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ABSTRACT
This paper summarizes a literature survey concerning fire resistance of lightweight aggregate
concrete (LWAC). In addition to presenting the main conclusions, the paper discusses the
critical parameters affecting the fire resistance of LWAC, with focus on spalling during a
hydrocarbon fire. Most references claim that LWAC has better fire resistance than normal
density concrete (NDC), due to the lower heat conductivity which leads to a lower temperature
on the reinforcement. These experiences are probably mostly based on cellulose fire (ISO 834 ,
ASTM El 19, DIN 4102) and LWAC with relatively high water/ binder-ratios compared to high
strength LWAC. Most experience with hydrocarbon fire (HC-fire) is based on tests of high
strength LWAC with relatively low water/binder-ratios. The conclusion from these tests is that
spalling of LWAC during the fire tests is high compared to NDC. From these tests no LWAC
withstood a 2 hours HC-fire without considerable spalling, without adding polypropylene fibres
or by use of passive fire protection. According to these references the main reason for the poorer
HC-fire resistance of LWAC compared to NDC is more severe spalling due to:
higher moisture content and lower permeability (which give a higher vapour pressure)
lower heat conductivity (which leads to a steeper temperature gradient)
lower tensile strength (at similar water/binder-ratios)
KEY WORDS: Fire resistance, critical W/C, heat conductivity, lightweight aggregate concrete,
load during fire, moisture content, permeability, polypropylene-fibre, residual strength, spalling,
temperature.

1

INTRODU CTION

According to literature, mainly based on tests performed in the USA, it is claimed that
lightweight aggregate concrete (LWAC) has better fire resistance than normal density concrete
(NDC). In Norway we have the opposite experience. There may be several reasons for the
contradiction. Different fire loads (i.e. celloluse fire and hydrocarbon fire) is probably the most
important one. In order to investigate and document the differences between the results from
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testing lightweight aggregate concrete according to the two mentioned fire loads, a literature
survey was performed on the topic with focus on spalling.

2

LITERATURE SURVEY

In the two databases "Chemical Abstract" and "Compendex", there are registered international
publications since 1967 and 1969, respectively. These two databases were used to search for the
relevant literature. When the irrelevant references were excluded (including the articles written
in Japanese or other inaccessible languages), only 11 relevant articles were found. The rest of
the present 41 references were found through other channels based on work performed at
SINTEF in Norway. The other half is references found in Norwegian reports.

3

TYPES OF FIRE LOAD

Cellulose fire, often called "ISO-fire", is standardized. In Europe the test is performed according
to ISO 834, which is identical to DIN 4102, see Figs. 1,2. In USA and Canada the standard
cellulose fire is performed according to ASTM El19. The fire load is nearly equivalent to the
description in ISO 834, but ASTM El 19 has a little higher temperature rise in the first minutes
of the fire (15). Further in the paper these three fire types are denoted "cellulose fire".
The main difference between hydrocarbon fire ("HC-fire") and cellulose fire, is that the HC-fire
has a much steeper temperature rise in the first minutes of the fire. In addition, the maximum
temperature is somewhat higher in a HC-fire (l 100°C) compared to a cellulose fire (about
1050°C). Fig. 1 shows the standard time versus temperature curves of the two fire types. Fig. 2
shows calculated temperature rise of a normal density concrete in given distances from the
exposed surface.

4

GENERAL RESULTS

4.1

General

Nearly all the references which have concluded that lightweight aggregate concrete has better
fire resistance than normal density concrete, are based on fire loads equivalent to cellulose fire.
All the references with the opposite conclusions are mainly based on hydrocarbon fire.
If no spalling occurs, LWAC structures have potentially higher fire resistance than NDC

structures, due to the lower heat conductivity of the LWAC and thus a better insulation of the
reinforcement cover. This is demonstrated in tests on normal strength LWAC (i.e with "normal"
W/C) in normal cellulose fire. However, in more severe fire loads, i.e. HC-fire, the cover may
spall off during fire.
In the literature there are stated several factors which are assumed to influence the sapling of the
concrete during a fire. The main causes of spalling are suggested to be (4,7,12,31,32):
vapour pressure dependent on the moisture content and the permeability
moisture glogging of capillary pores
initial compressive stresses in the exposed layer.
Several efforts to prevent the spalling have been presented:
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Impregnation of the lightweight aggregates to prevent water suction during storage or from the
fresh concrete, and thereby reduce the moisture content of the hardened concrete (1,4,7,30,32).
To increase the ability of releasing water/vapour during a fire, several fire tests have been
performed with concrete with added PP-fiber (polypropylene-fiber) (2,7,24,25,37,40,41). The
idea is that the melting of the PP-fibers creates realising channels. Several tests have been
performed by the use of a passive fire protection (3,5,7,9,13,25,36,38-41).

