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The chemical and mechanical stability of slag activated with two different concentrations of sodium sulfate
(Na2SO4) after exposure to elevated temperatures ranging from 200 to 800 °C with an increment of 200 °C
has been examined. Compressive strengths and pH of the hardened pastes before and after the exposure
were determined. The various decomposition phases formed were identified using X-ray diffraction, thermo-
gravimetric analysis and scanning electron microscopy. The results indicated that Na2SO4 activated slag has a
better resistance to the degradation caused by exposure to elevated temperature up to 600 °C than Portland
cement system as its relative strengths are superior. The finer slag and higher Na2SO4 concentration gave bet-
ter temperature resistance. Whilst the pH of the hardened pastes decreased with an increase in temperature,
it still maintained a sufficiently high pH for the protection of reinforcing bar against corrosion.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The resistance of concrete made with Portland cement (PC) to
degradation caused by exposure to elevated temperatures depends
on the type of material used in the concrete. The least stable constit-
uent in this respect is the hardened cement paste. Both chemical and
physical deteriorations occur at elevated temperatures because
both interlayer and chemically bound water are lost due to the de-
composition of calcium hydroxide (CH) and calcium silicate hydrate
(C-S-H) [1]. The porosity and mineralogy of the aggregate also affect
the severity of deteriorations [2].

It has been shown that the critical exposure temperature at which
concrete begins to lose compressive strength is approximately 400 °C.
This is caused by the decomposition of CH and the consequent vol-
ume increase that occurs during cooling when rehydration of calcium
oxide initiates a volume increase by about 44%, leading to cracking
[3]. Handoo et al. [4] reported that the loss of strength in PC concretes
after 400 °C could be attributed to the loss of crystalline water, result-
ing in the decomposition of the calcium hydroxide. Georgali and
Tsakiridis [5] attributed the cracking and softening of the concrete
surface exposed to fire to the expansion followed by the shrinkage
of PC paste due to the transformation of calcium hydroxide to calcium
oxide in the temperature range of 450–500 °C. Petzold and Rohrs [6]
explained that the loss of strength can be attributed to the re-
hydration of calcium oxide, which is accompanied by a 44% increase
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in volume. In addition, the explosive spalling that can occur [7,8] at
temperatures between 480 and 510 °C [9], will reduce the loading
capacity of concrete structures. The different effects of exposure of
cement paste to elevated temperatures have been summarized as fol-
lows [10]:

– capillary and gel water evaporate at ~100–150 °C,
– shrinkage and cracking take place at approximately ~150–250 °C

accompanied by a reduction in tensile strength,
– evaporation of chemically bound water from aluminous and fer-

rous constituents at approximately ~250–300 °C, and the com-
pressive strength of concrete starts to decrease.

– CH dehydrates to calcium oxide at approximately ~400 °C with an
accompanying 44% reduction of the volume and a reduction in
strength,

– C-S-H finishes decomposition between approximately ~400–
600 °C, and strength reduction becomes significant.

PC is produced by a highly energy intensive process and a major
contributor of greenhouse gases responsible for about 5–8% of all
global carbon dioxide emissions. Ground granulated blast furnace
slag (GGBS) is a by-product of iron manufacturing using blast-
furnaces [11] and is normally used to replace PC. The manufacture
of GGBS is more environmentally friendly than that of PC, which re-
quires less than one fifth of the energy to produce, generates one
fifteenth of carbon dioxide emissions and does not require quarrying
of virgin materials. Currently, the UK uses about 2 million tonnes per
annum of GGBS in cement, which:

– reduces carbon dioxide emissions by about 2 million tonnes.
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– reduces primary energy use by 2000 million kWh
– saves 3 million tonnes of quarrying
– saves a potential landfill of nearly 2 million tonnes.

The use of slag as a partial replacement of Portland cement (PC)
in blended cements and in ready mixed concrete not only consumes
large amount of unused waste produced by the steel industry, but
also reduces the carbon dioxide emissions arising from cement man-
ufacture and reduces the energy required by the cement industry.
Portland cement blended with slag is usually used to modify the
properties of cement and concrete. Wang [12] reported that, the
substitution of PC with GGBS improves compressive strength and
reduces cracking at elevated temperatures. The optimum cement
replacement in this study was 80% at a water/binder ratio of 0.23.
Another study on blended cement [13] concluded that, when cement
was blended with slag, the reduction in CH produced during hydra-
tion led to improved mechanical properties following exposure to
temperatures in excess of 400 °C. A similar study by Khoury et al.
[14] showed that the addition of 50% slag to a sulfate — resisting
Portland cement reduced the amount of CH formed during the hy-
dration, which consequently increased the fire resistance of the
paste samples containing 50% slag when exposed to approximately
550 °C. Other researchers have also shown the useful contribution
of slag to high temperature resistance [15–19].

