/waox 99, 1047 & '/wsox 99, 1455
- e W27X102, 1080 @ W27X102, 1500
£ & W27X 94, 1385
g Y/ werx s, 997 g : .
A {/werxes. oz L -/ ~wa27x B4, 1240
= W24X 76, 806 = ../w24x 76, 1120
g W24X 68, 723 g <] [ wesx 68, 1008
5 W24X 62, 656 s W24X 62, 910
3 : W21X 62, 658 3 W21X 62, 914
W24X 55, 583 /wmx 55, 810
¥V ~waixsr, so01 ¥V ~w2ixs7. 835
* wiex 60, 633 L —wiex 60, 880
-V-A\uwenx 50. 529 - RNo-waixso, 735
\w:ax 55, 583 &wnax 55, 810
W21X 44, 468 . ‘ : W21X 44, 650
' 100 © 500 1000 1500
C (kips) 0= H — + C (kips)
100
—_ . 200
0 - 0 ] .
& S~ ve=2 -E‘ 300 ™SCve- 2
= . 400
-.|.> [~v2=3 é 5ooj S~—vz2=3
= SN ve=4 . 600 Y=+
5 L —ve=5 5 7004 - ve=5
= = 800 Y2=6
<] —ve=6 S00 | Ya=
. Yo=7 1000 Yo=7
1100

6. Shear design

No significant increase of the shear capacity is achieved by
composite action. So the shear force check is performed
as for non-composite beams, i.e., the web of the steel
beam resists the full shear force. The effect of coping, if
provided, should be considered in these calculations.

7. Deflections

When a composite beam has been designed by ultimate
strength methods described in this paper, checks must be
made to assure that its deflection is not excessive at service
loads. This can be done by using the tables of lower bound
moments of inertia of composite sections given in the
LRFD Manual. If deflections so calculated are acceptable,
a complete elastic analysis, using the transformed section
method, could be avoided.

8. Strength during construction

When shoring is not used during construction, the steel
beam alone must resist all loads applied before the con-
crete has hardened enough to provide composite action.
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LRFD Specification Sect. 13.4 requires that 75% of the
compressive strength f. of the concrete must be developed
before the composite action may be assumed.

Load factor for wet concrete is preferably taken as 1.6
(as for live loads). Construction loads and their load fac-
tors should be determined by the designer for individual
projects. The flexural strength of the steel section is deter-
mined in accordance with the requirements of LRFD Sect.
F1.

DESIGN EXAMPLES

For comparative purposes, the following example taken
from the LRFD Manual is reworked using the design
charts PFS.

Example 1:

Select a beam, with F, = 50 ksi, required to support a
service dead load of 90 psf and a service live load of 250
psf. The beam span is 40 ft and the beam spacing is 10 ft.
Assume a 3-in. metal deck with a 4.5-in. thick concrete
slab of 4-ksi normal weight concrete (145 pcf). The stud
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PFS—4 ~7y=50 ksi| [PFS—5] Fy=36 ksi.
PARTIALLY COMPOSITE BEAM PARTIALLY COMPOSITE BEAM
OR FULLY COMPOSITE BEAM OR FULLY COMPOSITE BEAM
WITH PNA IN STEEL WITH PNA IN STEEL T* (kips)
2200 400 : i 1 1 : : W1BX 55, 583
2100 :
2000 Wi18X 50, 529
1900 -] /wxex 46, 486
1800 /wmx 40, 424
,g. lzzg— T* (kips) ’g 300—,,«" ‘ W18X 35, 370
2 1500 R i) W16X 36, 381
;1_{ 1400 5 | rEes rao é |/ wiax 38, 403
o L W24X 76, 1120 & § ___/wnex st aze
o H— W24X 68, 1005 ko] . - N WX 34, 360
Ed W24X 62, 910 Eo' 200 - ”/:wmx 30, 318
g ‘ /w21x 62, 914 g ______ = ~W16X 26, 276
W24X 55, 810 ; .
— T - wizx 0, a6
/—wzlx o7. 835 ; ) ~-wiaxee,  27e
: 100 4= D o kwnzx 26, 275
g : : Wi4x 22, 233
: : Wi2X 22, 233
: o : : W10X 26, 273
100 500 1000 1500 @ 200 | 400 600
1 1 —_— | 1 .
0 R “ls10 ¢ : :1'836 C (klpS) 0 : K C (klpS)
100 1 i c ° H
2004 .
é*) ‘7’°Oj é)* ] F—v2=2
,llﬁ 400 .kli
& 500 —@ Y2:6.5 £ 1004 Yz: .
o 600 N F—vY2=4
o 700 § . ° —Y2=5
R ~. = b ve-6
9004 ‘ Ya=7
1000 -
100 \Y2= 6 200
Y2=7

Fig. 7. Example 1

reduction factor is 1.0. Unshored construction is specified.
Determine the beam size.

