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Partial replacement of high clinker content cements by Ground Granulated Blastfurnace Slag (GGBS) can
reduce the carbon footprint of concrete, with consequent benefits in respect of sustainable construction.
Furthermore a state-of-the-art report indicated that use of GGBS as a binder replacement may increase
the fire resistance of concrete. If so this could lead to thinner sections in fire compartment elements,
especially non-loadbearing walls, leading to further gains in respect of sustainable development. Concrete
is considered an effective material in protecting against the detrimental effects of fire in structures.
However, exposure to high temperatures can degrade concrete performance. Fire resistance performance
is typically defined relative to three failure criteria: load bearing resistance (R), insulation (I) and integrity
(E). Heat transfer is a critical element of insulation and integrity performance.
An experimental programme was developed to examine the potential beneficial influence of GGBS on
fire resistance by examining the heat transfer performance of concrete, with and without GGBS. Test
panels of concrete were subjected to heating to high temperatures. The panels included either limestone
or sandstone aggregate, and a binder content of either CEM II/A-L only or a CEM II/A-L and GGBS
combination at a cement replacement level of 70%. Concrete panels were heated in accordance with the
standard fire curve of Eurocode 2.
It was found that the heat transfer behaviour was in line with published data in the Eurocode for structural
fire design. When exposed to elevated temperatures, such as those experienced in a fire situation, the
performance of concrete containing GGBS exhibited a marginally lower rate of heat transfer than that of
CEM II/A-L concrete. This resulted in a marginal improvement in the separating function (EI) performance.
The marginally lower transfer of heat exhibited by GGBS concrete improved performance in terms of EI,
such that a 5% reduction in the thickness of reinforced concrete separating elements could be considered.
In addition, increased resistance to the effects of actions on a member, designed in accordance with the
500˚C isotherm ‘simplified’ method detailed in Eurocode 2, demonstrated a potential increased resistance
of up to 10%.
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GGBS and Fire Resistance
The use of waste byproducts of the steel industry such as Ground Granulated Blastfurnace
Slag (GGBS) as replacement for high clinker content cement develops the opportunity for more
sustainable buildings. GGBS offers a sustainable replacement for high clinker content cements
being used at replacement levels of up to 70%. GGBS has slow hydraulic activity on its own and is
activated by lime (calcium hydroxide) and other alkaline solutions produced during the hydration
of cement clinker.
A state-of-the-art review by Aßbrock et al. (2007) highlighted potential beneficial effects of using
GGBS as a binder replacement to increase fire resistance of concrete. The report traces such
assertions back as far as 1936, in research by G.M. Rustschuk.

Heat Transfer
Assessment of performance in fire is based on the behaviour of specific elements and is not an
evaluation of the reaction of individual component materials. Standard fire exposure test methods
are used to determine fire resistance, reflecting the three limit states of load-bearing capacity
(R), integrity (E) and insulation (I). Integrity (E) and insulation (I) refer to the ability of an element
or system to perform a separating function under fire conditions. Integrity (E) is a measure of
ability to resist spread of flame and smoke to the non-exposed side of a separating element.
Insulation (I) is a measure of the ability of a separating element to restrict temperature rise on
the non-exposed face to acceptable limits. Heat transfer characteristics of a material influence
performance in terms of both E and I.
Transfer of heat should be limited so that neither the unexposed surface nor any material in close
proximity to that surface is ignited. The element should also provide a barrier to heat, sufficient to
protect people near to it. For all separating elements, except doors and shutters, the performance
criterion used to define thermal insulation imposes a limit in respect of the mean temperature
rise on the unexposed face to 140°C above the initial mean temperature, with the maximum
temperature rise at any point limited to 180°C above the initial mean temperature.
Two aspects of the assessment of integrity which are influenced by heat transfer are the ignition
of a cotton pad and the occurrence of sustained flaming on the unexposed side (i.e. greater than
10 seconds).