In addition to the material parameters, the temperature gradient will also have a great influence

on the results from the fire tests (3,5,8, 15). Furthermore, possible compressive stresses in the
exposed layer of the concrete have also a great influence on the spalling.

4.2

Hydrocarbon fire (HC-fire)

According to the Norwegian experiences (l-9,13,15,22-25,31,36-41) LWAC gets larger spalling
than NDC during a HC-fire. The main reasons for this are that LWAC compared to NDC has
(7):

higher moisture content (the lightweight aggregates may act like water reservoirs and
thus increase the amount of evaporable water)
lower permeability (leads to higher vapour pressure in the L WAC)
lower heat conductivity (leads to higher temperature gradients).
The fact that LWAC has some lower tensile strength compared to normal density concrete ( at
equal W /C) is also one of the suggested causes for the larger spalling tendency of LW AC ( 15).
Most of the experiences with HC-fire are based on Norwegian tests on lightweight aggregate
concretes with relatively low W/C (i.e. in the range of 0,30 to 0,40 including 5-15 % silica
fume). The lightweight aggregates used were "Leca" and "Liapor" (expanded clay). The fire
tests were performed both on small, non-reinforced concrete samples and reinforced beams and
slabs. The moisture content in the outer layer of the concrete was measured at the time of testing
in several of the tests. In addition, the temperature rise was measured in different layers in the
concretes and on the reinforcement. From these tests no lightweight aggregate concrete, without
PP-fibers or a passive fire protection, managed to resist a 2 hours HC-fire without considerable
spalling.

4.3

Cellulose fire

In the references (ll,12,14,20, 21,27-29,33- 35) there is claimed that lightweight aggregate
concrete has better fire resistance than normal density concrete. We assume that these
experiences are only based on tests with cellulose fire (the type of fire is not clearly specified in
all the references). Also the W/C of the tested lightweight aggregate concretes is not given in
these references. According to the given strengths and densities, it is possible that most of the
tested lightweight aggregate concretes in these tests have higher W JC and thus higher
permeability compared to the Norwegian dense and low permeable lightweight aggregate
concretes.
What is claimed to be the main cause for the better fire resistance of the lightweight aggregate
concretes (LWAC) compared to NDC, is the fact the L WAC insulate better due to the lower
heat conductivity (14,27,29,33-35). This leads to less heating of the reinforcement and reduced
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thermal stresses (35). In a HC-fire with a considerable higher temperature on the surface
compared to an ISO-fire, the lower heat conductivity will, however, lead to larger temperature
gradients in the outer layer of the LWAC. This will increase the risk of spalling considerably
(9). Thus, LWAC structures will only have potentially higher fire resistance than NDC
structures if no spalling occurs.
Some of the authors who report better fire resistance of LWAC, comment that some critical
parameters influence the fire resistance of LWAC: First of all they claim that the risk of spalling
will increase if the moisture content of the LWAC exceeds a certain critical level (12,14,35).
Others comment that a more dense cement paste in LWAC compared to NDC (with equal W/C)
may compensate for the advantage with lower temperature rise in LWAC (15). The reported
experiences with fire resistance of LWAC compared to NDC must therefore be seen in the light
of the test conditions (i.e. the type of fire, the moisture content, W/C, the permeability, etc.).

