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SYNOPSIS

This report presents data on the fire resistance of concretes having oven-dry unit
weights in the range of 30 to 100 pcf. Relationships between slab thickness and fire
endurance, based on 250 F rise of the unexposed surface, are given for concretes with
various unit weights, Data are also presented on temperature rise of the unexposed
surface and temperature distribution through the slabs during fire tests. Design charts
for estimating the fire endurance of two-course floors and roofs are discussed, and
relationships between moisture content and relative humidity of fire test specimens are
presented.

Key Words: cellular concretes, concrete slabs, fire resistance, fire tests, floors,
insulating concretes, perlite, roofs, thermal insulation, vermiculite.

INTRODUCTION

This is the third of a planned series of
reports on the fire endurance of concrete
slabs as determined from fire tests of
3x3-ft ** specimens. The first report( 1)~
deals with single-course slabs made of
structural concretes and the second(z)
with two-course floors and roofs. This
report presents the results of 39 fire tests
of slab specimens 2 to 5 in. thick. Twelve
of the tests, which were on concretes
with oven-dry unit weights of about 30
pcf, were reported previously.(z)

ACI’S “Guide for Low Density Precast
Concrete Floor, Roof, and Wall Units’’(3)
states that “the fire retardant functions
of low density concrete range from that
of supporting loads during and after a fire
to that of significantly reducing heat
transfer.” This report deals with the latter
function.

*Manager and Principal Research Engineer,
Fire Research Section, and Manager of Con-
struction Research Section, respective y, Re-
search and Development Division, Portland
Cement Association, Skokie, Ill.

* *Equivalent metric units may be obtained

by using conversion factors shown on page 5.
‘1’Superscript numbers in parentheses desig

nate references on page 6.

TEST PROGRAM

Description of Specimens

AII fire test specimens were 3x3 ft in plan
and had nominal thicknesses of 2, 3?4,
and 5 in. As in previous studiesj 1)
chromel-alumel thermocouples and hu-
midity wells were embedded in the slabs
at various depths.

Meterials

Cellular, perlite, and vermiculite con-
cretes having oven-dry unit weights of 30
to 100 pcf were included in the study.
Data on the 11 mixtures are given in
Table 1. Cellular concretes were made
with preformed foam, while perlite and
vermiculite concrete aggregates were used
for the other concretes. Variations in unit
weight were achieved by additions of
sand. In one mix, V-70, expanded shale
aggregate was used. Aggregate gradations
are given in Table 2.

Mixing

Concrete was mixed in a paddle-type
mixer. For each type of concrete a
particular sequence of batching and dura-
tion of mixing was maintained:

1. For the cellular concretes, water,

cement and sand (if used) were mixed
together for 1 to 2 minutes until a
uniform slurry was formed; the pre-
formed foam was then added without
stopping the mixer and mixing was
continued for an additional 1% min-
utes. The foam was formed from a 4
percent solution of hydrolyzed pro-
tein-type foaming agent in a genera-
tor consisting of a pressure tank,
pickup assemblies, and foam nozzle.

2. For the perlite concretes, water, air-
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entraining agent, and cement were
mixed together for 1 to 2 minutes
before sand (if used) was added and
mixed for 1 to 2 minutes more; after
a uniform slurry was formed, perlite
aggregate was added and the concrete
was mixed for an additional 11%
minutes.
The vermiculite concretes were made
by mixing water, air-entraining agent,
and cement together for 1 to 2
minutes before adding the sand or
lightweight aggregate (if used); the
mixing operation was continued for 1
to 2 minutes before vermiculite aggre-
gate was added, and then the con-
crete was mixed for an additional 1%
minutes.

Wet and oven-dry unit weights were
determined in accordance with ASTM
Cl 38 and C495, respectively.

Curing and Conditioning

After concrete was placed in the forms,
slab surfaces were struck off and finished
with a wood float. Concrete was cured
under damp burlap at 70 to 75 F for 5
days, Specimens were then conditioned in
air maintained at 70 to 75 F and 30 to 40
percent relative humidity. Relative hu-
midity at middepth of the sIab was
reduced to 76 percent or less before each
specimen was mounted in a restraining
frame for fire testing. Data on relation-
ships between moisture content and rela-
tive humidity are given in Appendix A.

