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BUILDING CONSTRUCTION INFORMATION FROM THE CONCRETE AND MASONRY INDUSTRIES

NC. 13 CF A SERIES

Analytical Methods of Determining Fire
Endurance of Concrete and Masonry
Members—Model Code Approved Procedures

2. A temperature rise of 325°F (single point) or 2560°F
(average) on the unexposed surface of the member
or assembly. This is known as the heal transmission
end point.

3. Inability to carry the applied design load, that is,
structural collapse.

Additional rating criteria for the fire endurance of a

member or assembly include

1. Concrele struclural members: in some cases the
average temperature of the tension steel al any
section must not exceed BO0°F for coid-drawn
prestressing stesl or 1100°F lor reinforcing bars.
Tesis show that ihe respective steels retain approxi-
mately 50% of their original yield strength at these
temperaturas.

2. For wall sections: the ability to resist the impact,
erosion, and cooling effects of a specific size hose
slream.
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INTRODUCTION AND STANDARD
FIRE TEST

Fire-endurance periods for building components are
normally determined by physical tests conducted accord-
ing to ASTM E119, "Standard Methods of Fire Tests of
Building Construction and Materials." Provisions of the
ASTM E119testrequire that specimens be subjectedio
a fire which follows the standard time-femperalure
curve shown in Fig. 1.

Under the E119 standard, the fire endurance of a
member ar assembly is determinad by the time required o
toreach the first of any of the following three end points:

1. Ignition of cotton waste due to passage of flame
through cracks or lissuras Fig: 1. ASTM Standard E 119 time-temperature curve,
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Table 1 presents a listing of ASTM E118 end-point
criteria and test conditions and outlines applicable end
points of various concrete and masonry members and
assemblles.

ASTM E119 classifies beams, fioors, and raofs as
either restrained or unrestrained. A restrained member
is ane In which the thermal expansicn is restricted,
Reinforced concrete assemblies are generally classi-
fied as restrained If they have continuity at interiar sup-
ports or are restricted from lateral mavement at exterior
supports, Table 2 should be referenced when determin-
ing the presence of thermal restraint.

The three model codes in the United Statas are the
BOCA Basic National Building Code (B/NBC), ICBO
Uniform Building Code (UBC), and SBCCI Standard
Bullding Code (SBC) All require firetesting In accord-
ance with ASTM E119 or analytical calculalion based
on ASTM E119 test data 1o satisfy all lire-resistance
ratings required by the codes, These recently approved
analytical methods present significant cost savings
when compared o actual ASTM E 119 firetesting.

ANALYTICAL METHODS

Over many years the results of ASTME 119 standard fire
tesis have bean analyzed, Alopg with standard fire tests
ihere has been research and development of data on
strangth of steel and concrete al elevaled lemperaturas,
lemperature distribution within conecrele, verificalion
and modification of theory, and the effects of restraining
thermal expansion during heating, This testing and
research forms the basis for analytical, or calculation.
methods of determining fire endurance,

Calculation of fire endurance can ba classified Inlo
iwo categories: rational design and empirical design

Rational Design

Rational design utilizes ASTM E119 lire-test resuils,
data on steel and concrete strength at elevated temper-
atures, tlemperature distribution within heated concrete,
and the elfects of support conditions and restraint of
thermal expansion to perform struciural engineering
calculations.

With the infarmation listed, the engineer can then
estimate by calculation the strength of members exposed
to standard fire tests for varlous lengths of exposure
tima. Many fire tests have been performed 1o further
develop and verily that rational design calculalicns cor-
rectly estimate strengths of members exposed 1o the
standard fire tesl

In a rational design calculation the fire endurance
would be the length of time required for the load capacity
of the member 1o be reduced to equal that of the applied
leading,

Empirical Design

Empirical design utilizes tabulated results of ASTM
E119firetests and design alds, such as data on strength
of heated concrete and steel, and temperature distribu-

tions in concrete and masonry lo calculate faciors such
as cofical concrale thicknesses and cover. Application
of empirical design is simpler than raticnal design in thal
no struciural engineering calculations are required

END-POINT CRITERIA AND ANALYTICAL
METHODS

To analytically calculate the fire endurance of a given
member il is useful to understand which end-point cri-
teria will govern design of that member. As previously
discussed, the first end point reached during the E118
fire test establishes the fire endurance pariod of the
member. To further aid in understanding applica-
bility of various end-point criteria, Table 1 should be
referenced.

Walls

Concrete and masanry walls nearly always fail the heal
transmission end point before allowing passage of flame
or failling structurally. By examining heat transmission
through varlous thicknesses of concrete, made with var-
ious types of aggregates, from E119 fire tests it s possi-
ble to determine a given thickness or equivalent thick-
ness of concrete, masonry, or brick lo imit the temper-
ature rise to below 250°F (average) or to 325°F (single
point) as specified in ASTM E118.

Beams

Prestressed and normally reinforced concrete beams
cannot be so easily categorized The ability of a beam to
carry a design load is the primary end point and Is
dependen! an several faclors which are accounted forin
rational design methods. The rational design of a beam
would consider the applied load, amount of concrele
cover, beam spacing, span length and beam dimension,
concrete and steel strengths, aggregate ype inthe con-
crete, lype of suppert. and restraint of thermal expan-
sion. Considering the abave factors, the structural
designer would calculate the load-carrying capacity of
the beam at a specific length of exposure time, that
being the code-required-fire endurance period lor the
member being examined,

Emplrical design of beams in accordance with, for
example. Appendlx P of the SBC replaces rational
design and considers the above factors for specilying
concrete cover requirements for beams of different
aggregate type concrete of varying width in both re-
strained and unrestrained conditions as shown in Table
7. Tests show that with all other factors equal the primary
factors in beam fire endurance are the amaunt of con-
crete cover over prestressing strands or reinforcing
steel bars and the method of support.

