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WITH FABRICATED STRUCTURAL

STEEL were mostly considered
restrained construction for the
purpose of establishing structur-
al fire resistance ratings and
determining fire proofing
requirements. This was based,
mainly, on interpretive informa-
tion in Appendix X3 of ASTM
E119 (ASTM-E119-88, 1994).

However, recently there has
been a trend to classify many
such structures as unrestrained.
The Uniform Building Code,
UBC, (ICBO, 1994) places the
onus of proving that a structure
is restrained (all structures, not
only steel) on the Structural
Engineer of Record. The BOCA
National Building Code (BOCA,
1996) issued an interpretation,
in 1993, stating that the support
conditions in actual buildings
must be considered when apply-
ing restrained/unrestrained rat-
ings. In 1995, a significant
change was approved by the
Standard Building Code
Congress International to specif-
ically include Appendix X.3 of
ASTM E119 in the 1997 edition
of Standard Building Code, SBC,
(SBCCI, 1994). The available
information as to how to deter-
mine if a steel structure (or any
structure) is restrained or unre-
strained is confusing at best, and
the additional cost of fire proof-
ing a steel structure that is con-

IN THE PAST, BUILDINGS FRAMED

sidered unrestrained can be sub-
stantial. It is the authors’ opin-
ion that most welded, bolted or
riveted steel frame construction
can be considered restrained,
and this article presents a prac-
tical procedure to evaluate this
for specific cases.

In the past few years, changes
in the Underwriters Lab-
oratories, Inc., (UL) Fire
Resistance Directory , ULFRD,
(UL, 1996) resulted in certain
fire tested floor or beam assem-
blies, which used to be classified
as restrained for fire resistive
purposes, to now be interpreted
as being unrestrained. The addi-
tional cost for fireproofing these
structures due to the perceived
change in classification can be
substantial depending on the
size and type of structure. In the
past UL incorporated Appendix
X.3 of ASTM E119 (also
Appendix C of UL 263) in the
ULFRD resulting in most steel
structures being considered
restrained. The following is the
pertinent excerpt from table
X3.1 of ASTM E119 which states
that structures that meet the fol-
lowing description can be consid-
ered restrained:

“...I11.Steel Framing:

(1) Steel beams, welded, riveted
or bolted to the framing members
(2) All types of cast-in-place floor
and roof system (such as beam
and slabs ....) where the floor or



roof system is secured to the
framing members....”

Beginning in 1992 ULFRD
included a commentary in the
introduction quantifying the
stiffness provided by the UL test
chamber. The stiffness in two
directions is given as EI/L equal
to 700,000 kip-inches for the 17’
and 850,000 kip-inches for the
14’ span. It has been wrongly
interpreted by some to imply
that this is the minimum stiff-
ness required to produce
restrained construction.
Further, even if an attempt is
made to match the stated stiff-
ness, is it sufficient to simply
provide the same EI/L? The
actual properties or conditions in
the field (continuity, composite
beam/slab design, simple beam
connections, etc.) are what pro-
duce restraint. The reasons for
abandoning the ASTM guide-
lines for determining whether a
structure is restrained or unre-
strained are not clear to the
authors. Certainly, considerably
more money is being spent on
fire proofing due to the new
interpretations. However, in
some cases buildings that would
otherwise have been designed in
steel are designed in alternative
materials to avoid dealing with
this issue.

To exacerbate the problem,
fire marshals and building offi-
cials interpret the codes differ-
ently resulting in different
amounts of fire proofing for the
same members depending on the
location of the structure, making
it more difficult for design pro-
fessionals to determine how this
issue will be interpreted. In
some cases, by the time an inter-
pretation is obtained the struc-
ture is already designed and
under construction. To avoid
confrontations at this late state
some design professionals classi-
fy the steel structure as unre-
strained for fireproofing purpos-
es.

RESTRAINED VS. UNRESTRAINED

This article discusses the
effects of fire on composite steel
structures. The concepts defined,

developed and discussed can,
however, be used for other types
of structures. It is assumed that
the structure is composed of sim-
ply supported beams and gird-
ers. Consistent with fire engi-
neering and fire testing
assumptions, the potential fire is
applied from the bottom of the
assembly. This results in the
highest temperatures in the bot-
tom flange of the steel beam or
girder. The top flange which is
connected to the slab and the
slab itself remain at relatively
lower temperatures. Since the
yield strength of steel (and most
other materials for that matter)
reduces at elevated tempera-
tures, the first section at which
the beam yields is the point of
maximum positive bending
moment.