5

CRITICAL PARAMETE RS

5.1

Critical moisture content

The references (l-10,12-17,23,24,30-32,35-39,41) have measured or made comments on the
moisture content of the concrete in connection with the behaviour during a fire. Several
references claim that the moisture content in the hardened concrete is the main factor
influencing the fire resistance (l,6,10,12,14,15,23,41). When the moisture content increases, the
amount of evaporable water increases. The increased moisture content will lead to both
increased pore pressure and increased temperature gradient during a fire (9). Several tests
confirm that reduced moisture content reduces the spalling (2, 15,31,41).
LWAC often behaves worse than NDC in a fire, due to the ability of the lightweight aggregates
to act like water reservoirs for evaporable water (7). The water in the lightweight aggregates
either comes from prewetting of the aggregates, absorption from the fresh concrete or
penetration from the environment. Prewetting of the aggregates and/or humid storing of LWAC
will therefore increase the risk of spalling (14). To reduce the water suction during storage or
from the fresh concrete, several authors recommend impregnating the lightweight aggregates
( 1,4,7 ,30,32). If the lightweight aggregates are impregnated, then the moisture content in the
LWAC is assumed to be at the same level as for NDC with equal cement paste quality.
In the references referring to cellulose fire tests, there are given different recommendations with
respect to maximal moisture content (i.e. "critical moisture content") in the hardened concrete to
avoid spalling. In some of the references it is unclear whether the recommendations refer to
NDC or LWAC. One author (12) claims that critical moisture content of hardened LWAC is 7
% by volume, even though spalling may appear at moisture content down to 5 % by volume
(about 2 % by weight). The limit on 7 % by volume is also confirmed by (10) and (31), which
both claim that there is a minimal risk of spalling and damage below this critical moisture
content.
In contradiction to these references, other authors claim that the critical moisture content is
lower than 7 % by volume. FIP/CEB (16) claims that a general critical moisture content for
hardened concrete is 5 % by volume (about 2-3 % by weight). The most rigid recommendation
was, however, presented by an English committee in 1987 ( 10). They suggested that the
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moisture content should be lower than 3 % by volume to avoid explosive spalling. The same
limit is stated by FIP (14).
In the Norwegian tests with hydrocarbon fire, the moisture content has mainly been higher than
the recommended critical levels. Some of the authors have commented that the moisture content
was high, and claimed that this was the main cause to the extensive spalling of the high strength
LWAC (6,9,41). Other have measured the moisture content. In these tests the moisture content
varied from 3-11 % by weight (i.e. about 5-20 % by volume) (2,36-39). All these high strength
lightweight aggregate concretes showed an extensive spalling during the HC-fire, even those
with a moisture content between 5 and 7 % by volume in the concrete surface (2,36,37). The
moisture content inside the concrete will, however, in many cases be higher than the moisture
content near the concrete surface. An example: The measured moisture content inside some 7
years old high strength LWAC beams was about 2 % by weight (i.e. about 3.5 % by volume)
higher than the moisture content near the surface (38,39). Correspondin g differences for
"younger" concrete beams were about 4 % by weight (i.e. about 7 % by volume). Thus, in an
evaluation of a critical moisture content this difference must be taken into account, i.e. the
moisture content inside the concrete should be used as reference.
In the work by Malhotra (12) it is claimed that for most of the buildings the "normal" moisture
content is higher than the critical moisture content. As an example he refers to measurements in
a 2 year old building, where the moisture content was about 7 .5 % by volume. Other authors
claim that for indoor constructions with LWAC, the risk of spalling will decrease with time
since the moisture content decreases with time (35). For outdoor LWAC constructions it is,
however assumed, that the moisture content will be higher than the critical moisture content.
This is also confirmed by the already mentioned measurements performed on the 7 years old
high strength LWAC beams (38,39): Inside the concrete the moisture content was about 8 % by
weight (i.e. about 15 % by volume). The corresponding moisture content in the "younger"
concrete beams was about 15.5 % by weight (i.e. about 28 % by volume). According to (9)
spalling was also observed on LWAC stored indoors for about one year.