Floors and Rools

Calculation of tire endurance of reinforced and pre-
stressed concrete roaf and floor slabs is based on both
analysis of heal transmission and of load-carrying
capacity at elevated lemperatures. The heat transmis-
sion end point can be analyzed similarly to walls. As with




Table 1. Applicable End-Point Criteria and Test Conditions for Concrete and Masonry Members
and Assemblies (Based on ASTM E 119 Standard Fire Tests)

Flame impinge-
End 250°F average ment through
point temperature cracks or
rise or 325°F fissures
point temp. sufficient Steel Restrained Hose
Member rise on unex- to ignite Carry applied temperature during stream
posed surface cotton waste load end point testing test
1 i 1 2
Walls Bearing Yes Yes Yes Not considered No Yes
. No load : 2
Nonbearing Yes Yes applied Not considered Yes' Yes
ZL%OVS Restrained Yes Yes Yes No? Yes No
roofs | Unrestrained Yes Yes Yes No No No
Restraint not
imposed; test
Columns No No Yes No specifies simulation No
of end connection
Individual beams—
restrained:
prestressed or No No Yes Yes* Yes No
reinforced
Individual beams—
unrestrained:
prestressed or No No Yes No No No
reinforced

'Non-load-bearing walls are restrained but not loaded during tests. Bearing walls are loaded but not restrained.

’Hose stream tests apply only to those walls required to have a one-hour rating or greater.

3Restrained floor and roof slabs utilizing concrete beams spaced greater than 4’ center-to-center must not exceed steel temperature limits of 1100°F
(reinforcing steel) and 800°F (prestressing steel) for one-half the rating period or 1 hour, whichever is greater.

‘Reinforcing steel in concrete beams or joists spaced greater than 4’ center-to-center and cast monolithically with floors and columns must be
maintained below 800°F (prestressing) and 1100°F (reinforcing) for 1 hour or one-half the desired rating period, whichever is greater.

Table 2. Construction Classification, Restrained and Unrestrained

. Wall bearing
A. Single span and simply supported end spans of multiple bays’
1. Open-web steel joists or steel beams supporting concrete slab, precast units, or metal decking
2. Concrete slabs, precast units, or metal decking
B. Interior spans of multiple bays

Unrestrained
Unrestrained

1. Open-web steel joists, steel beams, or metal decking supporting continuous concrete slab Restrained
2. Open-web steel joists or steel beams, supporting precast units or metal decking Unrestrained
3. Cast-in-place concrete slab systems Restrained
4. Precast concrete where the potential thermal expansion is resisted by adjacent construction? Restrained
Il. Steel framing
A. Steel beams welded, riveted, or bolted to the framing members Restrained
B. All types of cast-in-place floor and roof systems (such as beam-and-siabs, flat slabs, pan joists, and waffie )
slabs) where the floor or roof system is secured to the framing members Restrained
C. All types of prefabricated floor or roof systems where the structural members are secured to the framing
members and the potential thermal expansion of the floor or roof system is resisted by the framing system )
or the adjoining floor or roof construction? Restrained
I1l. Concrete framing
A. Beams securely fastened to the framing members Restrained
B. All types of cast-in-place floor or roof systems (such as beam-and-slabs, flat slabs, pan joists, and waffle )
slabs) where the floor system is cast with the framing members Restrained
C. Interior and exterior spans of precast systems with cast-in-place joints resulting in restraint equivalent to that )
which would exist in condition Il A. Restrained
D. All types of prefabricated floor or roof systems where the structural members are secured to such systems
and the potential thermal expansion of the floor or roof systems is resisted by the framing system or the R q
estraine

adjoining floor or roof construction?

IV. Wood Construction

All types Unrestrained

'Floor and roof systems can be considered restrained when they are tied into walls with or without tie beams, the walls being designed and detailed to resist

thermal thrust from the floor or roof system.

2For example, resistance to potential thermal expansion is considered to be achieved when:

1. Continuous structural concrete topping is used.

2. The space between the ends of precast units or between the ends of units and the vertical face of supports is filled with concrete or mortar, or

3. The space between the ends of precast units and the vertical faces of supports or between the ends of solid or hollow-core slab units does not exceed0.25
percent of the length for normal weight concrete members or 0.1 percent of the length for structural lightweight concrete members.

Reprinted with permission from the Annual Book of ASTM Standards Volume 4.07. Copyright ASTM, 1916 Race Street, Philadelphia, PA 19103.




beams. the ability of rocfs and floors 1o carry load is
influsnced by several factors in design. Tabulated
values for concrete cover, similar to those for beams,
exist for raof and floor slabs and are shown in Table &

Columns

The structural fire endurance of concrete columns s
influenced primarily by the column size and the concrele
aggregate type. The bases at present for column fire
endurance design are tabulated minimum cover and
column size requirements based on past ASTM E119
tests which were run 1o the structural failure end paint.

Further research on columns is being conducled
presently at the laboralories of the National Research
Council of Canada and the Portland Cement Associ-
ation. Praliminary results indicate that current code provi-
sions are conservative and thal cover thickness is rela-
lively unimportant.

FACTORS INFLUENCING ENDURANCE OF
CONCRETE AND MASONRY EXPOSED
TO FIRE

Three principal factors influence the fire endurance of
concrete and masonry. These factors, thickness and
aggregate type, thermal restraint conditions, and temper-
ature distribution through members are included in the
code-approved methods for calculating fire resistance
and need 1o be understood before attempting o carry
out the calculations

Effect of Thickness and Aggregate Type

The laciors which determine the lire endurance of con-
crete and masonry members or assemblies subject lo
the heat transmission end point criteria (walls, floors,
roofs) are the thickness and the aggregate type of con-
crete used.