Thickness Measurement

Prior to fire tests, thicknesses of speci-
mens (except C-30, P-29, and V-28) were
measured at nine locations, including the
thermocouple locations, and the average
values are given in Table 3. Slab thick-
nesses were measured by placing the slab
in a special frame, shown in Fig. 1, and
inserting a rod 8.25 in. long through the
frame at a measuring point on each side
of the slab. The frame contains nine sets
of measuring points having precise out-

@ Portland Cement Association 1970



2 Fire Resistance of Lightweight Insulating Concretes

TABLE 1. Data on Mixes

Batch quantities, lb par cu yd

1=1-Vinsol Average
resin,t slump,

Water fl oz per cu yd in.

Average
oven-dry

unit
weight,

pcf

I I Average
wet unit
weight,

pcf

Averaga
compressive

strength,
psi

Perl ita Vermiculite
Preformed concrete concreta

foam’* aggragate aggregate
Mix
no. *

Cement,
Type I Sand

I ,

C-30

C-58

C-78

c-loo

P-29

P-58

P-74

673t t

721

636

606

424

572

504

541 -1- 371 – 10

292 – 10

264 – 9.5

312 – 8

454 115 6.5

377 30 7.5

369 17 6

41

67

84

106

41

64

81

30

58

78

100

325

460

820

2,190

205

610

920

235

485

1,185

1,045

765$

1,355$

1,935$

655$$

1,190$$

2f d-l-

+-k-l-+ 29

58

74=-F--F _L-l-
756 111 7.5

606 63 7

490 54 7

525 62 7

V-28

V-54

V-70

V-79

424

556

620

637

50

72

82

93

28

54

70

79

620$$

1,250$$

155

— 80$

100

*The mix number indicates the concrete type (C for celluler, P for parlita, end V for vermiculite) as well es its oven-dry weight. For exampla, C-30
indicetes cellular concrate with a unit weight of 30 pcf, oven-dry.

* * unit weight of foem was 2 PCf.

t 12% percant solution.

ttTypa I I I cement.

$Mesonry sand from South Baloit, I Il.

$$Concreta send from Elgin, Ill.

~Plus lightweight eggregatas (rotary-kiln-produced axpanded shale from Ottewe, I Il.): medium, 6a0 lb par cu yd; fine, 357.

TABLE 2. Grading of Aggregates

3/8 in. –

No. 4 2

1

0 56

No. 8 14

No. 16 33

No. 30 55

0 20 93

1 51 100

7 75 100

No. 50 85

No. 100 98

76 90 100

99 96 100

Finaness, z 87 , ~
modulus . I 3.32 5.50

*Sand from Elgin, Ill.
,. Sand from South Belolt, Ill.

tRotary-kiln-produced expandad shale from
Ottawa, I Il. Fig. 1. Measuring the thickness of a 3x3-ft slab specimen.
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TABLE 3. Data on Specimens and Fire Test Results

to-out dimensions of 16.50 in. The exten-
sion of the rod beyond the frame was
measured with a machinist’s scale to 0.01
in., and the sum of the rod extensions
from both sides of the frame was the slab
thickness at that point.

Fire Tests

Mounted inrestraining frames, the speci-
mens were subjected to standard fire
exposure from beneath. The fire tests
were conducted in the manner described
in the first report\ 1J including control of
the furnace atmosphere temperature. The
method is similar to that of ASTM El 19,
except for specimen size and loading.

Middepth
rel. humidity

et test,
percent

Fire endurence, hr:minSpecimen
thickness,**

in.

2.0

3.5

3.5

5.0

5.0

Test

1:40

4:31

4:36

7:36

7:48

1:20

3:20

6:22

0:57

2:21

4:36

0:37

1:39

3:04

1:23

3:54

6:37

1:07

3:12

6:24

0:53

2:19

5:00

1:13

3:22

7:13

7:33

1:14

1:08

3:19

3:31

6:40

6:37

1:01

2:35

5:16

0:53

2:33

5:26

Mix
no. *

C-30

Age at
test, days Adjusted’1

1:50

4:57

5:13

7:57

8:12

25

26

28

30

37

13

25

43

66

84

55

70

66

76

76

76

1:20

3:19

6:20

C-58 2.16

3.67

5.13

2.07

3.71

5.13

1.99

3.56

5.02

76

76

76

0:57

2:20

4:35

C-78

c-loo

17

26

42
DISCUSSION OF RESULTS

Unexposed Surfece Temperatures

The average and maximum temperature
rise of the unexposed surface during fire
tests are shown in Fig. 2. Most of the
curves have pronounced temperature
“plateaus. ~Y(1) The fire endurance was

determined by the duration of the fire
test until the average temperature of the
unexposed surface rose 250 F.