In case of a beam with end
restraint, the formation of the
plastic hinge at the point of max-
imum positive moment does not
lead to a failure because the
moment is redistributed to the
ends at which there is available
unutilized capacity. However, in
case of an unrestrained beam,
the first plastic hinge leads to
the ultimate failure. Therefore,
restrained structures can sus-
tain higher temperatures than
unrestrained structures without
a collapse.

ASTM E119 recognizes the
positive effects of restraint by
allowing more liberal failure cri-
teria for restrained assemblies
than for unrestrained ones. The
main difference in the accep-
tance criteria for the two types of
assemblies is the following:

For unrestrained structures

the test failure is defined

when either the average

temperature in the steel

beam has reached 1100 F or

the maximum temperature

at any point in the steel

beam has reached 1300 F.

The time at which this

occurs is established as the

hourly rating of the assem-

bly.

For restrained structures,

on the other hand, the same

temperatures (average tem-

perature in the steel beam of
1100 F or maximum tem-
perature at any point in the
steel beam of 1300 F) are
allowed at half the rated
time or a minimum of one
hour. The steel is then
allowed to reach tempera-
tures beyond the above as
long as the ultimate load
capacity is not exceeded.
The time at which the ulti-
mate load capacity is
reached (or twice the time at
which the maximum /aver-
age temperature limits were
reached, whichever is lower)
then becomes the hourly rat-
ing for the restrained
assembly.
It should be recognized that
thermal restraint is not neces-
sarily the same as structural
restraint. Thermal restraint can

be in the form of “thrust
restraint” or “rotational
restraint.”
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Figure 1: Thrust Restraint

Thrust restraint (Figure 1)
increases the ultimate capacity
by compressing (pre-stressing)
the bottom flange. Although this
is beneficial it is difficult to cal-
culate the equilibrium thrust.
At one extreme, if the bottom
flange is totally restrained, a
small rise in temperature will
cause the bottom flange to buck-
le. At the other extreme if there
is no restraint thrust forces can-
not develop.

Rotational Restraint (Figure
2), on the other hand, produces
negative end moments which
also reduce the positive moment
at mid-span. The negative end
moments can be resisted either
by reinforcing in the slab (which
remains cooler) or by the simple
beam connections and the capac-
ity of the steel section itself for
negative moment at elevated
temperatures.
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Figure 2: Rotational Restraint
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Figure 3: No restraint

Figure 3 shows the required
flexural strength (M,) and nomi-
nal flexural strength (,) for an
unrestrained beam before and
after fire. Notice that before fire
there exists some negative nomi-
nal flexural strength (possibly
less than the positive due to
longer unbraced flange lengths)
in the beam, but it drops to zero
at the ends because of the
absence of connection capacity.
Also, notice that both M, and M,
have reduced after fire. M,
reduces due to reduced load fac-
tors and M, due to lower capaci-
ty (see discussion in the follow-
ing section).

Figure 4: Thrust Restraint

from the neutral axis. Notice the
step in the negative nominal
flexural strength.
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Figure 5: Roational Restraint
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Thrust restraint (Figure 4)
results in shifting the moment
diagram by imposing negative
moments equal to the equilibri-
um thrust times the eccentricity

Rotational restraint (Figure 5)
results in shifting the moment
diagram by imposing negative
moments equal to the flexural
strength of the restraint (connec-
tion capacity or composite
action). In the case of composite
action, notice the additional neg-
ative nominal flexural strength
resulting from the existence of
reinforcing in the slab.

ANALYSIS AND DESIGN AT
ELEVATED TEMPERATURES

Load Combination and
Resistance Factors for Fire
Exposure. ASCE 7-95 (ASCE 7-
95, 1996) includes a section (sec-
tion 2.5) on load combinations
for extraordinary events, such as
fire, explosions and vehicular
impact. This load combination
(Equation 1; Equation C2.5.3 in
ASCE 7-95) recognizes the small
probability of such occurrences
by utilizing load factors which
are lower than for normal load
combinations. It is the authors’
opinion that no resistance fac-
tors need to be used on the resis-
tance side of the equation.
Additionally, the structure only
needs to withstand the fire with-
out failure and, thus, no service-
ability criteria are applicable.