This can be seen clearly in Table 3, which shows that
for a given aggregate type the length of time to reach a
250°F temperalure rise on the unexposed surface
increases as the thickness of the concrate increases.

Table 3. Fire Endurances of Naturally Dried

Specimens’
Slab Fire endurance. hrmin.
Thickness, | Slliceous Carbonata Sanded expanded

I, agpragate aggregate shale aggregate’
1% 018 0.8 024

2% 035 04 54

B 118 1:27 2118

5 2 17 3.00

& 250 b3 [ 4:55

T 5T 4 -

Times shown are times reguised 1o reach 250°F mwarage temperature
on unexposed surlace

Ak gand feam Elgin, lilinois, replocing 60% [by absolute volume) of
thi fines.

Examination of Table 3 also shows that lightweight
aggragate concrete transmits heat more slowly than
normal-weight concreta, resulling in longer fire endur-
ances. As unil weight, determined by aggregale type, is
reduced, resistance 10 heat transmission increases.

Structural lightweight concretes use aggregale such
as expanded shale, clay, and slate and have unit
weights ranging from 100 Ibs per cu ft 1o about 120 Ibs
per cu ft. Normal-weight concretes have unil weights
ranging from 135 1o 150 Ibs per cu ft. Narmal-weight
concretes utilize sliceous aggregales obtained from
natural sand and gravel or carbonale aggregates such
as limestone. Lightweight insulating concretes with unit
weights of as low as 30 Ib per cu fi are also avallable.

Etfect of Restraint of Members During
Fire Loading

Most cast-in-place reinforced concrete members are
considered restrained. Precast or prestressed concrele
members are more difficult to classity, and conditions
which affect thermal restraint should be careldlly exam-
ined In every case involving a beam, floor, or roof
assembly. The tabular methods contained within the
model codes consider either fully restrained or fully
unrestrained members subjected to ASTM E118 fire
tests. In most cases the presence of restraint will
anhance fire endurance

Table 2, which is part of Appendix X3 of ASTM E119
and is contained within the UL Fire Resistance Direc-
tory, provides some criteria for Identifying whether a
given member or assembly is restrained or unrestrained

Temperature Distribution Within Concrete
and Masonry Members and Assemblies

In concrete and masonry, several lactors influence
temperature distribution through & member, primary are
the shape or thickness of the member and the concrete
aggregate type Temperature distribution through or
within the member during ASTM E113 firetesting is
importantin determining heat iransmission rates in walls
and floors and roofs and in determining steel and con-
crete lemperatures in beams, floors and roofs, and
columns

PART Il

CODE-APPROVED METHODS OF
CALCULATION

The methods depicted in this portion ol the report are
empirical and tabular. As discussed, these procedures
are accepted by the model codes to varying degrees
While the three model codes have adopted slightly dif-
terent language regarding analytical methods, the tech-
nical bases for all code-approved analytical methods
are sel forth in relerences 1 and 2. It follows that most
critical faclors (wall thickness, concrete cover, and so
forth) do not ditfer from code to code.

To limit redundancy in lables and figures, various
minor differences between the codes will be pointed out
by footnoles.




' Table 4. Minimum Equivalent Thickness in Inches of Load-Bearing

HEAT TRANSMISSION END POINT

Solid Concrete Walls, Floors, and Roofs of
Constant Thickness

When considering flat, single-wylhe concrele or masonry
walls, floors, or roals, heat transmission endurance peri-
ods are based on the actual or equivalent thickness of
the assembly in accordance with Fig. 2 (concréte) or
Table 4 (masonry?,

When the building component in gquestion Is ribbed,
tapered, undulating, or has hollow cores, an equivalent
solid thickness must be delermined, Equivalant thick-
ness is the thickness oblained by considaring the gross
cross-seclional area of a wall minus the area of volds or
undulations in hollow or ribhed sectians, all divided by
the widih of the member, Calculation of eguivalent
thickness is outlined far sevaral common concrele and
masanry bullding components in Figs. 3, 4, and 5 and
glsewhere within the text

Tapered Flanges

Equivalent thickness for a concrete T-beam with lapered
flanges is taken as the actual thickness of the flange
measured al a distance of twice the minimum thickness
or 8" from the end of the flange (whichever is less). This
Is shown in Fig. 3.

Fire anduronce, hr

(¥

™

I
e 2 - 1 5 ] T

Panel thickness,in

Note: SBC and UBC specily conarete wall thickness using inbles aimilar
to Taple 4 BOCA spacifies relerances 1 and 2 when relarring 1o
wall thickness, Values shown in Fig 2 are valld for all model codes.

Fig. 2. Thickness of concrate raquired for fire
endurances shown,

Derermira thicknass harg ——

Concrete Masonry Unit Walls for Fire-Resistance Ratings'
A. 5BC* 4 hr anr 2hr 1hr
Expanded slag or pumice aggregates 4.7 4.0 3.2 2.1
Expanded shale, clay, or slate aggregales 8.1 &4 36 28
Limestone, cinders, or unexpandad slag aggregates 58 50 4.0 27
Calcarsous gravel aggregatas 6.2 5.3 42 28 2/ or B whichever i iess
Slliceous gravel aggregates 87 5T 4.5 30 Fig. 3. Egquivalent thickness of a tapared
member,
B. UBC? 4 hr anr 2 hr 1 hr
Expanded slag ar pumice 4.7 a0 3.2 2.1
Expanded clay. shalg, or slala” 5.1 4.4 34 2.6
Limestone, cinders, or air-cooled slag K 50 40 27
Calcarecus or siliceous gravel 6.2 53 42 28
‘Recommended for approval
C. BOCAY 4 hr dhr 2 hr 1hr
Expanded slag or pumice 4.7 40 a2z 21
Expanded clay, shale, or slate 5.1 4.4 38 2.6
Limestone, cinders, or slag 58 540 4.0 2.7
| Calcareous and siliceous gravel 6.2 53 4.2 2.8