Slag can also be used to formulate non Portland cement binders
consisting of only slag plus an activator, a system called alkali-
activated slags (AAS) [20]. Usually strong alkalis, such as NaOH
and/or sodium silicate are used as the activators. Weak alkaline
salts such as Na2CO3 or neutral salts such as Na2SO4 also function
in a similar way. Compared to PC the CH is usually not formed in
the hydrated AAS [20–23], so it is expected that alkali-activated
slag concrete has a higher resistance to elevated temperatures com-
pared to PC concrete or blended cement concrete made with slag.
However, there are very few publications in the literature which
have studied the effect of elevated temperature on alkali-activated
slag. The first study used sodium hydroxide as an activator and ex-
posure temperatures up to 800 °C [21]. The compressive strength
results from this study have indicated that the alkali-activated
slag concrete remained about 25% of its original strength after expo-
sure to 800 °C which was similar to Portland cement concrete. De
Gutierrez et al. [24] concluded that regardless of the type of activa-
tor, the residual strength of alkali-activated slag up to 1000 °C was
similar to that of the PC mix. They considered that the dehydration
of calcium silicate hydrate was the reason for the strength loss in a
manner similar to the PC. Other studies [22,24–26] investigated the
fire performance of sodium silicate powder activated slag mortars
up to 1200 °C using quartz [22,25,26] and electrical porcelain
[25,26] as aggregates. They reported that the remaining strengths
were approximately 20% at 800 °C. However, between 800 and
1200 °C the strength of the alkali-activated slag mortar with quartz
aggregate increased. At 1200 °C, it reached about 87% of its original
strength. The alkali-activated slag mortar with electrical porcelain
experienced a doubling of its original strength between 800 and
1200 °C. Zuda et al. [27] studied the thermal properties of alkali-
activated slag mortars activated by sodium silicate subjected to ele-
vated temperatures up to 1200 °C. This study has concluded that,
the alkali-activated slag mortar had a good potential for future
high temperature applications in civil engineering where thermal
diffusivity and thermal conductivity decreased above 400 °C with
the increase of temperature. Recently, Guerrieri et al. [28] studied
the residual compressive strength of slag concrete activated by
sodium silicate powder and hydrated lime after exposure to
temperatures up to 1200 °C. The results illustrated that the residual
compressive strength of the concrete was approximately 76, 73, 46
and 10% of the originals when exposed to 200, 400, 600 and 800 °C
respectively.
Bernal et al. [29] studied the effect of elevated temperatures of
200, 400, 600, 800 and 1000 °C for 2 h on geopolymers formulated
with an overall SiO2/Al2O3 molar ratio of 3, slag/(slag+metakaolin)
ratios of 0.0 and 0.2, constant H2O/Na2O ratio of 12 and Na2O/SiO2

ratio of 0.25. The results have indicated that the geopolymers formu-
lated with metakaolin (MK) and slag have higher residual compres-
sive strength than the pure MK-based geopolymer up to 800 °C. On
the other hand, the pure MK system showed a much higher residual
strength upon cooling from 1000 °C to room temperature, indicating
that the extent of glass formation from the geopolymer gel at
1000 °C is reduced by the incorporation of Ca into the gel, as a conse-
quence of formation of C-S-H type gel that coexists with the alumino-
silicate geopolymer gel. Other several studies have been reported
regarding the performance of alkali-activated slags under high tem-
perature [23,30–32]. These studies have found that alkali-activated
systems, independent of the precursor used but particularly in the
geopolymer systems, generally show a higher stability than Portland
cement when exposed to high temperatures. This is attributed to
the presence of a highly condensed binder gel, the low content of
chemically bonded water in the alkali-activated gel products and
the absence of CH as a reaction product in the majority of the systems.
This means that alkali-activated binder can provide an attractive
technological alternative to Portland cement in applications where
stability at high temperatures is required.

The review of the literature has clearly indicated that there are
few publications comparing the performance of alkali-activated slag
with PC-based systems under elevated temperatures. In particular,
until now, there has not been any publication studying the behaviour
of sodium sulfate activated slag exposed to elevated temperatures.
In recent years, sodium sulfate activated slag has attracted consid-
erable attention from both the construction and waste manage-
ment industry due to some of its unique properties compared to
the slag activated by other activators, such as reduced heat of hy-
dration and reduced cost. For both applications, a good understand-
ing of its performance under elevated temperatures is essential.
Therefore, the main goal of this research was to study the effect
of elevated temperatures on the chemical stability and residual
compressive strength of slag pastes manufactured with sodium
sulfate activated slag, which was also compared with a paste
manufactured with PC.