5.2

Permeability - critical W /C

There is general agreement on the fact that permeability is one of the main material properties
influencing spalling during a fire (4,7,31,32). The references (1,3-7,9,13,15,31) have measured
or made comments on the permeability of the concrete in connection with the behavior during a
fire. They all claim that low permeability is exclusively negative with respect to fire resistance.
The low permeability leads to increased vapour pressure during heating (1,4,9,13,31). This may
also be shown theoretically (9,13).
High strength LWAC has in general very low permeability, usually lower than NDC at equal
nominal W/C (4,6,15). W/C used in the Norwegian high strength LWAC's is much lower than
the recommende d critical W /C. When the moisture content in the hardened concrete is higher
than the recommende d critical moisture content, it is easy to understand the disadvantageous
Norwegian experiences with respect to LWAC and HC-fire.
An increase of WIC (by increasing the water content of the fresh concrete) will both increase the
moisture content and the permeability of the hardened concrete. The increased moisture content
will have a negative influence on the fire resistance, while the increased permeability will have a
positive influence. Theoretically it may be possible to find a critical W/C. This was done by (7),
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who recommends that the W/C should be higher than 0.55 to get a NDC with sufficiently high
permeability to resist a HC-fire. In addition, it is recommended to impregnate the lightweight
aggregates to prevent water suction from the fresh concrete. The content of silica fume and the
curing conditions will, however, also influence the permeability and the moisture content, and
thus the critical W/C (41).
In the refereed Norwegian tests with hydrocarbon fire, the W/C of the LWAC varied in the
range 0.30-0.40 with 5-15 % silica fume (2,6,9,36,37,41). In all the tests the LWAC experienced
extensive spalling if no precautions were taken (i.e. PP-fiber or a passive fire protection).
According to (24,41) W/C had no significant influence on the spalling of LWAC with W/C 0.30
and 0.40 (approx.). Neither had silica fume dosages of O and 5 %, respectively, any significant
influence on the spalling. Consequently, the critical W/C must at least be higher than 0.40 for
the present concretes in the HC-fire.
It is, however, possible to increase the permeability of a concrete during a fire. Several authors
have commented the use of PP-fiber (polypropylene fiber) in connection with HC-fire
(2,7,24,25,37,40,41). The fibers are added to the concrete during mixing. PP-fibers have a
melting point at about 140°C. The idea is that the· fibers melt during a fire and make channels in
the hardened concrete where the vapour may evacuate (24).
The experience with PP-fiber is very positive, even for the Norwegian high strength lightweight
aggregate concretes. By adding 0.1-0.25 % by volume PP-fiber the spalling decreased
significantly (2,24,37,41), and some tests showed that it is possible to nearly eliminate the risk
of spalling by adding the correct type and dosages of PP-fiber (24,37,41 ). The results show that
the spalling decreases with decreasing thickness and increasing length and dosage of the PPfibers (24,41).

5.3

Load during fire

The load situation of the concrete has great influence on the spalling during a fire. The
references (3,5,8,9,ll,13,15,17,23,26 ,31,36) have measured or made comments with respect to
this topic. There is a general agreement on the fact that initial compressive stresses in the
exposed layer of the concrete, either due to external loading of prestressing, will increase the
spalling during a fire. Some of the authors claim that increasing compressive stresses decreases
the fire resistance (17). Other claim that the magnitude of the compressive stresses is of less
importance than the fact that they exist (31).
According to several authors (9,13,36) it was observed that there was greater damage to
prestressed concrete beams as compared to reinforced concrete beams. The prestressed beams
experienced extensive spalling with partial exposure of the prestressing cables. However, no
comparison tests between LWAC and NDC were performed in these test programs.
Since the load situation is of vital importance with respect to the behaviour of the concrete
during a fire (15) recommends performance of the fire tests under as realistic conditions as
possible, with respect to sample size and compressive stresses in the exposed layer.

5.4

Temperature
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The references (l-3,5-7,9-14 ,17-19,22,26, 27,31,34,36-4 1) have measured or made comments on
the temperature in the concrete in connection with the behaviour during a fire. The temperature
gradients have a large influence on the spalling. Thus, the type of fire test performed influences
the action of the fire on the L WAC as compared to NDC.
LWAC insulates better than NDC due to the lower heat conductivity (2,11,14,17,19,27,33-35).
Several authors claim that this is positive with respect to the fire resistance. To document this,
(34) gives an example from cellulose fire tests performed in USA. The conclusion is that LWAC
was superior compared to NDC with respect to fire resistance of prestressed concrete, since the
temperature rise of the prestressed cables was clearly lowest for LWAC. Other authors also
document the lower temperature rise in the LWAC (11,17,19). (11) claims that the temperature
rise in L WAC is at least 20 % lower compared to NDC in a cellulose fire, while ( 19) states the
difference to be about 15 % (based on calculations and simulations).
In a HC-fire the temperature gradients in the outer layer of the concrete are much higher
compared to the gradients in an ISO-fire, see Fig. 2. The lower heat conductivity in the LWAC
compared to NDC will lead to large temperature gradients in the outer layer of the LWAC. This
will increase the spalling tendency of the LWAC (1,3,5-7,9,13). Even Malhotra (12) which in
general speaks very positive about the fire resistance of LWAC, comments that a more rapid
heating than in an ISO-fire leads to a more extensive spalling. By simulation and calculation of
the temperature rise during a fire, a given temperature was reached from 10 to 25 minutes earlier
in a HC-fire compared to an ISO-fire (19).