Thermal Conductivity
Thermal conductivity measures the ability of a material to conduct heat and is defined as the ratio
of the flux of heat to temperature gradient. The thermal conductivity of concrete depends on its
composition including: type of aggregates, hardened cement paste and void content, as well as
degree of saturation. Harmathy (1970) reports that the thermal conductivity of cement paste does
not vary significantly with increased temperature and it is the aggregates which have the primary
influence on the thermal conductivity of concrete.
Khan (2002) concluded that aggregate type significantly influences thermal conductivity. As

Table 1
Typical Values of Thermal
Conductivity of Concrete
(Neville, 1995)

Type of
aggregate

Wet density
of concrete
(kg/m3)

Conductivity
(W/m K)

Limestone

2450

3.2

Sandstone

2400

2.9

aggregates typically make up 60-80% of
the volume of concrete the type and volume
have an obvious influence on the thermal
conductivity. Typical values of conductivity of
concrete made with limestone or sandstone
aggregates are listed in Table 1 (Neville, 1995).
The factors affecting the thermal properties
of concrete at ambient temperature and
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applicability to its prediction models were investigated by Khan (2002). It is clear from the results that
the thermal conductivity of the aggregate influences the thermal conductivity of the concrete. However,
it is worth noting that the magnitude of difference for the aggregates is not replicated in the concretes.

Thermal conductivity values for design purposes may be determined from graphs in I.S. EN 19921-2 (NSAI, 2005), which present lower and upper limits (Figure 1). The lower limit is typically more
representative of normal strength concrete manufactured with normal aggregates. Thermal
conductivity tends to increase slowly up to between 500C and 600C, and then decreases sharply
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As diffusivity
As diffusivity
is a function
is aoffunction
conductivity
of conductivity
profiles were thereby constructed for various points in the samples. This allowed comparative studies
it is similarly
it is affected
similarlybyaffected
moisture
bycontent,
moisturewhich
content,
depends
which depends
of the performance of concretes with and without GGBS. The experimental data was modelled by a
on the original
on the
water
original
content
water
of content
the mix,ofdegree
the mix,
of hydration
degree of hydration
version
ofdrying.
the Hertz
(2002) method and Wickström (1986) formula to allow quantification
of cement,simplified
of
and
cement,
exposure
andtoexposure
to drying.
of the relative differences between the mixes.
2. Methods
2. MethodsPreparation
Specimen
Four mixes were prepared, with limestone (‘L’) and sandstone (‘S’) coarse aggregates, either with no
2.1 Overview
2.1 Overview
cement replacement (‘G0’) or with 70% GGBS (‘G7’). A summary of the mix proportions (designated
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LG0, LG7, SG0, SG7) and compressive
strength values (28 days and 150 days
- the day of heating) is given in Table
2. Aggregate properties are given in
Table 3. The chemical composition (%)
of the GGBS was as follows:

Mix Designation and Constituents
Limestone Agg.

Sandstone Agg.