2. Experimental details

An experimental programme was designed to investigate the
chemical stability and the residual strength of sodium sulfate activat-
ed slag, after being exposed to elevated temperatures. A ground gran-
ulated blast furnace slag (GGBS) with different fineness was activated
by sodium sulfate at two different concentrations, namely 1% and 3%
(Na2O equivalent), by the mass of the GGBS. One Portland cement
mix was employed as a reference. In total, five paste mixes were pre-
pared. Each mix comprised seven groups, with each consisting of
three samples. The first and second groups were tested directly in
room temperature condition after curing at the ages of 3 and 7 days
to determine the early age compressive strengths. The third group
was tested directly in the room temperature condition after curing
at the age of 28 days to determine the reference or control compres-
sive strength. The fourth, fifth, sixth and seventh groups were tested
after being exposed to elevated temperatures ranging from 200 to
800 °C, at temperature increments of 200 °C at a rate of 4 °C/min
and keeping for a constant period of exposure time of 2 h at each
temperature.

2.1. Materials

From here on, the term “slag” will be used to refer to ground
granulated blast-furnace slag (GGBS). A slag with two different



Table 2
Details of paste mix proportions for 100 g of starting materials (PC or slag).

Mix
ID

PC (g) Slag (g) Slag fineness
(cm2/g)

Na2SO4 (g) Na2SO4 concentration
(Na2O equivalent
by mass of slag)

Water
(g)

M1 100 – – – – 30
M2 – 100 2500 2.29 1% 30
M3 – 100 5000 2.29 1% 30
M4 – 100 2500 6.87 3% 30
M5 – 100 5000 6.87 3% 30

40

50

)
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finenesses, 2500 and 5000 cm2/g, supplied by UK Hanson Cement
was used in this research to manufacture the sodium sulfate activat-
ed slag pastes. Analytical grade sodium sulfate was used as an acti-
vator. The Portland cement, CEMI class 42.5R with a Blaine surface
area of 2700 cm2/g and complying with Irish Standard I.S. EN 197-
1: 2001, supplied by Irish Cement Ltd, was employed as a reference.
The chemical composition of cementitious materials characterised
by X-ray fluorescence (XRF) analysis are given in Table 1. The specif-
ic gravity and the bulk density of the slag were 2.8 and 1200 kg/m3,
respectively.

2.2. Mix proportions

Four sodium sulfate activated slag pastes and a reference PC paste
were prepared. The details of each mix are presented in Table 2. The
water-to-binder ratio, W/B, was fixed at 0.3 for all the mixes.

2.3. Casting, curing, heat regimes and testing

The slag was dried in a special dryer for 6 h at 40 (±1) °C before
mixing. The sodium sulfate solution was prepared and used at 40
(±1) °C. The slag was added to the sodium sulfate solution, previous-
ly placed in the bowl of a Hobart planetary mixer, over a 5 min
period after which time the mixer was stopped and any unmixed
powders were scraped off the sides and paddled into the mixing
bowl. Mixing was then continued for another 5 min before casting
in 50 mm cube moulds and vibrated for 1 min to remove air bubbles.
The same mixing regime was applied to the PC pastes. Each specimen
along with the steel mould was wrapped with a damp hessian cloth
before being sealed in a plastic sample bag. All the specimens were
then cured at 40 (±1) °C in an environmental chamber for 3 days be-
fore removing the cubes from the steel moulds. Each cube was then
again wrapped with a damp hessian cloth, sealed in a plastic sample
bag and cured at 40 (±1) °C until they were tested. The damp hessian
cloth was regularly checked and replaced if it became dry.

After 3 and 7 days, three required samples were tested in
compression and the average value was used to assess their early
age compressive strengths. Similarly, after 28 days, three required
samples were tested, without being exposed to elevated tempera-
tures, called reference samples, whilst those to be exposed to elevat-
ed temperatures were transferred to an oven for drying at 105 (±1)
°C for 24 h. The specimens were then placed in a furnace and heated
to 200, 400, 600 and 800 °C at a rate of 4 °C/min and held for 2 h at
each temperature (see Refs. [22,29,33–43] for further rationale of
exposure regimes) in order to investigate the chemical stability and
residual compressive strength of the PC and activated slag pastes at
each temperature. After exposing to each targeted temperature for
2 h, the specimens were left in the furnace to gradually cool down
to room temperature so as to avoid any temperature shock.