'Fire ratings for thicknesses batwaen tabulited values mey be obiained by direct interpalation,
FSAC and UBC—Whare all of the cofe spaces ol hollow-care wall panals are filled with loose-fill
material such as expanded shale, clay or slag, or wermioulile or parlite, tha fire-resistanas rating of
the wall |s tha same as that of a solid will of the same concrete type and of the same overall

Thickness

IBOCA—Walls composed of hollow concrete masonsy units hiving & nominal thickness of B inches
or groater and having o fire-resistince rating of &t least 2 hours shall be classified as 4 hours when
the hollow spaces are completely filled with insulation, grout, or o dry granular material such &8

expanded siag, clay, shale, or sand.



Ribbed Concrete Members

For ribbed or undulating surtaces, calculation of equiv-
alent thickness is based on the spacing of the siem
components and minimum thickness of the flange. Cal-
culation of the equivalent thickness is delermined based
on the provisions shown in Fig. 4.

For 5 > 4¢, the thickness to be used shall be f
For 5 < 24, the thickness to be used shall ba t,

For 4t > 5> 21 the thickness shall be t + (4 - 1) (ta - 1)

& = spacing of ribs or undulatiions
= minimum hckness

1, = equivalent thickness of the panel celculaled as the not
cross-sectional area of the panel divided by the width; not
to excead 2t

Naote: Moglect shodes aréos
calculation al sguwolen
thickness

Fig. 4. Equivalent thickness of a ribbed or undulating
section.

Hollow-Core Concrete Planks

The equivalent thickness (i) of hollow-core planks
is pbtained by the equation

F = 'a'HFﬂ'
1 widl

where A, Is the gross cross seclion (thickness X
width) minus the area of cores. This is shown in Fig. 5.

A, = Brea of gross cross section - @rea of cores
An = Bin. X 72in, - 5 (i:}‘)
= 576 5q in. - B2B =g in. = 513.25gin.

= SIS0 =730, _/\R\

~1[Q © 00 O
-

5

widin » 72"

Fig. 5. Typical hollow-core concrate plank.,

Concrete Masonry Block

Hollow or solid concrete masonry units are available in
nominal thicknesses of 2, 3, 4, 6, 8, 10, and 12 in. with

T35 +

varying percentages of solid area, The equivalent thick-
ness for hollow block can be calculated using a proce-
dure similar to that for hollow-core slabs. Equivalent thick-
ness for concrete masonry can be determined from the
following equation:

S %% zalid X thickness

The percent of solids in any given masonry unit can be
obtained from the manufaciurer. Once equivalent thick-
ness is known, the fire-resistance rating of masonry
walls can be determined from Table 4. See notes to
Table 4 for each model code's provision regarding fire
endurance of filled block. If 100% solid flal-sided con-
crete masonry units are used, the equivalent thickness is
the aclual thickness.

Brick

The model code fire ratings based on E119 lesis of
load-bearing, solid or hollow, shale or clay brick walls of
various thicknesses and varying finishes (plastered,
unplastered) are shown in Table 5 A-C. The fire endur-
ance of brick walls is dependent on brick thickness,
type of members that frame inlo the walls (combustible
or noncombustible), and finishes such as plaster. As
with concrete and masonry walls, brick walls generally
reach the heat transmission end poinl before failing
structurally.

Multi-Wythe Walls

A multi-wythe wall (that is, a wall with more than one
layer of malerial) has a grealer fire-endurance period
than a simple summation of fire-endurance periods of
the various layers. An equation for determining esti-
mated fire endurance of multi-wythe walls based on the
heat transmission end point is

A=(R09+R0% 4 F;nnsra)' g Eq. 1

wheare
f=] = total fire-endurance rating in minutes

R,. etc. = fire endurance in minutes of each
individual wythe (or component
lamina)

For example, two wythes—each rated at 1 hour (see Fig.
2: 32 in. carbonate aggregate and 2.7 in. lightweight
agaregate concretes)—will give

/= ((60)7% + (60)25%)"" = 197 minutes
(3 hours, 17 minuies)

Graphical calculation is shown for this system in Fig. 6.
The equation is nol applicable in all cases and must

be used keeping the following conditions in mind

1. The fire endurances (determined in accordance with
ASTM E119) of each wythe must be known,

2. The equation does not account for orientation of
layering. It is known that it the more fire-resistant
material is on the fire-exposed surtace, a higher total
rating would be obtained during actual tasting than if
the wythes were reversed.



Table 5. Fire-Resistance Periods for Clay or Shale, Solid or Hollow Brick Walls

A. SBC Fire-Resistance Ratings for Load-Bearing Walls and Partitions
(Minimum nominal thickness in inches for fire-resistance ratings indicated)

Members framed into wall or partition
Wall or partition assembly Combustible None or Noncombustible
4 hr 3hr 2hr 1hr 4 hr 3 hr 2hr 1hr
Solid-brick walls
Solid (clay, shale, concrete, or sand-lime) osu
—unplastered 12 12 8 8 8 8 8 T-1971
T-1972
—clay or shale 6 4
Solid (as above) 2" (1:3) sanded gypsum plastered 12 8or12 8 8 8 8
on one side (1) (1) (2) (1) (1)
Solid (as above) 2" (1:3) sanded gypsum plastered 12 8or12 8 8 8 8
on each side (2)
Brick (clay or shale)—4"-thick units at least 75 percent solid
backed with a hat-shaped metal furring channel %" thick
formed from 0.021" sheet metal attached to the brick wall 5
on 24" centers with approved fasteners; and 2" Type X
gypsum wallboard attached to the metal furring strips
with 1”-long Type S screws spaced 8" on center

(1) Rating is applicable only when plastered side of wall or partition is on exposed side.
(2) 8" for sand-lime or concrete brick, or 12" for clay or shale brick (3-hour rating).