96

320

96

GGBS

0

224

0

224

Water

175

175

175

175

41.58 %		
7.69 %		

20mm Aggregate

755

745

650

645

10mm Aggregate

470

465

535

535

SO3

-

Sand

640

635

655

650

Na2O
K2O
Cl−

0.27 %			
0.4 %		

Total binder content

320

320

320

320

w/b Ratio

0.55

0.55

0.55

0.55

Compressive
strength at 28 days

53 MPa

42 MPa

48 MPa

38 MPa

Compressive

60 MPa

35.32 %		
11.36 %		
0.58 %

CaO
MgO

0.01 %

Loss of Ignition
0.65 %
Insoluble Material 0.25 %

CEM II/A-L

Table
3.100Aggregate
150 days
The cube specimens, which
were
x strength atProperties
100 x 100 mm in size were
made and
Type
I.S. EN 12620
Water
cured in accordance with I.S. EN 12390I.S.
EN
Water
Designation
Absorption
Density
2. The compressive strength tests were
Type
12620
Absorption
(kg/m3)
%
conducted in accordance with I.S. EN
Designation
%
12390-3. The concrete test
panels Aggregate
for
Coarse
the experimental programme were Coarse Aggregate
20mm Limestone
10/20
0.52,660
10/20
0.5
425mm x 425mm x 150mm thick. 20mm Limestone
10mm
Limestone
0.72,660
10/20
0.7
Thermocouples were fixed
centrally
on 10mm Limestone 10/20
plan and at depths of 37.5mm,
20mm75mm
Sandstone
4/10
1.82,620
20mm Sandstone
4/10
1.8
and 112.5mm. Each batch
of
concrete
10mm Sandstone
4/10
2.0
10mm Sandstone
4/10
2.02,620
allowed for the manufacture of a sinFine Aggregate
gle test panel and four test cubes. Two Fine Aggregate
Sand
0/40/4
2.02,580
Sand
2.0
batches were prepared per
mix.
The concrete was carefully placed in
layers so as not to dislodge or damage the thermocouples. The concrete
was then compacted using a standard
industry poker vibrator with care again
being exercised not to disturb or damage the thermocouples. The top surface was levelled and finished smooth.
The panels (Figure 4) were stored
for three days and protected against
shock, vibration and dehydration at a
temperature of 20 (± 5)°C. After three
days the panels were removed from
the moulds and placed in storage under laboratory conditions until required
for testing.

Mix Proportions

LG0
LG7
SG0
SG7
(kg/m3) (kg/m3) (kg/m3) (kg/m3)
320

SiO2
Al2O3
Fe2O3

Table 2

50 MPa

57 MPa

47 MPa

Density

Table 3

Aggregate Properties
3

kg/m

2,660
2,660
2,620
2,620
2,580
Fig. 4
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the experiment is shown in Figure 5.
A specially
manufactured cover was constructed of insulating materials
in order to create a 250mm square opening at the top of the
kiln. The concrete test panel was then placed over the Fig. 7. Plan locations of thermocouples
opening and supported on a separate steel frame. The
50
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panel 2.4 Heating and cooling2014/3/8
regime
to be heated from the underside. The kiln temperature was
Standard fire curves allow classification of building
increased to approximately 1100°C over a period of 4 hours.
K thermocouples (i.e. TC#2-TC#6), placed within the materials and elements where the results are comparative
and not project specific.
Set-upThe heating regime was largely in
0
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DensityFig. 5concrete panel at regular depths during casting. In order to Experimental
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n
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%
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that of the standard fire curve. The furnace gas temperatures recorded during
the experimental programme are illustrated in Figure 8, with the standard fire
curve and a parametric fire curve included for comparison purposes. A parametric fire curve takes into account the
compartment size, fuel load, ventilation
conditions and the thermal properties of
compartment walls and ceilings. Parametric fire curves provide more realistic
estimates of the fire severity, for a given
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fire curves.
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fire resistance
Fig.
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Fig. 9
Cotton pad on test
specimen

The insulation of the panel was assessed throughout
by monitoring and recording temperature at
In line with requirements of three
I.S. EN 1363-1,
the
integrity
of the
panel was assessed
locations on the
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surfacethroughout
of the test panel.
the heating regime by a cotton wool pad (Figure 9) and by monitoring the test specimens for gaps
Three Type K thermocouples were positioned on the
and sustained flaming.
unexposed surface as shown in Figure 9. While these
Assessment of Insulation Function (I)
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The insulation of the panel was assessed throughout the heat regime by monitoring and re1363-1, they were considered fit for purpose.
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rofile was as shown in Figure 8.
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containing 70% GGBS was lower than
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When the results for respective aggregate types are
comparing binder influence for the mixes based on the two aggregate
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compared
irrespective of binder type, the heat transfer is as