The workability of pastes was measured immediately after mix-
ing using a mini-slump test, which uses a small cone with bottom
Table 1
Oxide composition of PC and slag (wt.%) after calculation from XRF results.

Composition PC GGBS

CaO 63.47 40.89
SiO2 20.18 34.94
Al2O3 4.83 11.69
MgO 2.47 7.42
Fe2O3 3.16 3.32
SO3 3.26 1.19
K2O 0.52 0.34
Na2O 0.16 0.16
TiO2 0.3 0.49
MnO 0.22 0.27
P2O5 0.09 0.01
Loss of ignition 2.18 −0.93
diameter of 38 mm, top diameter of 19 mm and height of 57 mm
[44].

The compressive strength was measured at 3, 7 and 28 days by
testing triplicate specimens at each age using a loading rate which
complies with BS EN 1961: 2005 over the entire load application
until failure. The residual compressive strength after heating to ele-
vated temperature and cooling was determined by an unstressed
compression test [45].

After the compressive strength test, selected debris from the
crushed samples was stored in acetone for three days in order to
stop the hydration. The debris was then filtered from the acetone
and dried in the desiccators under vacuum. Part of the dried samples
was ground in an agate mortar. Particles passing a 63 μm sieve were
used for X-ray diffraction (XRD) and thermogravimetric analysis
(TGA). Some selected pieces were also analysed using the scanning
electron microscopy (SEM).

3. Results and discussion

3.1. Initial slump

As it can be seen from Fig. 1, the initial slump of the sodium sulfate
activated slag pastes depended on the slag fineness, the slump
decreased with an increasing fineness which can be attributed to
the increase in surface area with the increase in fineness. However,
despite the slag being nearly twice as fine as the PC, the same work-
ability was recorded. It also can be seen that the concentration of
the sodium sulfate had no effect on the mini-slump. To determine
the reason for these observations, further investigation is needed on
the rheological characteristics of the pastes.

3.2. Compressive strength

Fig. 2 illustrates the compressive strength results for the PC and
the activated slag pastes. The compressive strength of all the pastes
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Fig. 1. Initial slump for various mixes.
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Fig. 2. Compressive strength development of PC and activated slag pastes.

Key: E – ettringite Ca6Al2 (SO4)3 (OH)12. 26H2O, P – portlandite Ca(OH)2, C3S –
               tricalcium silicate + β-dicalcium silicate, C – calcite CaCO3

Fig. 4. XRD traces of hardened PC paste after 28-day hydration and after being exposed
at different temperatures.

336 A.M. Rashad et al. / Cement and Concrete Research 42 (2012) 333–343
increased with age, but the PC paste gave higher compressive
strength than any of the activated pastes. The compressive strength
of the activated slag pastes appeared to be highly dependent on the
slag fineness and the activator concentration. Increasing slag fineness
resulted in a strength gain at all ages regardless of the activator con-
centration. Increasing the sodium sulfate concentration caused a
significant increase in compressive strength at early ages and the
highest increase in compressive strength was found at 3 days. By
28 days, the compressive strength of the hardened slag pastes activat-
ed by either 1% or 3% Na2O equivalent of Na2SO4 tended to converge
to the same value.

3.3. The response of paste mixes to thermal loading

Exposing cementitious products to elevated temperatures is nor-
mally associated with multiple chemico-physical transformations,
which would affect the stability of the internal structure and conse-
quently the compressive strength. These include dehydration (de-
composition) of the cementitious compounds, different thermal
expansion values of the constituents (thermal mismatch) and the
internal pore pressure [1].

The behaviour of the hardened pastes after exposure to different
thermal loads was evaluated quantitatively by measuring the
retained (residual) strengths after the heat exposure.

3.3.1. Hardened PC paste
Fig. 3 shows the heat strength profile of PC pastes after being sub-

jected to 200, 400, 600 and 800 °C. It can be seen that the compressive
strength of the hardened PC paste increased after being heated at
200 °C for 2 h. However, above 200 °C a decrease in strength was ob-
served. The increase in strength up to 200 °C can be partly attributed
to the evaporation of water, leading to an increase in friction between
Fig. 3. Heat strength p
the failure planes, or a gain in strength due to the phenomenon called
“dry hardening” [45], which causes a strength increase between 150
and 350 °C. The strengthening of the hydrated cement paste formed
during the evaporation of free water, leads to greater Van der Waal's
forces as a result of the cement gel layers moving closer to each other
[46–48]. The heating process also causes further hydration as a result
of steam formation with “internal autoclaving” occurring in the
cement paste [49], i.e. increased chemical bounding. Whatever the
effect, the relative residual compressive strength was 122.5% of that
not exposed to the temperature of 200 °C.