B. UBC Rated Fire-Resistive Periods for Various Walls and Partitions

Minimum finished thickness
face-to-face?
(in inches)
Item
Material number Construction 4 hr 3hr 2hr 1hr
1 Solid units (at least 75 percent solid) 8 6 4
2 Solid units plastered each side with %" gypsum or portland cement plaster. 4%
Portland cement plaster mixed 1:2% by weight, cement to sand
3 Hollow-brick units at least 71 percent solid' 8
Hollow-brick units at least 71 percent solid, plastered each side with %” gypsum 5
4 1 8%
plaster
Brick of 5 Hollow (rowlock)? 12 8
cI?]y Ior 6 Hollow (rowlock) plastered each side with %" gypsum or portland cement plaster. 9
shale Portland cement plaster mixed 1:2' by weight, cement to sand?
7 Hollow-cavity wall consisting of two 4" clay brick units with air space between 10
8 Hollow-brick units at least 60 percent solid, cells filled with perlite loose-fill 8
insulation
4"-thick units at least 75 percent solid backed with a hat-shaped metal furring
9 channel %" thick formed from 0.021" sheet metal attached to the brick wall on 5
24" centers with approved fasteners; and 2" Type X gypsum wallboard attached
to the metal furring strips with 1”-long Type S screws spaced 8 inches on center

'Hollow-brick units 4-inch by 8-inch by 12-inch nominal with two interior cells having a 1%-inch web thickness between cells and a 1%-inch-thick face shells.
?Rowlock design employs clay brick with all or part of bricks laid on edge with the bond broken vertically.

C. BOCA Fire-Resistance Periods for Load-Bearing Clay and Shale Brick Walls'

Ultimate fire-resistance period in hours
Nominal
wall Noncombustible members Combustible
thick- Wall famed into wall or no members framed
ness, in. type framed-in members into wall
Plaster
Plaster Plaster on
No on one on two No exposed
plaster side? sides? plaster side?
4 Solid 1% 1% 2% — —
8 Solid 5 6 7 2 2V
12 Solid? 10 10 12 8 9
12 Solid* 12 13 15 — —
9to 10 Cavity 5 6 7 2 2%

'BOCA specifies BIA “Building Code Requiements for Engineered Brick Masonry.” Table 5C
is a reprint from that series.

?To achieve these ratings, each plastered wall face must have at least 'z-in., 1:3
gypsum-sand plaster.
*Based on load failure.
‘Based on temperature rise(for non-load-bearing walls).
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Calculation Method
3.20" carbonate aggregale concrete from Fig. 2, A= 1.0hr
2.70" sand-lightweight concrete from Fig. 2, A = 1.0 hr
Rromi = ([El:l].u 50 4 {ﬁn}ﬂﬂ} T = 107 minutes (3 hr, 17 minutes)

Fig. 6. Fire endurance of multi-wythe walls—graphical versus
calculation method (based on fire exposure on normal
weight concrete side of assembly).

3. The exponent 1.7 and ils reciprocal 0.59 are average
values which vary from material to material.

The equalion is generally accurate within ten percent.
Graphical means of calculating multi-wythe fire resist-
ance, as shown in Fig. 6. should be used when greater
accuracy is required.

Table 6 shows values for R2% to be used in the
multi-wythe equation. Note that concrete masonry block
and brick are not included. A%5? values may be ob-
tained far any wall tested per ASTM E£719 by simply
raising the resistance, in minutes, lo the 0.59 power. For
example, from Fig. 2 it can be seen that 3.5 inches of
siliceous aggregate concrete will provide one hour fire
endurance, and (60)25% = 11.3, Referring to Table 6 we
see that A%% for 3.5 inches of slliceous aggregale con-
creteis 11.3,

To apply the multi-wythe equation to brick, masonry,
and composite walls the resistance (R) values in min-
utes for brick (Table 5) and masonry (Table 4) should be
used.

Sandwich Panel Wall Section

Pracast concrete panels consisting of a layer of foamed
insulation between two layers (wythes) of concrele have
become a popular method of providing energy-efficient
walls. Foam insulation can be considered to have a
fire-resistance rating (R) of 5 minutes if ane inch or
thicker (R759 = 2.5 minutes). For thicknesses less than
one inch, the effect of the foam insulation should not
be considered in calculating the panel fire endurance.

Multicourse Concrete Floors and Roofs

Calculations of heat transmission fire endurance of mul-
ticourse fioors and roofs are similar to analysis of multi-
wythe walls. Fig. 6 shows the required thickness of a
siliceous or carbonate aggregate concrete base course
and an overlay of sand-lightweight cancrete reg uired to
achieve fire endurances from one to four hours, Ratings
shown are based on the heat transmission end point.
Graphs such as Fig. 6 have been approved for analytical
calculation of mullicourse floor, roof, and wall fire endur-
ance by all model codes. Reference 1 is an excellent
source of this graphical data

STRUCTURAL END POINT
Reinforced and Prestressed Concrete Beams

Reinforced and prestressed concrete beam fire endur-
ance is governed by the ability of the beam lo carry
structural loads. In addition, steel temperalures must in
some cases be maintained below the ASTM E 118 limits
of BOO°F for presiressing steel and 1100°F for reinforc-
ing steel. Under the ASTM E 119 standard, beams can
he tested for either restrained or unrestrained conditions.
A summary of ASTM E119 conditions of acceptance
and steel temperature criteria for beams follows:
1. Beams—tested restrained and used restrained,
For individual restrained beams spaced more than
4 feet on center, the steel lemperaiures must be
limited to below BOO®F (prestressing) or 1100°F
{reinforcing) for one hour or one-half the desired rat-
ing period, whichever is greater