1.2D + A, + (0.5L or 0.2S) 1)
where: D = Dead Load

L = Liveload

S = Snow Load

A, = Load effect
resulting from
extraordinary event

Steel Temperature Time-
History. The first step in com-
puting the nominal flexural
strength is estimating the tem-
peratures at various locations in
the beam. The standard ASTM
E119 fire test requires monitor-
ing of temperatures at specified
locations along the length and
depth of the beam. The readings
from these thermocouples, over
time, then become the tempera-
ture time-history and are part of
the record of the fire test. UL
and other fire testing laborato-
ries provide this information to
the sponsors of each tested
assembly. UL will not release
this information to other parties,
unless the sponsors approve.
Alternatively, the information
can be obtained directly from the
sponsors (such as fireproofing
manufacturers, AISI, etc.).

Analytical methods, utilizing
principles of thermodynamics,
also exist for calculating this
time history given a temperature
time-history input and the ther-
mal properties of the materials
involved. FIRES-T3 (Bresler, B.,
et. al, 1977) is a public domain
finite element program that
accomplishes that. Its use, how-
ever, is cumbersome and
requires knowledge of thermody-
namics beyond the level that a
structural engineer usually pos-
sesses. The authors are currently
involved in a research effort to
gather available temperature
time-history information and/or
augment it with FIRES-T3 mod-
eling.

At any point in time, the typi-
cal temperature variation within
the composite section is shown in
Figure 6, where Tc, th, Tw: be
are the resulting temperatures
in the concrete slab, top flange,
web and bottom flange respec-
tively, at that particular time.

Once the temperatures of the
individual components (slab, top
flange, web and bottom flange)
are obtained, the yield strength
at that temperature of each indi-



Figure 6: Typical Temperature
Variations
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Figure 7: Yield strength/
temperature relation

Figure 8: Forces At Mid-Span

vidual component can be calcu-
lated from published yield
strength versus temperature
relationships (Boring, D. F., et.
al., 1981; CRSI, 1980) such as
the one shown in Figure 7.

Positive Nominal Flexural
Strength at Elevated
Temperatures. Figure 8 shows
the resulting forces in the indi-
vidual components, at a particu-
lar point in time, obtained by
multiplying the yield strength at
the components temperature, at
that time, by the component
area.

The following steps outline
the procedure followed for evalu-
ating the positive moment capac-
ity:

e It is convenient to start with
an assumption that the concrete
slab contains the compression
zone and the steel beam provides
the tensile resistance. This
assumption is generally valid
because the temperature of the
top surface of the concrete slab
does not increase appreciably
(there is actually another failure
criterion of E119 that keeps the
temperature at the top of the
concrete slab around 300 F) dur-
ing the exposure to the fire.

e It is also assumed that the
section will develop its full plas-
tic capacity. That is, the steel
will be fully yielded in tension
and the concrete in the compres-
sion will be at a strain of 0.003.
This assumption is also valid
because the fire loading is a limit
state loading case and no ser-
viceability requirements need to
be satisfied under fire.

e Using these assumptions
and the yield strength of the bot-
tom flange, web and the top
flange it is possible to compute
the total capacity in flexural ten-
sion, Fp.

FTZth+Fw+be (2)

where F,;, F,, Fy; are the yield
capacities of the top flange, web
and the bottom flange respec-
tively at their corresponding
temperatures Ty, T, and T,

e Compute the depth of the
equivalent rectangular compres-
sion block, a, using Equation 3.

Fr

“= 0.85(b, ®)

where f’. is the compressive
strength of concrete and b, is the
effective flange width. If a is less
than the total slab depth, then
the first assumption above is
valid. If not, then a procedure
similar to the one used for con-
crete T-beams when the neutral
axis falls in the web of the T can
be used.

¢ The nominal flexural
strength, M,, is computed by
summing the moments of F¢, Fy,
F,, Fy about the neutral axis.

This can be easily accomplished
by realizing that each of the ten-
sile forces (F;, F,, F,p) forms a
couple with a portion of the com-
pressive force (F¢). The compo-
nent contributed to the nominal
flexural capacity by each of the
tensile forces is thus the force
multiplied by the lever arm,
between the tensile component
and F.