When the temperature was increased from 200 °C to 400 °C, the
compressive strength of the hardened PC paste was not affected
when compared to its original 28-day compressive strength at room
temperature and the relative residual compressive strength was
99.22% of its original at room temperature which was lower than
that at 200 °C. When the temperature was increased from 400 °C to
600 °C, further strength loss could be observed, which could be
caused by the coarsening of the pore-structure of the hardened
cement paste [50–53] and the decompositions of calcium hydroxide
(which occurred at approximately 430–600 °C) [53]. Exposing the
hardened PC paste to 800 °C caused further reduction of compressive
strength which might be due to the ongoing physic-chemical
rofile of PC pastes.
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Fig. 5. DTG thermograms of hardened PC pastes after being exposed at different
temperatures.
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transformations such as crystallization of new compounds and more
shrinkage. The loss of strength between approximately 600 and
800 °C could also be attributed to a dramatically increased decompo-
sition of C-S-H which started at 560 °C and became significant above
600 °C [53]. However, the relative residual compressive strengths
were 68.9% and 27.5% of the 28-day strength after espousing to 600
and 800 °C respectively.

Fig. 4 illustrates the XRD patterns of the 28-day PC paste at room
temperature as well as those after being exposed to 200, 400, 600
and 800 °C respectively. Evidently, the crystalline phase of CH (por-
tlandite) was decreased as the temperature increases up to 800 °C,
(a) Residual compressive strength 

(b) Relative residual compressive strength 

Fig. 6. Heat strength profile of slag pastes activated with 1% Na2O equivalent of Na2SO4.
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Temperature (oC)

Fig. 7. Heat strength profile of slag pastes activated with 3% Na2O equivalent of Na2SO4.
in particular, a significant reduction in the intensity of CH peak
could be observed after the PC being exposed to 600 °C. This is due
to the thermal decomposition of calcium hydroxide phase at about
500 °C (as shown in the DTG curve in Fig. 5), forming evaporable
water steam (H2O ↑) and calcium oxide (CaO) [54]:

CaðOHÞ2→CaOþ H2O↑

The products formed are porous and could absorb atmospheric
water vapour to re-hydrate and re-form Ca(OH)2 accompanied by
volume expansion and further cracking, if being exposed to the atmo-
spheric environment [3]. After being exposed to 800 °C, peaks of ß-
Fig. 8. Effect of Na2SO4 concentration on the residual compressive strength of pastes
manufactured with fine slag.
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Fig. 9. Effect of Na2SO4 concentration on the residual compressive strength of pastes
manufactured with coarse slag.

Key: E – ettringite Ca6Al2 (SO4)3 (OH)12. 26H2O, HT – hydrotalcite Mg6Al2CO3
(OH)16.4H2O , C/C-S-H – overlapping calcite and calcium silicate hydrate, A –

akermanite Ca2Mg(Si2O7), M –merwinite Ca3Mg(SiO4)2, G-gehlenite Ca2Al(AlSiO7)

Fig. 10. X-ray patterns of M2 pastes after 28-day hydration and after being exposed at
different temperatures.

Key: E – ettringite Ca6Al2 (SO4)3 (OH)12. 26H2O, HT – hydrotalcite Mg6Al2CO3
(OH)16.4H2O , C/C-S-H – overlapping calcite and calcium silicate hydrate, A –

akermanite Ca2Mg(Si2O7), M – merwinite Ca3Mg(SiO4)2, G-gehlenite Ca2Al(AlSiO7)

Fig. 12. X-ray patterns of M4 pastes after 28-day hydration and after being exposed at
different temperatures.

Key: E – ettringite Ca6Al2 (SO4)3 (OH)12. 26H2O, HT – hydrotalcite Mg6Al2CO3
(OH)16.4H2O , C/C-S-H – overlapping calcite and calcium silicate hydrate, A –

akermanite Ca2Mg(Si2O7), M – merwinite Ca3Mg(SiO4)2, G-gehlenite Ca2Al(AlSiO7)

Fig. 11. X-ray patterns of M3 pastes after 28-day hydration and after being exposed at
different temperatures.
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C2S and C3S could be identified from XRD diagram which could be
attributed to the decomposition of C-S-H [55,56].