When the results for respective aggregate
types are compared irrespective of binder
type, the heat transfer is as illustrated in
Figure 11. While initially the temperature
rise in the limestone aggregate is higher, with time the sandstone aggregate
results in a higher temperature profile,
which would be expected.
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Fig. 10. Comparison of heat transfer based on binder type
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Comparison of heat
transfer based on
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average of 140°C or maximum single temperature of 180°C,
as set out in I.S. EN 1363 (NSAI, 2012).
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Specimen ID
SG0
SG7
LG0
LG7

Temperature at 4 hours
106°C
85°C
87°C
79°C

It was noted that the temperature on the unexposed
side continued to increase after the heat regime was
terminated. The maximum temperature on the unexposed
Fig.
Comparison
heat transfer
based90
on and
aggregate
type
side11.was
generallyofobserved
between
120 minutes
after termination
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The average maximum temperature observed on the unexposed surface for respective mix types is given Table 4, none
of which exceeded either the maximum
allowable average of 140°C or maximum single temperature of 180°C, as
set out in I.S. EN 1363 (NSAI, 2012).

It was noted that the temperature on the
unexposed side continued to increase
after the heat regime was terminated.
The maximum temperature on the unexposed side was generally observed
between 90 and 120 minutes after termination of heat supply.
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for concrete consisting of 70% GGBS (i.e
results are calculated by averaging the
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as illustrated in Figure 15.
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Fig. 13. Comparison of temperature profiles for concrete panels of
varying binder type and for varying fire exposure times (e.g. R240
represents 240 minutes of exposure to standard fire conditions)

In terms of temperature profiles for concrete sections
published in current design codes, the most applicable to
this research is the profile relating to slabs published in I.S.
EN 1992-1-2 (NSAI, 2005). Results show a good degree of
consistency with I.S. EN 1992-1-2. Comparison of test data
for concrete consisting of 70% GGBS (i.e results are
calculated by averaging the results for the two aggregate
types) are illustrated in Figure 14. Comparison of test data
for concrete consisting of 0% GGBS is as illustrated in
Figure 15.
In both of the cases illustrated in Figures 14 and 15,
the profiles are comparable with existing I.S. EN 1992-1-2
design charts. The test data profiles consistently indicate
lower temperature across a member section than the relevant
profiles in I.S. EN 1992-1-2. The profiles for 70% GGBS
offer the optimum performance as the curves provide the
lowest temperature profile across the section.
Fig. 14. Comparison of temperature profiles for 70% GGBS
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however, it does allow for variation in thermal diffusivity,
which is a function of density, specific heat capacity and
thermal conductivity of the concrete as measured at ambient
temperature.

Fig. 15. Comparison of temperature profiles for 0% GGBS
concrete test panels with I.S. EN 1992-1-2 profiles for varying fire
exposure times (e.g. R240 represents 240 minutes of exposure to
Fig. 15. Comparison of temperature profiles for 0% GGBS
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Fig. 18
Calculated temperatures
for the minimum
thicknesses and times
specified in Table 6

regime. Immediately after heating and subsequent cooling
the exposed surface displayed extensive hairline surface
cracking. Rehydration resulted in deterioration of the
concrete near the surface.
Fig. 18. Calculated temperatures for the minimum thicknesses
and times specified in Table 6

If 75°C was considered the desirable value for the
temperature of the unexposed face then the minimum
thickness of the element required, calculated using formula
by Wickström, Hertz and formulae representing current
investigations, are illustrated in Figure 19. This also shows
values for thickness if the criterion for maximum unexposed
face temperature was 140°C.
This is evidence that the reduced heat transfer of the
concrete with 70% GGBS identified in this research results
in reduced minimum section requirements. For example for
a fire resistance period of 240 minutes the minimum
thickness is reduced from 175mm to 153mm. On a large
scale project this could result in large scale cost savings as
well as environmental benefits.
The foregoing assessment indicates that the minimum
thicknesses specified in I.S. EN 1992-1-2 are extremely
conservative as illustrated in Figure 19. It should be noted
that the minimum thicknesses as required by I.S. EN 19921-2 may exist to satisfy the integrity function (E); however,
this is not clear from the document.
In the case of the separating function (EI) tests, the
panels were monitored for a period of time after heat
Fig. 19. Calculated minimum thicknesses required to maintain the
unexposed surface at a temperature of 75˚C and 140˚C for varying
duration of exposure to fire
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formula by Wickström, Hertz and formulae representing current investigations, are illustrated in
Figure 19. This also shows values for thickness if the criterion for maximum unexposed face
temperature was 140°C.