Table 6. R, %% Values for Various Thicknesses of Concrete Floors, Roofs, and Walls; Various Aggregate Types'

Type of materia! Vatues of A,"" for use in Eg. 1

i%in. | 2in. 2% in ain. 3% In. 4in 4% in. 5in. | &% In. Bin. 6% in. 7 im
Siliceous aggregate concrete 53 E.S 8.1 a5 113 13.0 149 169 | 188 207 | 228 25.1
Carbonate aggregale concrete 5.5 7A 8o 10.4 120 140 182 | 181 | 203 218 | 247 a2
Sand-/ightweight concrete 6.5 B.2 105 128 15.5 181 20.7 233 | 260" i g "'
Lightwelight concrate 66 a8 11.2 137 168.5 19.1 219 247 | arg" il L
Insulating concrete™ a3 133 16.6 183 231 265" ) 0 W i i #
Air Space' - . — — — - — -— — - = -

AN model codes recognize the vse of the listed /7 ¥ alues for concrete. To be used when calculating toial resisiance in minules:
By unit welght 38 pof or kess and consisting of cellular, parite, or vermiculite concrele

*1Tha A" 5 yalue lor 1%=inch 1o 3%=inch air space is 3.3 The Hf“nlue lor 2Y%-inch to 3%-inch pir space is 6.7

“ITha fire-resistance rating fof this thickness exceads 4 hours.



2. Beams—tested in an unrestrained condition and
used unrestrained.
Steel temperature limits are waived, the beam is
rated on its ability to carry the applied load.

3. Beams—tested in a restrained condition but used

unrestrained.
Steel temperatures in concrete beams must be

The several different classifications for beams graph-
ically illustrate the several conditions which influence
beam fire endurance. Factors such as beam width and
spacing, restraint conditions, and concrete cover are
considered in Table 7. The tabulated cover require-
ments in Table 7 will maintain steel temperatures below
the ASTM E119 limits for the listed exposure times for
shown restraint conditions, beam widths, and concrete

maintained below the limits of 800°F for prestressing
and 1100°F for reinforcing for the entire endurance
period.

aggregate type (if prestressed).

Table 7. Minimum Cover in Inches for Reinforced and
Prestressed Concrete Beams*

A. Minimum Cover to Main Reinforcing Bars for Reinforced Concrete Beams
(Applicable to All Types of Structural Concrete)'"

Cover thickness (inéhes) for
Restrained or Beam width"” fire-resistance rating
unrestrained'? (inches) 1hr 1% hr 2hr 3hr 4 hr
Restrained 5 % % % 1 1%0
Restrained ) 7 Ya Y Ya Ya Ya
Restrained >10 % Ya Ya Ya ¥
Unrestrained 5 Ya 1 1% — —
Unrestrained 7 % Y Ya 1% 3
Unrestrained >10 Y % % 1 1%

"The cover for an individual reinforcing bar is the minimum thickness of concrete between the surface of the bar and the fire-
exposed surface of the beam. For beams in which several bars are used, the cover is assumed to be the average of the minimum
cover of the individual bars, where the minimum cover for corner bars used in the calculation shall be reduced to % of the actual
value. The cover for an individual bar must be not less than % of the value given in Table 7A nor less than % inch.

MSee Table 2 for guidance on restrained and unrestrained assemblies. Tabulated values for restrained assemblies apply to beams
spaced 4 feet on centers; for restrained beams spaced 4 feet or less on centers, minimum cover of % inch is adequate for ratings

of 4 hours or less.
YFor beam widths between the tabulated values, the minimum cover thickness can be determined by direct interpolation.

B. Minimum Cover for Prestressed Concrete Beams'”

Cover thickness'¥ (inches) for
Restrained or Concrete Beam width?” fire-resistance rating
unrestrained” aggregate type (inches) 1hr 1% hr 2hr 3hr 4 hr
Restrained Carbonate or siliceous 8 1% 1% 1% 1% 211"
Restrained Carbonate or siliceous >12 1% 1% 1% 1% 17"
Restrained Sand-lightweight 8 1% 1% 1% 1% 20
Restrained Sand-lightweight >12 1% 1% 1% 1% 1%
Unrestrained Carbonate or siliceous 8 1% 1% 2% 5% —.
Unrestrained Carbonate or siliceous >12 1% 1% 1% 2% 3
Unrestrained Sand-lightweight 8 1% 1% 2 3% —
Unrestrained Sand-lightweight >12 1% 1% 1% 2 2%

MMinimum cover to nonprestressed reinforcing in prestressed concrete beams shall be determined by values shown in Table 7A.

For UBC jurisdictions, the cover requirements for reinforcing steel derived from calculation methods for determining fire endurance of
structural members prescribed in Standard No. 43-9 of the Uniform Building Code shall not apply to precast prestressed single or double T
units. Cover requirements for these members can be found in Table No. 43-A, items 30 and 31, of the UBC.

See Table 2 for guidance on restrained and unrestrained assemblies. Tabulated values for restrained assemblies apply to beams more than 4
feet on center.

For beam width between 8 and 12 inches, minimum cover thickness can be determined by direct interpolation.

“The cover for an individual tendon is the minimum thickness of concrete between the surface of the tendon and the fire-exposed surface of
the beam, except that for ungrouted ducts the assumed cover thickness is the minimum thickness of concrete between the surface of the duct
and the surface of the beam. For beams in which several tendons are used, the cover is assumed to be the average of the minimum cover of
the individual tendons. The cover for any individual tendon must be not less than one-half of the value given in Table 7B nor less than 1 inch.