Solution:
a. Data:
h, = 3in. t. = 4.5 in.
. =7.51n.
L =40ft s =10 ft

b =min4740>< 12, 10 x 12 = 120 in.

= 4.0 ksi
* = 0.85 f! b, = 0.85 (4.0) 120 (4.5)
= 408 (4.5) = 1,836 kips

It is seen from the last relation that the compressive
force for each inch thickness of compressive stress block is
408 kips. That is

f

C(a =1 = 408 klpS
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b. Determine moments:
Service Load (L F) Factored Load

(K/ft) (K/ft)

DL 10(0.09) = 0.9 1.2 1.08
LL 10(0.25) = 25 1.6 4.00
3.4 5.08

Required moment = 5.08 (40)%8 = 1,016 kip-ft
Let us use a rounded value of 1,050 kip-ft
c. Beam Size:

Select chart PFS-4 corresponding to Fy, = 50 ksi and plot
the point @) corresponding to M, = 1050 kip-ft, on the M,
axis (Fig. 7). The point ® corresponding to C = C* =
1836 kips is marked on the C axis next. A preliminary esti-
mate for a can be taken as a° = 2 in. resulting in a value
for Y, of

Y=Y, - a% = 6.5 in.

The line @ corresponding to Yy = 6.5 is next drawn and
then the line Q) parallel to (D passing through the point @).
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PFS-6 [Fy=50 ksi.] [PFS—7] Fy=36 ksi.
PARTIALLY COMPOSITE BEAM PARTIALLY COMPOSITE BEAM
OR FULLY COMPOSITE BEAM OR FULLY COMPOSITE BEAM
WITH PNA IN STEEL T+ (kips) WITH PNA IN STEEL T+ (kips)
600 : ; : : : : : : Wi8X 55, 810 100 I Wi2X 19, 200
A Lo ,/wwxso, 735 /waxza, 297
E 5 : W1BX 46, 675 s/ ~W10X 22, 233
500+ - - . - . . . - WieX 40, 590 = /wwx 1o, 202
fg T . ; W18X 35, 515 fg —:<w1zx 16, 169
g , W16X 36, 530 2 W 8X 24, 254
), s0oY W14X 38, 560 b S—wex2a1, 221
= Wi6X 31, 456 e : \wnox 17, 179
g ! -W14X 34, 500 g : \vuzx 14, 149
s 300, V) -wiax 30, 442 s o '_\vuox 15, 158
3 - /wmx 26, 384 3 '\w 8X 18, 189
V ~wi2x 30, 439 CTN\-wex s, 159
200 _i.éwu,x 26, 384 \wmx 12, 127
oy SI~—Wizx 26, 382 L \w 8X 13, 138
: : : : : : : : "\ Widx 22, 324 W 8X 10, 106
100 S b Wizx 22, 324
H B 4 - W10X 26, 380 . . : : : : :
200 400 . 600 800 50 © 100 i 150 i 200
0 e C (kips) 0 bt C (kips)
w m
E‘ 100 —ve=2 E‘ Y2=2
[ Y2=3 5 Y2=3
?z; —Y2=4 i’ 251 —Y2=4
g 200+ ——YR=5 g : | va2=5
| —v2=6 Lol —Y2=6
| —ve=7 L —ve=7
300 50

All sections corresponding to the curves intersected by the
line @), provided the actual Y, value equals the assumed
value of Yy = 6.5, deliver the required moment of 1050 ft
kips. The abscissae corresponding to these points of inter-
section, give the value C for the compressive force in the
concrete.