This is evidence that the reduced heat transfer of the concrete with 70% GGBS identified in this
research results in reduced minimum section requirements. For example for a fire resistance
period of 240 minutes the minimum thickness is reduced from 175 mm to 153 mm. On a large
fter heating and subsequent coolingscale project this could result in large scale cost savings as well as environmental benefits.
displayed extensive hairline surface
The foregoing assessment indicates that the minimum thicknesses specified in I.S. EN 1992-1-2 are
on resulted in deterioration of the
extremely conservative as illustrated in Figure 19. It should be noted that the minimum thickce.
nesses as required by I.S. EN 1992-1-2 may exist to satisfy the integrity function (E); however, this
is not clear from the document.
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R240 in Table 7 is for illustrative purposes only as the strain in the steel is excessive indicating
that the stress in the steel has to be reduced in accordance with I.S. EN 1992-1-1. However,
in the calculations no reduction in the steel stress is included in the calculation of the moment
of resistance of the section. Moreover, a 150mm slab does not meet the minimum thickness
requirements for an REI240 fire resistance period. This is restricted in accordance with Table 5.8
of I.S. EN 1992-1-2 to an REI180 fire resistance period.
When the tabulated method in accordance with I.S. EN 1992-1-2 is applied to the design example,
the fire resistance period is limited to REI60, as the period of fire resistance for standard fire
conditions is 78 minutes when derived by interpolation from Table 5.8 of I.S. EN 1992-1-2. However,
when the ‘500˚C isotherm’ simplified method is used, a fire resistance period of REI90 is possible.
Hence, the use of such calculation methods can result in more sustainable and economic design
outcomes. In addition, the inclusion of GGBS as a binder replacement results in a 5% to 10%
increase in the moment of resistance for fire resistance periods including and above REI60 as
illustrated in Figure 20.
The aim of this research was to establish whether the use of Ground Granulated Blastfurnace Slag
(GGBS) as a binder replacement in concrete influences performance at elevated temperatures in the
context of fire resistance. The marginally lower transfer of heat exhibited by GGBS concrete improves
performance in terms the separating function and could allow a 5% reduction in the thickness of
reinforced concrete separating elements. In addition, increased resistance to the effects of actions
on a member, designed in accordance with the 500˚C isotherm ‘simplified’ method detailed in I.S.
EN 1992-1-2 (NSAI, 2005), are also possible with increased resistance of up to 10%.

Conclusions

Heat transfer, and more specifically thermal conductivity, is a function of the density, specific
heat, and thermal diffusivity of the concrete. The density and compressive strength of the GGBS
concrete was lower than that of the concrete containing only CEM II/A-L at the time of testing. It
is postulated that the lower density of the GGBS concrete results in a reduction in the associated
thermal conductivity, hence its improved performance in terms of heat transfer. A significant
obstacle encountered during this research was the lack of clear and established practice in
determining the thermal properties of concrete. Reported research is not prevalent, and is often
dated, for thermal properties at ambient temperature and is even less prevalent at elevated
temperatures. Recently established techniques include the Transient Plane Source (TPS) method
which may be used to determine the various thermal properties at both ambient and elevated
temperatures. However, the apparatus to complete this type of test is expensive and not widely
available. A method of determining the thermal properties of concrete which is both accurate and
economic should be established for testing concrete at both ambient and elevated temperatures.
Ecocem Ireland Ltd. is acknowledged for the supply of binder materials used in the manufacture
of test specimens.
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