Derivative thermogravimetric (DTG) thermograms of the hard-
ened PC pastes at an ambient temperature and after being pre-
heated at 200, 400, 600 and 800 °C are shown in Fig. 5. As can be
seen from the DTG diagram, when the reference sample (28-day sam-
ples at an ambient temperature) was heated up to 1000 °C, three
main endothermic regions can be identified. The first peak located
at approximately 110–120 °C, is mostly due to the decomposition
of C-S-H and ettringite. The second peak at approximately 500 °C
is due to the decomposition of Ca(OH)2; whilst the third peak at
approximately 740 °C is due to the decarboxylation of calcite.
Key: E – ettringite Ca6Al2 (SO4)3 (OH)12. 26H2O, HT – hydrotalcite Mg6Al2CO3
(OH)16.4H2O , C/C-S-H – overlapping calcite and calcium silicate hydrate, A –

akermanite Ca2Mg(Si2O7), M –merwinite Ca3Mg(SiO4)2, G-gehlenite Ca2Al(AlSiO7)

Fig. 13. X-ray patterns of M5 pastes after 28-day hydration and after being exposed at
different temperatures.
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Fig. 14. Thermo-gravimetric analysis (TGA) and derivative thermogravimetric (DTG)
curves for M5 after being exposed at different temperatures.
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Similar patterns could be observed from those samples after being
exposed to 200, 400, 600 and 800 °C. There is an increase in the
endothermic peak around 500 °C for both the 200 and 400 °C sam-
ples, which could be attributed to the further hydration of the
cement residues, leading to the increased amount of CH. This pat-
tern correlates well with the XRD diagram. However, the peaks
at 110–120 °C decreased for the samples subjected to 200 and
400 °C as the free and bound water from C-S-H gel is mainly evap-
orated during the temperature range of 100–300 °C. Most of the
dehydration of ettringite should also have completed. Compared
to the samples of the reference, 200 °C and 400 °C, the DTG peaks
at around 500 °C decreased for the samples subjected to 600 and
800 °C. This is mainly due to the decomposition of calcium hydrox-
ide around 500 °C.

3.3.2. Hardened sodium sulfate activated slag paste
Fig. 6 illustrates the residual and relative compressive strength

results of activated slags made with both fine and coarse slags activat-
ed with 1% Na2O equivalent of Na2SO4 for 28 days and after being
exposed up to 800 °C. Overall, unlike the hardened PC pastes which
(a) Pre-heating at 200oC 

(c) Pre-heating at 600oC 

Fig. 15. Thermo-gravimetric analysis (TGA) and derivative thermogravimetric (D
increased in the strength up to 200 °C and then decreased up to
800 °C, the compressive strength of the activated slag mixes in-
creased up to approximately 600 °C and after which point the
strength decreased up to 800 °C. As a result, the activated slag pastes
had higher relative strengths than PC pastes after being exposed to
200, 400 and 600 °C. The hardened paste made with the fine slag
gave higher residual strength at all temperatures compared to the
hardened paste made with the coarse slag.

Fig. 7 presents the evolution of residual compressive strength of
the hardened slag pastes activated with 3% Na2O equivalent of
Na2SO4 which gave slightly higher residual strengths than those
with 1% Na2O equivalent of Na2SO4. It can be seen that these com-
pressive strengths increased up to 600 °C, after that the strength
decreased up to 800 °C. Use of higher dosage of the activator caused
a slightly higher residual strength of the pastes made with fine slag
than those made with coarse slag.

The above results are similar to those reported byWang [12] where
the compressive strength of a slag paste, made with a water/binder
ratio of 0.47, increased as the exposure temperature increased up to
580 °C. In other works, Aydm [19] used pumice aggregate in mortars
with PC/slag blended cement. The PC was replaced with slag at 20, 40,
60 and 80% whilst the water/binder ratios ranged from 0.7 to 0.72.
The results indicated that, after exposure to the temperatures of
300 °C and 600 °C, the residual compressive strength was higher than
the original strength but lower than that at 900 °C. These results recon-
firmed those reported by Hooton and Emery [57] that heating up to
580 °C accelerated the hydration process for specimens containing slag.

Figs. 8 and 9 present the residual strength evolution as a function
of the activator concentration and the slag fineness. These figures
show that there was a slight increase in residual compressive
strength with the higher concentration of Na2SO4 at 200, 600 and
800 °C. It is obvious that the compressive strength of M5 after being
exposed to 600 °C and 800 °C is about 117.79% and 132.03% of the
compressive strength of M3 after being exposed to the same temper-
atures, respectively. Evidently, as shown in Fig. 9, the same trend
was observed for the pastes made with the coarse slag.