“'Not practical for 8-inch-wide beam, but shown for purposes of interpolation.

*UBC (Standard Section 43-9) and SBC (Appendix P) both contain the tabulated values shown; B/NBC refers to references 1 and 2 of this
report. Based on technical information in references 1 and 2, B/NBC jurisdictions may accept values shown in Table 7A and B.
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Reinforced or Prestressed Concrete Floor
and Roof Slabs

As previously discussed, the fire endurance of floor and
roof siabs is based on either the heal {ransmission ar
structural fallure end point. It is for this reason that code-
approved empirical methods require bath a minimum
glab thickness to limit heatl transmissionanda minimum
amount ol concrete cover to limit steel temperatures. As
discussed earlier, the fire endurance of reinforced or
prestressed concrete slabs is dependent upon several
factors, such as type of aggregate in the concrete, con-
crete cover, and restraint of thermal expansion.

The values for slabs shown in Table B represent min-
imum required slab thickness and concrete cover
requirements for reinforced or prestressed slabs for var-
ious aggregate lype concretes in restrained or unre-
strained conditions. The tabular fire endurances listed in
Table 8 are based on examination of past ASTM E118

lest rasults of slabs with similar cover, restraint condi-
tions, and concrete aggregate type. The specified cover
{ar unrestrained assemblies willmaintain steel lempera-
tures below the specified imits of BOO®F for prestressing
and 1100°F for reinforcing steel. Again, Table 2 should
be referenced when determining whether a floor or roof
Is restrained or unrestrained

Concrete Columns

Fire endurance of concrete columns is governed under
ASTM E119 by their ability to carry the applied load
under firetesting. The endurance is attected primarily by
the size of the column and aggregate type. A summary of
lhe tabular code-approved minimum column dimen-
sions and concrete cover requirements is shown in
Table 9,

Table B. Minimum Slab and Concrete Cover Thickness in Inches for
Listed Fire Resistance of Reinforced Concrete Floors and Roofs’

A. Minimum Slab Thickness lor Concrete Floors or Roofs?

Minimum slab thickness {Inches)
Concrete aggregate type for fite-resistrance rating
1 hr 1% hr 2 hr 3 hr 4 hr
Sillceous a5 4.3 5.0 6.2 7.0
Carbonate az 4.0 4.6 5T 6.6
Sand-lightwaight 2T 3.3 a6 4.6 5.4
Lightweight 25 a1 36 .4 5.1

B. Cover Thickness lor Relnforced Concrele Floor or Roof Slabs®

Thickness of cover {inches) (or fire-resistance rating
Concrete aggregate type Rastrainad? Unrestrained”
1 hr 1'% hr 2hr ahr 1 hr 1% hr 2hr ahr
Silicecus £ ¥ ¥ ¥ W ¥ 1 1%
Carbanate % % ¥ % i £ % 1%
Sand-lightwelght ¥ % % ¥ Ya % ¥ 1%
Lightweight ] % % ¥ % ¥ L 1%
€. Cover Thickness for Prestressed Conerele Floor or Aoof Slabs®
Thickness of cover {inches) for fire-resistance rating
Concrate aggregate typa Restrained! Unrestrained®
1hr 1% hr 2hr 3hr 1 hr 1% hr 2hr 3hr
Siliceous * ¥ ¥ ¥ 1% 1% 1% 2%
Carbonate ¥ ¥ ¥ H 1 1% 15 24
Sand-lightwaight % 4 W ¥ 1 1% 1% i
Lightweight % ] % ¥ 1 1% 1% 2

'Both the LBC (Standard Section 43-3) and SBC (Appendix P} contain the mbulaled values ehown in Tabile &;
B/NBC refars to references 1 and 2 of this report. Based on technical infarmatian in References | and 2,

B/NBC juriadictions may accept valuas shown in Table &

“The minimum thickness ol conersis cover to the positive moment reinforcemant is glven in Table 88 for
reinforced concrote und Table BC for prestrassad concreta. Table B ks applicabile for solid or hollow-

Gare one-way of twa-wey slabs with fiat undersurfaces. Slabs may be casi-in-place or pracest. For precasl
preairessed concrate nof covered elsewhers, the procedures contained in PGI Deaign for Fire Aesistancs of

Precasi Presiressed Conerede shall be acoeptabla.
1S Table 3 for guidance on restrained and unrestrained assembles,




Table 9. Minimum Concrete Column Size and Concrete Cover®

| Minlmum column dimension {inches)
Goncrets aglregats type for fire-resistrance rating

| 1 hr 1 hr anr 3hr 4 hr

| silicegus g 8 10 12 14
Carbonaie 8 8 10 12 14

| Sand-lightwaight B 8 g 10.5 12

Minimum Cover for Reinforced Concrete Columns, The minimium caver Lo the main
reinloregment In columns for lire-reslsiance ratings of one hour, one and ora-half
hours, twa hours, and three hours shall be 1'% inches, for four-hour raling, 1he
minimum covet to the main reinforcement shall be 2 inches [or piliceots aggregate
concrefe and 1% inches for carbonale aggregate concrete of sand-lightweight

concrale.

"UBLC (Standard Section 43-9) and SBO (Appendix P} oontain provisions as shown
in Tablo 8 B/MBC refars 1o relarences 1and 2 of this Raport which contaln simliar

provisions.

CONCLUSION

Calculation of fire endurance of concrele and masonry
members has progressed from pure research 1o practi-
cal structural design applicaticns, Further refinements
of analytical methods are going on now, aided in greal
part by computer simulations of concrete and masanry
PEI"IDI‘I‘I"IaﬂCE under fira-test conditions.