Note that as line ) intersects the curve for W27x84 to
the left of the solid square, that section is not included in
Table 3. Also, line () intersects the curves for W21x57
and lighter sections to the right of the solid circle, so they

Table 3
C
R
¢ ¢ 085 /b r
Section (kips) (in.) (kips)
W24 x 76 317 0.78 1,120
W24 x 68 472 1.16 1,005
W24 x 62 627 1.54 910
W21 x 62 810 1.99 914
W24 x 55 810 1.99 810
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are not included either in the above table. However, if the
designer intends to use one of these lighter sections, he
should use charts FC for fully composite beams (see next
example).

For the last two sections of Table 3, @’ = 1.99 = ¢° indi-
cating the value of Y7 = 6.5 in. used in constructing line (O
is correct. So they satisfy the strength design require-
ments. Of these two, select the deeper and lighter
W24x55 section with C = 810 kips.

If the designer intends to use even fewer shear connec-
tors (smaller C), the first three sections could be reconsid-
ered with revised values for a and Y, and repeat the proce-
dure followed earlier.

d. Design shear connectors:

Horizontal shear force to be transferred from the concrete
slab to the metal beam is

S = H = C = 810 kips

Select ¥-in. dia. headed studs.
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Capacity of a stud in normal weight concrete, with f. = 4
ksi, is obtained from Table 12 of LRFD as 26.1 kips.

The stud reduction factor R is given as 1.0. So,

Q,, = 26.1 kips

and

C _ 810

N = =
0. 261

= 31.03

A W24x55, F, = 50 ksi with 64 — %-in. dia. headed studs
satisfies requirements for flexural design strength.

e. Check for strength at construction phase:

Construction loads:

Service Load L.F. Factored Load

(K/ft)
LL 10 (0.02) 0.20
Concrete 10 (0.075) 0.75
DL 10 (0.09-0.075)  0.15
1.10
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1.6
1.6
1.2

(K/At)

0.32
1.20
0.18

1.70

Note an assumed construction live load of 20 psf and
that the load factor for wet concrete is taken as 1.6. Re-
quired moment = 1.70 (40)%/8 = 340 ft kips.

Assume the metal deck connected to the steel beam by
stud connectors and spot welds provides adequate lateral
support for the steel beam and design it per LFRD Sect.
F1. From Tables on p. 3-41 of the LRFD Manual.

dp M, = 503 ft > 340 ft kips

So the design is adequate.
As a second example, consider that from Ref. 11 and re-
work it with the help of charts FC.

Example 2:

Design the lightest weight composite section, with a flat
soffit slab, for use as an interior floor beam of an office
building, using the following data:

Simple span, L = 28 ft Live load = 125 psf
Beam spacing, s = 8 ft Partitions = 25 psf
Slab thickness, ¢ = 4 in. Ceiling = 8 psf

Normal weight concrete, f. = 3 ksi
A36 steel, F, = 36 ksi

Solution:

a. Determine moments:

4 in. slab (4/12) (8) 0.15 = 0.40 kip/ft
Ceiling (0.008) 8 = 0.06 kip/ft
Steel beams (assumed) = 0.04 kip/ft

Total dead load, wp = 0.50 kip/ft
Live load (0.125) 8 = 1.00 kip/ft
Partitions (0.025) 8 = 0.20 kip/ft

Total live load, w,, = 1.20 kip/ft

Required moment M, = (1.2 wp + 1.6 w;)L%/8
= 2.52 (28)*8
= 250 ft kips

b. Determine C*:

Effective width of slab, for interior beam
b = min [L/4, s] = min [0.25 (28)12, 8(12)]
= min [84, 96] = 84 in.
Capacity of concrete slab in compression
=C*=085fbt=0.85(3)84(4)
= 857 kips
Capacity of concrete for each inch of compression block
thickness

Cla=1) = 0.85 (3) 84 (1) = 214 kip/in.
c. Beam size:

Select chart FC-3 corresponding to F, = 36 ksi and draw
a horizontal line corresponding to M,; = M, = 250 ft kips.
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For a 4-in. thick flat soffit slab, Y, lies between 2 in. (when
a = 4 in.) and 4 in. (when a = 0).

For sections that cross the 250 ft kip line in this region
the value of T™* is seen to be about 320 kips. As the capac-
ity of concrete for each inch of compression block thick-
ness is 214 kips, a° is equal to 320/214 = 1.5in., and Y3’ =
4 — 152 =3.25in.