The XRD analysis of the pastes prior to exposure to elevated tem-
peratures showed the presence of large amounts of C-S-H (I),
(b) Pre-heating at 400oC 

(d) Pre-heating at 800oC 

TG) curves for M3 versus M5 after being exposed to elevated temperatures.
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together with traces of calcite (CaCO3), ettringite (Ca6Al2(SO4)3
(OH)12·26(H2O)), akermanite (Ca2Mg(Si2O7)) and hydrotalcite
(Mg6Al2CO3(OH)16·4H2O) as shown in Figs. 10–13. Also presented
in these figures are the XRD patterns for the samples after being trea-
ted at different temperatures. Overall, after the samples being heated
at 200, 400 and 600 °C, the peaks for C-S-H/calcite reduced and be-
came diffused compared to those of the reference samples. The
peaks due to akermanite do not diminish unlike the peaks for ettrin-
gite and hydrotalcite. Instead, the intensity of the akermanite peaks
increased in the samples heated to 800 °C along with the appearance
of merwinite (Ca3Mg(SiO4)2) and gehlenite Ca2Al(AlSiO7). Similar re-
sults have been reported by Jiang et al. [58] when a slag was heated at
1450 °C. The conversion of C-S-H formed in waterglass activated slag
into akermanite at elevated temperature was also reported by Zuda
et al. [22].
M2, reference 

M3 at  400 oC 

M2 at  800 oC 

(a) (b

(c)

(e) (f

(d

Fig. 16. SEM micrographs of hardened slag pastes activated with 1% Na2O
The thermogravimetric analysis curves for the M5 pastes hy-
drated for 28 days and after being heated at 200, 400, 600 and
800 °C are shown in Fig. 14 with the corresponding DTG traces.
For the reference sample, the main DTG peak centered at approx-
imately 100 °C is due to the dehydration of C-S-H [59] but super-
imposed onto this peak could also be a small loss of water from
ettringite [60]. The mass losses in the same temperature range
for the samples exposed at 200, 400 and 600 °C were due to de-
composition of C-S-H. For the sample heated at 800 °C there is a
small peak in the range of 100–200 °C that represents the decom-
position of C-S-H [61]. Peaks observed at approximately 800 °C in
the reference sample and those exposed at 200, 400, and 600 °C
were due to the decomposition of calcite but this phase was not
present for the sample heated at 800 °C, presumably due to de-
composition of calcite before 800 °C. The main feature of
M3, reference 

M3 at  800 oC 

M2 at  400 oC 

)

)

)

equivalent of Na2SO4 after being exposed at different temperatures.
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M5 reference

M5 at 600 oC 

M5 at 800 oC 

(a)

(b)

(c)

Fig. 17. SEMmicrographs of hardened slag pastes activated with 3% Na2O equivalent of
Na2SO4 after being exposed at different temperatures.

Fig. 18. EDS trace of the spo
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Figs. 10–14 is that the Na2SO4 activated slags do not contain por-
tlandite, which is the main element contributed to the strength
deterioration at elevated temperatures for PC system. The previ-
ous results clearly showed that the absence of portlandite from
the sodium sulfate activated slags led to better performance than
the hardened PC pastes after exposure to elevated temperatures.
This result seems to be similar to those from the alkali-activated
slag systems where portlandite was also absent from the hydra-
tion products [20–23,28].

Fig. 15 shows the TGA and DTG curves for M3 versus M5. The DTG
peaks for C-S-H are larger for M5 indicating that more hydration
products were formed in the pastes activated with 3% Na2O of
Na2SO4.

Investigations of the microstructure of the hardened pastes using
SEM showed distinct changes in morphology as a consequence of ex-
posure to elevated temperatures. The microstructure of the coarse
slag with 1% Na2O equivalent of Na2SO4 cured at room temperature
is shown in Fig. 16(a). This sample appeared to have a more
porous microstructure and less C-S-H and ettringite formed than
the fine slag activated with the same concentration of Na2SO4 as indi-
cated in Fig. 16(d). After exposure to 400 °C, the microstructure of the
paste manufactured with the coarse slag became more porous (as
shown in Fig. 16(b)). Further increases in temperature up to 800 °C
led to the formation of a weak structure of what may have been
porous akermanite crystals (as shown in Fig. 16(c)).