Several authors have performed tests with a passive fire protection in connection with HC-fire
(3,5,7,9,13,25,36,38-41). The purpose is to reduce the fire load and to reduce the temperature
gradients near the concrete surface. The results show that if the fire protection not loosen during
the fire test, the temperature rise in the concrete and in the reinforcemen t are delayed and
reduced (3,5,25,36,38-41). An example; the temperature on the concrete surface was only 3004000C after a 2 hours HC-fire where a passive fire protection was used (3,5). If the passive fire
protection was effective, no spalling was observed on Norwegian high strength LWAC
(3,5,36,38-41).

5.5

Residual strength

The references (10,14,18,19,22,23,25,26,34,35,41) have measured or made comments on the
residual strength of the concrete in connection with a fire. (35) claims that concrete is one of the
most fire resistant materials (referring to ISO-fire), and that LWAC has a better fire resistance
than NDC. If collapse occurs during a fire, the cause for this is mainly buckling of the
reinforcemen t at high temperatures (35).
The authors who have commented on the residual strength of the concrete during an ISO-fire,
seem to be agree that L WAC retains strength up to a higher temperature compared to NDC
(10,14,23,34). According to Handbook of structural concrete (10) and (34) LWAC retains the
strength up to about 500°C. Correspondin g temperature limits for NDC are reported to be about
300°C (refer to siliceous aggregates) (10) and 350°C (34), respectively.
(34) also claims that the residual strength of LWAC decreases linearly from about 100 % to
about 40 % with increasing temperature from about 500°C to about 800°C. The residual strength
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for NDC at 800°C is claimed to be about 20 %. The same author also claims that the
reinforcement looses about 50 % of the strength at about 550°C and about 400°C, for normal
reinforcement and prestressed cables, respectively.
Other authors claim that the compressive strength and the E-modulus are reduced already at a
lower temperature. According to (23) the stress-strain diagram of LWAC is nearly unchanged
up to about 300°C. The aggregate type used is, however, of importance with respect to the shape
of the stress-strain diagram during heating and thus the residual strength at high temperatures.
Siliceous aggregates prove to have a poor influence on the concrete behaviour during a fire,
while calcareous aggregates prove to perform the best of the normal aggregates tested.
In tests performed with high strength LWAC (W/C 0.36 and 5 % silica fume) a reduction of the
compressive strength and the E-modulus of about 25-35 % was measured at a concrete
temperature between 200 and 300°C, see Fig. 3 (22). Corresponding reductions at a temperature
of about 600°C were about 50 % for the compressive strength and about 60 % for the Emodulus. For NDC the observed reduction of the E-modulus was somewhat higher.

Only one of the test programs has included measurement of the residual strength of cooled
LWAC specimens after a HC-fire test (24,41). The measured residual strength was about zero
for the two tested LWAC's with mean cylinder strength of about 40 MPa and 65 MPa,
respectively. By adding a PP-fiber to the LWAC with mean cylinder strength of about 75 MPa,
the measured residual strength after the HC-fire was about 40-50 %. By use of a passive fire
protection, no reduction in the concrete strength was observed.
According to (24 and 41) the load capacity of a concrete after a fire may be considerably
reduced, even though the visual observed damages are small.

6

CONCLUSIONS

Provided that the fire resistance is determined as the time between the start of the fire and until
the reinforcement reaches the critical temperature, the following conclusions may be drawn:
LWAC structures have potentially higher fire resistance than NDC structures, due to the lower
heat conductivity of the LWAC and thus a better insulation of the reinforcement cover. This is
demonstrated in tests on normal strength LWAC (i.e with "normal" W /C) in normal cellulose
fire.
In more severe fire loads, i.e. hydrocarbon fire, the cover may spall off during fire. The main
cause seems to be a vapour pressure plus possible stresses due to external load, exceeding the
tensile strength of the concrete. The vapor pressure is determined mainly by the amount of
evaporable water, the permeability of the concrete and the fire load (heating rate and maximum
temperature).
LWAC can contain more evaporable water than NDC due to absorbed water in the LWA
particles. Thus the risk of spalling can be higher in a LW AC, which is demonstrated in tests on
high strength LWAC (i.e. with low W/C) exposed to hydrocarbon fire. Consequently, LWAC
structures may have lower fire resistance than NDC structures when exposed to severe fire
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loads. There appears to be inadequate information about the behaviour of normal strength
LWAC in a hydrocarbon fire as well as high strength LWAC in cellulose fire.

7
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