NEGATIVE NOMINAL FLEXURAL
STRENGTH AT ELEVATED
TEMPERATURES—RESTRAINED
ASSEMBLIES

Rotational Restraint Pro-
vided by Connections: All con-
nections provide some degree of
restraint. Even the simplest dou-
ble angle shear connections pro-
vide in the order of 20 kip-feet
ultimate moment capacity. It is
generally assumed that the con-
nections are not subjected to ele-
vated temperatures. This is a
valid assumption because they
are connected to other beams
and cooler members and is con-
sistent with the way fire tests
are conducted. The beneficial
effect can be directly taken into
account by reducing the required
positive flexural strength as
shown in Figure 5. However, the
steel section just beyond the con-
nection might have less capacity
for negative moments at the ele-
vated temperatures and must
also be checked. The resulting
internal forces are shown in
Figure 9. Use the methodology
in the following section to calcu-
late the nominal flexural
strength.

Ll

Figure 9: Forces at beam end
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Rotational Restraint
Provided by Composite
Action (Slab Reinforcement):
If the slab has reinforcement
parallel to the axis of the beam,
the reinforcement will provide
the flexural tension and the con-
nection will provide the flexural
compression component. Since
the connection is generally not
subjected to very high tempera-
tures, the critical condition for
computing moments is in the
beam at a small distance from
the connection. At this point,
part of the steel beam section
provides the compressive force
and the slab reinforcement possi-
bly, in combination with the top
flange of the steel beam provides
the tensile force. The procedure
for computing the negative
moment capacity is outlined
below.

It is convenient to start with
an assumption that the neutral
axis lies within the web of the
steel section. Therefore, the rein-
forcing steel and the top flange
provide the tensile capacity and
the web and the bottom flange
provide the compression capaci-

ty.
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Figure 10: Rotational restraint
(composite action)

e It is also assumed that the
section will develop its full plas-
tic capacity. That is, the steel
will be fully yielded in tension
and compression. This assump-
tion is also valid because the fire
loading is an ultimate loading
case and no serviceability
requirements need to be satisfied
under fire.

¢ Using the assumptions and
the yield strength of the bottom
flange, web and the top flange it
is possible to compute the total
capacity in flexural tension, F.

Fr=Frg+Fy (CY)

Where Fjyp is the tensile yield
force of the reinforcing steel. It is
assumed that the reinforcing
steel is at low temperatures and
capable of developing close to its
full yield strength. F is the yield
force capacity of the top flange
at its temperatures T

e Using the assumptions and
the yield strength of the bottom
flange and the web, it is possible
to compute the total capacity in
flexural compression, F.

Fe=F,+Fy 5)

Where F,, and F,; are the com-
pressive capacities of the web
and the bottom flange respec-
tively at their corresponding
temperatures T, and T

The steps above are repeated
using different locations of the
neutral axis until

FT=FC (6)

¢ The moment capacity is
computed by summing the
moments of Fgp, Fy, Fy, Fyr
about the neutral axis.
Thrust Restraint. Calculating
the equilibrium thrust is a com-
plex endeavor requiring consid-
eration of the surrounding
structure. A simplified proce-
dure for calculating the equilib-
rium thrust is currently being
developed by the authors.

RECOMMENDED PROCEDURE

The reason a structural
assembly needs to be described
as restrained or unrestrained is
to determine the amount of fire-
proofing required to satisfy a
pretested assembly. The ques-
tion that should really be asked
is: “How much fireproofing is
required to achieve a certain
hourly rating”?, or, asked a dif-
ferent way: “For my structure
can I use the fireproofing thick-
ness prescribed for restrained
structural assemblies in the
ULFRD?” The following recom-
mended procedure answers the
latter question in a systematic
way.

Calculate the Required
Flexural Strength. The effect
of fire is taken into account by
the reduction of nominal flexural
strength at elevated tempera-
tures. The effect of fire on the
load side of the equation can be
neglected, since this is a first
order analysis. Equation 1 can
be rewritten as follows:

1.2D + (0.5L or 0.2S) 7

Based on the loads from
Equation 7 calculate the total
static (simply supported beam)
required flexural strength (M)
Calculate the Nominal
Flexural Strength.