The graphs in Fig. 2 are useful in
determining thicknesses of insulating con-
cretes required to provide certain degrees
of protection against fire. For example,
suppose that perlite concrete having an
oven-dry unit weight of about 50 pcf will
be used in the construction of a vault for
electronic equipment to withstand a 4-hr
standard fire, and the interior surface of
the vault must not reach 225 Fat 4 hr. A
temperature of 225 F is equivalent to a
temperature rise during a fire test of
about 150 F, since the initial temperature
of the unexposed surface is generally
about 70 to 75 F. It is assumed that
surface temperatures measured under as-
bestos pads would be comparable to the
temperatures of the interior surfaces of a
closed vault.

The graph in Fig. 2 for perlite concrete
with an oven-dry unit weight of 58 pcf
(mix P-58) shows that a 5-in. slab will
have a 150 F rise at about 5 hr 30 rein,
and a 3%-in. slab at about 2 hr 40 min.
For 4 hr, the thickness would be about
4% in. of the 58-pcf mix. Concrete of 29
pcf would require about 4-in, thickness
(see P-29 graph in Fig. 2) so that the safe

19

45

102

76

75

75

0:37

1:39

3:04

1:24

3:52

6:44

1:07

3:12

6:23

P-28

P-58

2.0

3.5

5.0

2.00

3.53

5.03

2.02

3.49

5.08

20

40

79

74

76

70

26

41

70

19

46

70

76

75

76

0:53

2:19

4:59

P-74 76

75

76

V-28 2.0

3.5

5.0

5.0

32

53

105

79

28

19

46

46

90

72

34

103

166

59

59

72

75

1:21

3:36

7:19

7:33

1:14

1:08

3:20

3:30

6:42

6:37

v-54

V-70

v-79

2.14

2.00

3.65

3.68

5.16

5.16

2.07

3.53

5.06

2.02

3.59

5.29

74

75

74

76

74

75

76

74

72

1:01

2:35

5:18

0:54

2:33

5:27

25

54

98

70

76

74

and practical thickness wkh 50-Pcf perlite*The mix numbar indicatas tha concrate type as well as its ovan-dry waight.
● OThicknasses of ~Pa~imen~ (a~capt C.313, p.zg, end V.zg, whara nominal thicknesses era givan) concrete would be 4% in. - -

Fire endurance, as determined by the
temperature rise of the unexposed sur-

were maasured to 0.01 in. as shown in Fig. 1.
tAdjusted for differancas in moisture condition of specimans at time of test to values that would

ba appropriate for specimans with middapth ralativa humidity of 75 percant.
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300

200 -

MIX C-30

30:
1 I o

200 -

I 00 -
MIX C-78

o
300

200 -

I00 -

MIX P-29

I00

MIX P-74

30:
1

!

200 -
I

I 00 -
MIX V-28

30: II 1 1 I I
i

I00 -
MIX V-79

o
0 2 4 6 8

MIX C-58
I I

MIX C-IOO

/ I I I

MIX P-58

— AVERAGE

---- MAXIMUM

I

MIX V-54

humidity for each specimen are given in
Table 3.

The adjusted fire endurances are
shown as a function of slab thickness for
each of the concrete mixes in Fig. 3,
while Fig. 4 shows fire endurance as a
function of oven-dry unit weight and slab
thickness for the three types of concrete.

Few, if any, full-scale fire tests that are
directly comparable to those included in
this study have been conducted on slabs
of insulating concrete. In 1953 the Ver-
miculite Institute sponsored an explora-
tory series of fire tests of spandrel walls
of vermiculite concrete.(s) The vermicul-
ite concrete was spray-applied to make
3x3-ft specimens with thicknesses of 2,
2%, 3, and 4 in. Mitchell(G) analyzed the
results of those tests and concluded that
thicknesses of 1.82, 2.57, 3,15, and 3,63
in. would be required for fire endurances
of 1, 2, 3, and 4 hr for vermiculite
concrete having an oven-dry unit weight
of 47 pcf. In the present study, compara-
ble thicknesses would be about 1.8, 2.6,
3.3, and 3.9 in., respectively. These values
are reasonably conservative, even though
the specimens were slabs rather than
walls, the concrete was not spray-applied,
and the specimens were conditioned dif-
ferently prior to test,