The infarmation cantained in this report scralches the
surface on the topic of analytical and empirical design
The practicing structural engineer will find references 1
2, and 3 excellent sources of additional information on
ihe rational methads for calculating fire resistance,

The engineer, architect, or building official will find this
a handy and usable guide in assessing concrete and
masonry requiremeants with regard to lire endurance,

Calculation procedures provide a viable limesaving
and cost saving means of determining a mamber's fire
endurance without running full scale ASTM E118 fire
lests, Along with-savings of time and money, the building
official, architect, or engineer will have a much clearer
concept of how certain variables affect lire endurance Il
analylical procedures are utilized.
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BEAM-SLAB EXAMPLE

The cast-in-place reinforced concrete beam and slab
shown in Fig. 7 form a fioor system in a multistory occu-
pancy of Type | construction (SBG) Assume this
assembly is required by code 1o have 3 hours of fire
resistance. Can it attain this? If not, how can the fire
resistance be increased to 3 hours?

aia"

| -'II- I— I 5‘II:\'.'-.'-.'I

e Typpical

Fig. 7. Siliceous aggregate cast-in-place—restrained.

Solution

Beam-slab systems must satisfy both heat transmission
and structural failure end points, The member shown in
Fig. 7 is considered restrained due 1o its being casi-in-
place with framing members,

HEAT TRANSMISSION END POINT

Referring 1o Fig. 4, the equivaient thickness is deler-
mined using the three equations comparing s (stem
spacing) and ¢ (slab thickness). Replacing 4'-0" far
s.and 4%" for t, s > 4t Therefore t,, = 1 = 41"

Thereguired slab thickness from Table BA for athree-
niour fire-resistance rating is 6.2 inches; the 4.5 inches
will provide between one-and-a-half and two hours re-
sistance to heat fransmission to the unexposed surface,
not three hours as required

STRUCTURAL END POINT
Slab, For many cast-in-place concrete slabs, the struc-
tural cover exceeds cover required to achieve fire re-
sistance. This is clearly the case with the example 2'%
inches cover versus % inches required by Table 8B
far three hours fire resistance,

Beam. Table 7A, for reinforced concrete beams, speci-
flies 1 inch of concrete caver in 5-inch-wide restrained
beams to attain three hours fire reésistance, Nete thatthe
example beams are spaced 4 feet center to center.
Faotnote one states that for restrained beams spaced 4
feet or less on centers, the cover can be reduced to a
minimum of % inches for four-hour ratings or less. The
1%-inch cover provided clearly satisfies the code require-
ments for 3 hours fire resistance.

Conclusion

in order to attain three hours fire resistance, the slab
must be made more resistant to heat transmission. The
sleel cover requirements for three hours structural fire
resistance i both the slab and the bearn slem are
satisfied,

|{TIZI!HIII'II:| a-a
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Fig. 8. Siliceous aggregate cast-in-place—restrained
with 1%" lightweight concrete topping.

In discussing multi-wythe (multiayer) walls and
tioors earlier in the report, it was shown that significant
rasistance to heal transmission could be attained by
considering the effect of layeting of materials. This can
be done using Eq. 1 or graphica! methods.

I this example problem, referring to Fig. 8, a 4%-inch
hase slab of silicecus aggregate with approximately 1
inches of sand-lightweight concrete topping will provide
the additional required rasistance to heat transmission
ta attain three hours fire resistanca,

Checking Fig. 9 against Eq. 1, the 414" of siliceous-
aggregate concrete base slab has 1 hour, 36 minules
fire resistance (Fig. 2 or Table BA) Fig. 2 shows that 1%
inches of sand-lightweight topping will provide approxi-
mately 24 minutes resistance fo heat transmission.
lsing Eq. 1,

A= (Hlum " E':,”"’E'] L7

A = ((96)059 + (24)059) "7 = 181 minutes
(8 hours, 1 minute)

Therefore the slab system shown in Fig, 8 will provide
three hours fire resistance if a 1%-inch topping of sana-
lightweight concrete is applisd

Sillceous bose

Thickness al sond-|ighiweight
concrete overioy, in

a | 2 2

Thicaness ol pormal welght concrete, in,

Fig. 9. Graphical solution of multi-wythe fire endurance
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ERRATA SHEET

Fire Protection Planning Report Number 13 (SR267B)

Analytical Methods of Determining Fire Endurance of
Concrete and Masonry Members—Model Code Approved Procedures

PLEASE NOTE THE FOLLOWING ERRATA: CORRECTED MATERIAL IS UNDERLINED

(1) Page 8, Table 6, Footnote 3 should read:

(3) The R,** value for one 4- to 3}4-inch air space is
3.3. The R,"® value for two %- to 3'%-inch air spaces
is 6.7. (Corrected on reprints.)

(2) Page 9, Table 7A, Footnote 2 should read:

' (2) See Table 2 for guidance on restrained and
unrestrained assemblies. Tabulated values for restrained
assemblies apply to beams spaced more than 4 feet
on centers; for restrained beams spaced 4 feet or less
on centers, minimum cover of 3% inch is adequate for
ratings of 4 hours or less.

(3) Page 9, Table 7B, Footnote 4 should read:

(4) The cover for an individual tendon is the minimum
thickness of concrete between the surface of the tendon

and the fire-exposed surface of the beam, except that for
ungrouted ducts the assumed cover thickness is the minimum
thickness of concrete between the surface of the duct and the
surface of the beam. For beams in which several tendons are
used, the cover is assumed to be the average of the minimum
cover of the individual tendons, where the minimum cover
for corner tendons used in the calculation shall be reduced

to one-half the actual value. The cover for any individual
tendon must be not less than one-half of the value given in
Table 7B nor less than 1 inch.