¢ Obtain Temperature Time-
History: For the particular
assembly or beam rating utilized
in the design (e.g. UL-D916, UL-
D925, etc.) obtain the tempera-
ture time-history data for the
“restrained” test. If this data is
not available for the particular
assembly, generalized or similar
data may be utilized.

¢ Find the Average Temp-
erature in Each Component:
Review the test data and extract
the temperatures for the top
flange, web and bottom flange at
mid-span of the beam.

¢ Find the Yield Strength for
Each Component:Based on tem-
perature/yield strength relation-
ships (such as Figure 7) find the
yield strength of each component
at the elevated temperatures.

e Calculate the Nominal
Flexural Strength: Calculate the
nominal flexural strength (M,)
as described above.

Compare Total Static
Required Flexural Strength
to the Nominal Flexural
Strength. If the nominal flexur-
al strength (M,) is higher than
the total required static flexural
strength (M,) then the beam size
is sufficient at these elevated
temperatures and no further cal-
culations are required.

If Needed Utilize Connection
Rotational Restraint. If the
nominal flexural strength (44),)



computed above is less than the
total required static flexural
strength (M,) then utilize the
connection rotational restraint
and check both the connection
capacity and the capacity of the
steel section adjacent to the con-
nection in accordance with sec-
tion 4.d.i. Add the average of the
negative mnominal flexural
strengths at the two ends of the
steel member to the positive
nominal flexural strength to
obtain the total static nominal
flexural strength (M,). If M, is
greater than M, then the beam
size is sufficient at these elevat-
ed temperatures and no further
calculations are required.

If Needed Utilize Composite
Action Rotational Restraint
(Reinforcing in Slab). If the
total static nominal flexural
strength (M,) computed above is
less than the required total stat-
ic flexural strength (M,) then
utilize the composite action rota-
tional restraint and check the
steel section. Add the average of
the negative nominal flexural
strengths at the two ends of the
steel member to the positive
nominal flexural strength to
obtain the total static nominal
flexural strength (M,). If M, is
greater than M,, then the beam
size is sufficient at these elevat-
ed temperatures and no further
calculations are required.

If Needed Utilize Thrust
Restraint. If the total static
nominal flexural strength (M,)
computed above is less than the
required total static flexural
strength (M), then utilize thrust
restraint and check the steel sec-
tion in accordance with section
4.d.iii. If M, is greater than M,
then the beam size is sufficient
at these elevated temperatures.
If not, then the steel member is
inadequate at these elevated
temperatures and more fire-
proofing is required.

EXAMPLE

Figure 11 shows the typical
layout of a composite floor struc-
ture from an actual project. The

fire rating is based on UL
#D916.

The floor consists of a 5%4”
structural lightweight concrete
slab including a 2” steel deck.
The span of the beams is 29’ and
that of the girders is 24’. The
beams are uniformly spaced at
8. Slab reinforcement consists
of #4 bars spaced over the gird-
ers @ 24” c/c.

The uniformly distributed
dead load is 60 psf and the uni-
formly distributed live load is 80
psf. The live load is reducible.

Note that the number of shear
studs used for both the beams
and the girders develops full
composite action between the
steel members and the slab.

Design of a typical beam

For a simply supported beam,
the maximum moment is M =
wi?8, where w is the uniformly
distributed load and [ is the
span. The dead load on the beam
wp = 0.48 k/ft and the live load
wy, = 0.52 k/ft (note that the live
load includes a reduction of
18.6%). Under normal operating

condition, the governing load
combination is 1.2D+1.6L.

1.2lUD + 16wL
1.2¥0.48+1.6%0.52
1.4 k/ft

Using the w,, the factored
moment can be computed as:

Wy

w1’
M, = 5

2
_14%29° ;29 = 147.2k/ft

Using LRFD (AISC,1994)
methods for computing the resis-
tance of composite sections,
oM ,=244.5 k.ft. Note that this
beam is part of the unshored
composite construction and the
limit on construction load deflec-
tion governs the design of this
member.