A full-scale spandrel wall specimen was
fire-tested in 1954.(7) The 4%-in.-thick
specimen was made of vermiculite con-

-

c~ete having an oven-dry density of 46.4
pcf. The fire endurance of 5 hr 44 min
was somewhat longer than that estimated
from Fig. 4. The relative humidity of the
full-scale specimen was not monitored

MIX V-70
I I I

o 2 4 6 8
Fire test time, hr

Fig. 2. Temperature rise of unexposed surface during fire tests.

a
face, is influenced by the moisture con-
tent of the specimen.( 1$4) A higher i-

moisture content results in a longer fire ~ 6

endurance based on heat transmission :
through the material. Harmathy(4) has ~
suggested a method for adjusting the fire ~ 4
endurance determined from a specimen =
which has a moisture condition different ~
than the “standard” condition, i.e. 75 ~ 2
percent relative humidity at middepth at q
time of test. A similar method that is ~
under consideration for adoption as part
of ASTM E119 was used in this study.

CELLULAR

and it is possible that the moisture
content of the wall was higher than that
used in the present study.

PERLITE

/

CONCRETE

$
#

~b

,
2345

Slab thickness, in.

:/:

VERMICULITE

CONCRETE
$

$’**

~o

@

Both the test and adjusted fire endur- Fig. 3. Relationship between slab thickness and adjusted fire endurance for each of the
antes as well as the middepth relative concrete mixes.
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-00
4
PERLITE
CONCRETE

4 hr

3

2

I I
VERMICULITE
CONCRETE

4 hr

3

2

I

Oven - dry unit weight, pcf

Fig. 4. Influence of unit weight end slab thickness on fire endurance of lightweight

Fire test time, hr

Fig. 5. Temperatures within insulating concrete slabs of different unit weights during
fire tests.

Temperatures Within Concrete Slabs

A typical plot of temperature distribution
through concrete slabs of different unit
weights during standard fire tests is
shown in Fig. 5, and data for the three
types of insulating concretes are shown in
Appendix B. From the data, temperatures
of embedded materials such as reinforcing
steel can be estimated.

A previous study(1) showed that slab
thickness has only a minor effect on the
temperature at a given distance from the
fire-exposed surface. In this study, the
same conclusion was reached for insula-
ting lightweight concretes.

Two-Course Floors and Roofs

Results of fire tests of two-course floors
and roofs consisting of concrete base
slabs with overlays of insulating concretes
having oven-dry unit weights of about 30
pcf have been reported.(2) Even though
no tests were conducted with overlays of
heavier insulating concretes, their fire
endurances can be estimated.

Suppose that the fire endurance is to
be estimated for an assembly consisting
of a 2-in. base slab of siliceous aggregate
concrete with a 2-in. overlay of cellular
concrete having an oven-dry unit weight
of 50 pcf. Fig. 6(a) is a design chart(2)

NOTES: Chart (a) ie a daeign chart from Raference 2 and Chart (b) is

i;mom

tha eama chart modifiad for 50-pcf cellular concreta according ~ ~
to the thicknessae given in Fig. 4 for 1,2, 3, and 4 hr. Dashed
Iinas in Chart (b) are tangent to solid lines at abscissa. Thaea
charts estimate that a 2-in. base slab of sil icaous aggragate
concrete with a 2-in. overlay of 30-pcf cellular concreta has o ~
fire enduranca of almost 3 hr, but the same basa slab with a 2 4 6
2-in. overlay of 50-pcf callular concrate has fire andurance of Thicknees of siliceoue aggregate concrete base slob, in.
about 2 hr 40 min.

(0)

Fig, 6. Example of a design chart modified for a different ovarlay.

( b)

for estimating the fire endurance of sili-
ceous aggregate concrete base slabs with
cellular concrete overlays (30 pcf), and
Fig. 6(b) is a modification, with dashed
lines representing the 50-pcf cellular con-
crete overlays. The dashed lines are tan-
gent to the solid lines at the abscissa and
intercept the ordinate at the thicknesses
obtained from Fig. 4: 1.75, 2.60, 3.10,
and 3.70 in. for 1, 2, 3, and 4 hr,
respectively. The fire endurance can be
estimated by interpolating between the
&shed lines. For this example, the fire
endurance is estimated to be about 2 hr
40 min. Additional design charts are
shown in Appendix C.
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SUMMARY

Slabs made of cellular, perlite, and ver-
miculite concretes having oven-dry unit
weights bet ween 30 and 100 pcf were
subjected to the ASTM standard fire.
Data obtained included temperature of
the unexposed surface and temperatures
within the slabs.