As can be seen from the construction on FC-3, it is seen
that W14 x34 with T* = 360 kips and W16Xx31 with T* =
328 provide the required strength. Select the deeper,
lighter W16 31 section.

d. Design shear connectors:

Horizontal shear force to be transferred from the concrete
slab to the steel beams is

S$* = min [C*, T*] = min [857,328]
= 328 kips

Use ¥-in. dia. X 3-in. headed stud connectors. From
Table 12 of the LRFD, the horizontal shear load for one
connector in 3 ksi normal weight concrete is 21.0 ksi. So
the number of connectors between the point of maximum
moment (i.e., mid span) and the point of zero moment to
either side (i.e., support point) is:

328

N = m =15.6 say 16

which is 32 connectors for the entire span.

CONCLUSION

The paper presents charts that greatly simplify the design
of composite beams using the new LRFD Specification.
They are equally applicable to composite beams with flat
soffit slab, with haunched slab or with composite metal
decking wherein the ribs run perpendicular to the beam.
Both partially composite and fully composite beams are
included in the study.

Unlike the design tables, the design charts provided in
this paper are powerful, because in using them it is possi-
ble to isolate a range of alternate designs that satisfy the
LRFD strength design criteria. The most desirable, or the
most economical design could then be selected from this
set using engineering judgement.

The charts should be of interest as a teaching aid, and
familiarity with them should contribute to overall feel of
the composite beam design problem to students and young
engineers.
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NOMENCLATURE

A, = Area of the steel section, in.?

A = Area of the steel section in compression, in.?

a = Depth of the compressive stress block in con-
crete, in.

b = Effective width of slab, in.

by = Width of steel flange, in.

C = Compressive stress resultant in slab, kips =
min[C*, T*, S].

Cc* = Maximum compressive force of the concrete
slab (= 0.85 f!bt,).

C, = Compressive stress resultant in steel section,
kips.

d = Depth of steel section, in.

e, e,, €,,= Lever arms, in.

F, = Equivalent yield stress of concrete (= 0.85 f/),
ksi.

F, = Tensile strength of connector steel, ksi.

F, = Yield stress of steel, ksi.

fe = Specified compressive strength of concrete,
ksi.

= Horizontal shear force between the slab and

beam, kips.

H; = Length of stud shear connector, in.

h, = Height of web clear of fillets, in.

hy, = Height of haunch, in.

h, = Rib height, in.

L = Span of beam.

M, = Design moment of composite beam (= &,
M,).

M, = Nominal resisting moment of the composite
beam.

M, = Plastic moment of steel section, kip-in.

M, = Required moment capacity under factored
loads.

M,, = Design moment of a composite section, with
Y, set equal to zero.

M 4y = Influence of Y, on the design moment, M,,.

M, = Web plastic moment, kip-in.

ny

yw

Qn
Qnr

Yo
b
b

= Number of shear connectors between zero and
maximum moment.

= Number of stud connectors in one rib at a
beam intersection (= 3 in calculations).

= Number of connectors N for a fully composite
design.

= Flange yield force, kips.

= Web yield force, kips.

= Nominal strength of shear connector, kips.

= Strength of a shear connector in a deck rib,
kips.

= Strength reduction factor for connectors in a
rib.

= Strength of connectors between zero and maxi-
mum moment points, kips (=N Q,,,).

= Suggested minimum strength of connectors,
kips.

= Connector strength S for fully composite de-
sign, kips.

= Spacing of beams, in.

= Tensile force resultant in composite section,
kips.

= Maximum tensile yield strength of steel sec-
tion, kips. (= A,F,)

= Thickness of a flat soffit slab, in.

= Thickness of concrete slab above rib, in.

= Unit weight of concrete, pcf

= Average width of deck rib, in.

= Distance from the top of steel beam to top of
concrete, in.

= Distance from the top of steel beam to the
compression force C in concrete, in.

= Depth of steel flange in compression (Case b),
in.

= Distance of plastic neutral axis from mid-depth
of steel section (Case c), in.

= Resistance factor for non-composite beams (=
0.90)

= Resistance factor for composite beams (=
0.85).
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