Analysis of a Beam Under
Fire Loading

e Required Flexural
Strength Under Fire. Using
the governing load case under
fire given in Equation (7)

w, 1.2wp + 0.5w;,
1.2*%0.48+0.5%0.52
0.84 k/ft

jL

Figure 11: Typical l

floor layout




The factored moment under
fire loading is:

2 2
M, wél _ 0.84; 29 _ 88.3 k/ft

e Nominal Flextural
Strength Using AISI
Temperatures. The first step in
computing the nominal flexural
strength is the evaluation of
temperatures. As a first step, the
temperatures are obtained from
Figure 23 of Fire Protection
through Modern Building Codes
(Boring, D. F., et. al., 1981). The
temperatures given are an aver-
age of the fire tests conducted at
Ohio State University. However,
no details on the tests assem-
blies are provided. After two
hours of exposure to the fire
load, the temperature of the bot-
tom flange is 1300 degrees F and
that of the top flange is 600
degrees F. Using Figure 22 of the
same book, the yield strength of
the bottom flange, f,,r = 15 ksi
and that of the top flange f,,, = 32
ksi. The yield strength of the
web is assumed to be an average
of the flanges, f,, = 23.5 ksi.
Using these values, the proper-
ties of W16x26 and Equation (2)
the tensile force F; can be com-
puted as

FT th+Fw+be

ForAip + FowAw + FrorAvy
60.7 + 91.3 + 28.5

= 181 kips
The depth of the equivalent con-
crete compression zone can be
computed using Equation (3) and
F;. The width of the compression

flange is computed using LRFD
as /4 =8T7".

F,  _ 1805

“=o085fb, 085%3%87" 0.81

The nominal flexural strength is
computed by multiplying the
tensile forces by the individual
lever arm to the center of the
gravity of the compression zone.

Mn = thLtf+ FwLw + beLb
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= 304.6 + 1075.8 + 579.9
= 1959.9 kip-inches
= 163.3 k/ft

Where L, L, and L, are the
respective lever arms. The lever
arms can be computed by sub-
tracting a/2 from the distance
between the top of the slab and
the centers of gravity of each of
the beam elements. Since M, >
M,, no further calculations are
necessary.

e Nominal Flexural
Strength Using UL Fire Test
Results. In this case, the tem-
peratures are obtained from a
specific fire test conducted at the
Underwriters’ Laboratories, Inc.
(UL File R4339-41). The temper-
atures recorded are for a W8x28
with %” of fire proofing. The test
assembly is slightly different
from the D916 specification
(which could not be obtained).
The differences are such that the
test temperatures may be slight-
ly higher than those that could
result form D916. After two
hours of exposure to the fire
load, the temperature of the bot-
tom flange is 1500 degrees F, the
web temperature is 1440 degrees
F and that of the top flange is
1160 degrees F. Using Figure 22
of Fire Protection Through
Modern Building Codes, the
yield strength of the bottom
flange, f,oy = 5 ksi, the yield
strength of the web f,, = 6 ksi
and that of the top flange f,,, = 17
ksi. Using these values, the
properties of W16x26 and the
method followed above, the posi-
tive moment capacity can be
computed as 61 k-ft. It can be
seen that this is lower than the
acting moment M, = 88.3 k.ft.

The W16x26 (with the amount
of fireproofing which is equiva-
lent to the '%” for W8x28) is not
adequate without some
restraint. Therefore, the nega-
tive moment capacity provided
by the support has to be evaluat-
ed.

No Reinforcement Bars Provided
on Top of Girders: In this case,
the negative moment capacity is

controlled by either the connec-
tion or the bare steel section
(concrete provides no tensile
capacity). The connection is
assumed not to be exposed to
fire. The smallest of the typical
connections can provide moment
capacities of at least 20 k-ft.
However, the beam a few inches
from the connection is generally
at the elevated temperatures
because of exposure to the fire
and its capacity must also be
checked. The yield strengths of
the flanges and the web are
given above. Using these yield
strengths and the properties of
W16x26, the location of the neu-
tral axis can be calculated.

In the present case, the neu-
tral axis is 1.23” from the top of
the beam. The moment capacity
of the steel beam can be comput-
ed by taking moments about the
neutral axis.

Mn thyﬂ"'Ftwytw"' Fbwybw+
By

45.2 + 3.2 + 152 +
132.3

333 kip-inches

28 k/ft

where subscripts bw and tw indi-
cated properties relating to the
top (above the neutral axis) and
bottom (below the neutral axis)
portions of the web respectively.