The fire endurance, based on unex-
posed surface temperature rise, can be
estimated for two-course floors or roofs
made of these types of concretes com-
bined with structural concrete base slabs.

An increase in unit weight resulted in a
decrease in the fire endurance for each
type of concrete.
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APPENDIX A. Moisture Content-Relativa Humidity Relationships

Relationships between moisture content under damp burlap, the specimens were
and relative humidity during the drying dried on both 12x12-in. surfaces m an
period following the 5 days of moist- atmosphere of 70 to 75 F and 30 to 40
curing are shown in Fig. A-1. These percent relative humidity. At periodic
relationships were developed from meas- intervals, measurements were made of the
urements of 12xl 2x31%-in. specimens relative humidity and weight of the speci-
made of the same mixes used in the fire mens, After the specimens reached essen-
test specimens. Moisture specimens were tially constant weight in the conditioning
cast in sheet metal side forms and fitted atmosphere, they were dried to constant
with humidity wells at middepth at the weigh; in an oven at 230 F.
center. After 5 days of moist-curing -

80 I I

—-— C-30
-------- P-29

V-2 8
60 -

40 -

zm.-
~
~ 20 –
u
L /-
$ /-

/-
0

%

t 0 I I

a

I I

—. — C-78
-------- P-74
— v-79

I

/

.HM
H-”----

—-— C-58
--------- P-58

v-54

1 I

—-— c-loo
V-70

I I 1
50 75

~
100 25 )0

Relative humidity at middepth,percent

Fig. A-1. Moisture content-relative humidity relationships for 3%in.-thick slabs of
lightweight insulating concrete.
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APPENDIX B. Temperature Distribution
During Fire Tasts

Data on temperature distribution within
slabs of the three types of lightweight
insulating concretes during fire tests for
1, 2, 3, and 4 hr are shown in Fig. B-1.
Some estimated values for perlite con-
crete are included.

g
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4
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u 1200 L“ .
g 2______
o
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:RETE
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d? HR

2“
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~
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3“
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3
~“
4

II

If
2“

3“
t HR 4“

) 60 100

D
p

1114 .
l+”

%

4HR 3,,

20 50 80

Fig. B-1. Temperatures within insulating concrete slabsduring fire tests.
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CARBONATE

AGGREGATE
CONCRETE

BASE SLAB

SILICEOUS

AGGREGATE
CONCRETE

BASE SLAB

LIGHTWEIGHT
AGGREGATE
CONCRETE

BASE SLAB

APPENDIX C. Design Charts for Two-
Course Floors and Roofs

Charts for estimating thicknesses of two-
course floors and roofs for various fire
endurance periods are shown in Figs. C-1,
C-2, and C-3. The base slabs consist of
structural concretes made with carbonate,
siliceous, and expanded shale lightweight
aggregates, and the overlays consist of the
three types of insulating concrete used in
this study. Data on mixes and aggregate
properties for the structural concretes are
given in the first report.t 1J The charts
were constructed for three oven-dry unit
weights (30, 50, and 70 pcf) of insulating
concrete in the manner shown in Fig. 6.

4

4

2

0
0 2 4

CARBONATE SILICEOUS
AGGREGATE
CONCRETE

LIGHTWEIGHT
AGGREGATE
CONCRETE

BASE SLAB

AGGREGATE
CONCRETE

o 2 4 0 2 4
BASE SLAB BASE SLAB

Thickness of concrete hose slab, in.

Fig. C-2. Fire enduranca of slabs consisting of perlite concrete
overlays on structural concrete base slabs.

4

CARBONATE SILICEOUS
AGGREGATE
CONCRETE

BASE SLAB

LIGHT WEIGHT
AGGREGATE
CONCRETE

BASE SLAB

AGGREGATE
CONCRETE

BASE SLAB

0 2 4 0 2 4

Thickness of concrete bamslob, in.

Fig. C-1. Fire endurance of slabs consisting of cellular concrate
overlays on structural concrete base slabs.

4

2

0
0 2 4 0 2 4 0 2 4

Thickness of concrete boee ebb, in.

Fig. C-3. Fire endurance of slabs consisting of vermiculite
concrata overlays on structural concrete base slabs.
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