In contrast, Fig. 16(d) shows a specimen prepared with the finer
slag activated with 1% Na2O equivalent where the microstructure is
denser and contained many ettringite needles. Fig. 16(e) shows that
the microstructure of this same sample after exposure to 400 °C,
was denser than the coarse slag sample exposed to the same temper-
ature. A further increase in temperature up to 800 °C resulted in a
microstructure similar to that in Fig. 16(c) but with less apparent
pores and lower porosity as shown in Fig. 16(f). These observations
of porosity and microstructure correlated well with the residual com-
pressive strength results.

Increasing the activator concentration from 1% to 3% [Na2O
equivalent of Na2SO4] in the fine slag appeared to produce more
hydration products, with more ettringite needles and a denser mi-
crostructure as shown in Fig. 17(a). An SEM micrograph of the
same hardened activated slag after exposure to 600 °C shows
what appears to be C-S-H and angular slag particles (as shown in
Fig. 17(b)). Fig. 17(c) shows the same sample after exposure to
800 °C which was similar to those shown in Fig. 16(c) and (f) but
with less apparent pores and lower porosity. Fig. 18 shows the
EDS trace of the spot marked 1 in Fig. 17(c) where the main ele-
ments detected were Ca and Si with smaller amounts of Mg and
Al and a lesser extent of Si. The presence of Si and Ca as major
peaks, and a lesser amount of Mg suggests the presence of akerma-
nite (Ca2Mg(Si2O7)).
t marked in Fig. 17(c).
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Fig. 19. Effect of elevated temperature on pH values for pastes made with PC and coarse
slag activated with 1 and 3% Na2O equivalent of Na2SO4.
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3.3.3. pH values
In construction application, it is important to maintain a high pH

in order to form a passive protective layer on the surface of reinfor-
cing steel and, thereby, to reduce the risk of corrosion. The slag used
in the current study had a pH value of approximately 11.5 when
mixed with water, whilst the pH value of the Na2SO4 solution is 8.3
and 8.2 for 1 and 3% Na2O equivalent respectively. However, the pH
value of the pastes resulting from the activation of slag with Na2SO4

solutions appeared to be dependent on the concentration of the
activator.

Figs. 19 and 20 show the pH of the reference samples and the
samples after thermal treatment. A decrease in pH occurred with
an increase in exposure temperature regardless of slag finenesses.
Furthermore, increasing the concentration of activator led to an in-
crease in pH, not only in the reference samples, but also after ther-
mal treatment. These results seemed to be similar to the previous
results that reported on alkali-activated fly ash by Rashad and Zee-
dan [43]. Figs. 19 and 20 also show that the reference PC sample
had the highest value of pH (approximately 12.8) which decreased
slightly to 12.2 after treatment at 800 °C. The pH of the activated
slag samples started lower than those of PC and decreased faster
after exposure to elevated temperatures reaching a value of approx-
imately 11.4 at 800 °C. Although the pH values of the slag pastes
were lower than those of PC pastes and decreased still further
with an increase in temperature, the alkalinity was still high enough
to maintain a passive layer on the surface of steel reinforcement
even up to 800 °C. The lowest pH monitored was 11.34 after expo-
sure to 800 °C (for M2) which still enables the passive layer forming
on steel bars [62].
4. Conclusions

The results reported in this study provided new data on the fire
performance of sodium sulfate activated slags after being exposed
Fig. 20. Effect of elevated temperature on pH values for pastes made with PC and fine
slag activated with 1 and 3% Na2O equivalent of Na2SO4.
to temperatures up to 800 °C. The experimental and analytical studies
have led to the following conclusions:

1. Sodium sulfate, is an effective activator for slag and paste work-
ability was largely unaffected by activator concentration.

2. The sodium sulfate activated slag exhibited better chemical stabil-
ity after being exposed to elevated temperature than PC system.

3. Compared to PC the sodium sulfate activated slag exhibited higher
relative residual strength up to 600 °C so it appears more useful
than PC as a fire resistant binder.

4. Both slag fineness and activator concentration have a marked
influence on both the initial strength and the residual strength
after heating.

5. After exposure to 800 °C, whilst the decomposition of C-S-H in PC
system led to the formation of ß-C2S and C3S, akermanite, merwi-
nite and gehlenite in the sodium sulfate activated slags.

6. The internal pH was affected by elevated temperatures. In PC this
caused a slight decrease in pH but for the slag pastes there was a
drop after 600 °C. However, this pH is sufficiently high to maintain
a passive protective layer on the surface of reinforcing steel and to
reduce the risk of corrosion.
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