This moment is higher than
the assumed connection capaci-
ty, therefore the minimum of the
two (20 k-ft.) is taken as the neg-
ative moment capacity. After
redistribution, the total static
moment capacity of W16x26 is
61+20 = 81 k-ft. This capacity is
slightly less than the acting
moment. The effect of the rein-
forcement bars provided on top
of the girders can then be inves-
tigated.

Reinforcement Bars Provided on
Top of Girders: In most compos-
ite construction, some reinforc-
ing is provided on top of the gird-
ers to prevent cracking of the
concrete. This reinforcement can
provide significant improvement
in the negative moment capacity
because the reinforcement is rel-



atively cool (approx. 300 degrees
F). In the present case, 4’ long #4
bars at 24” on center are provid-
ed on top of the girder. It can be
assumed that all reinforcement
within the bf participates in
resisting the moment. This
results in a total rebar area A, =
0.75 in%.It is assumed that the
yield strength of the rebar is
reduced by 15% because of the
elevated temperature. (CRSI,
1980). Using the same proce-
dure as above, but with the addi-
tional tensile steel from the
rebar, the neutral axis can be
computed as 0.28” down from the
top of the beam. The negative
moment capacity can be comput-
ed as:
M, = Freyrs+ Fiyy + Fryow +
Fyyow+ Foyer

= 151 +3 + 85 +
121 + 145

= 504 kip-inches

= 42k/ft

After redistribution, the total
moment capacity is 103 k/ft.,
which is greater than M,,.

GENERAL DISCUSSION

This article represents only a
portion of a more encompassing
effort to distill existing informa-
tion and develop design guide-
lines for fireproofing require-
ments of steel wide flange
beams. The information herein
is a progress report of the cur-
rent state of this ongoing effort.
This methodology is based on the
method currently used in the
U.S. to determine fireproofing
requirements. Namely, “typical”
beams are subjected to a stan-
dard fire in a standard fire-fur-
nace and their behavior com-
pared to prescriptive pass/fail
criteria (ASTM - E119); the fire
proofing thickness required for
“actual” beams in the field is
then based on these isolated
tests. Many other countries
have been using a “fire engineer-
ing” approach to predict the
behavior of the “whole structure”
to more realistic fire based on
the available fuel load for the
particular building.

Deflections govern design of

many practical steel beams. The
size of the section is, often, gov-
erned by the serviceability crite-
ria and not by the strength crite-
ria. This means that many
sections have a reserve load
capacity. Furthermore, the low
probability of fire warrants lower
load factors. On the other hand,
fire reduces the load carrying
capacity of the section. In many
cases the combination of these
factors can produce steel beams
that have sufficient load carry-
ing capacity under fire (with the
fireproofing thickness prescribed
for a restrained beam) without
taking into account any
restraint.

The smallest of “simple con-
nections” still provides nominal
strength in the order of 20 k/ft.
This capacity (or the capacity of
the steel section adjacent to the
connection) can be used to add to
the member’s nominal flexural
strength.

Many designers provide rein-
forcing bars, in the slab, over the
girders to minimize potential
cracking. This reinforcing can
provide negative moment capaci-
ty for the beams (which are usu-
ally designed as simply support-
ed) which can be used to offset
the reduced nominal flexural
strength of the beam at elevated

temperatures. If needed, rein-
forcement over beams may be
economically added near

columns to increase the nominal
flexural strength of girders at
elevated temperatures.

The beams and girders in the
example have been designed uti-
lizing full composite action. If
partial composite action is used
in the design, the ultimate
capacity of the shear studs must
be calculated and compared to
the tensile force in the reinforc-
ing bars. If the shear stud
capacity is less that the tensile
force capacity of the reinforce-
ment then FRB should be limit-
ed to the shear stud capacity.

Practically designed struc-
tures have reserve strength
capacity which can be utilized
for resisting loads resulting from
extraordinary events, such as
fire.

This article is based on a
paper presented at the 1997
NSCC. Socrates A. Ioannides,
Ph.D., S.E., is president and
Sandeep Mehta, Ph.D., P.E., is a
design engineer with Structural
Affiliates International, Inc., in
Nashuville, TN.
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