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ABSTRACT 

This paper presents an experimental study on the thermal properties of alkali-activated slag paste, 

mortar and concrete utilising seawater and sea sand exposed to elevated temperature. The thermal 

properties of paste and concrete utilising cement, fresh water and river sand were also investigated 

for comparison purpose. The samples were heated to different target temperatures up to 1000 °C at a 

heating rate of 5 °C/min, and tested both under hot and cooled conditions. The thermal properties, 

including temperature gradient, visual observation, mass loss, thermal strain and mechanical 

properties (i.e. strength, Young’s modulus and stress-strain curve) were investigated. X-ray CT 

scanning and scanning electron microscopy (SEM) were conducted to understand the 

macro/microscopic changes of the paste and concrete in response to heating. Degradation in 

mechanical properties of slag paste is attributed mainly to the cracks induced by temperature gradient, 

pore pressure and phase change. The degradation of concrete is caused by thermal mismatch between 

paste matrix and aggregates regardless of the use of cement or slag, freshwater or sea water, and river 

sand or sea sand. 

KEYWORDS: Thermal properties, alkali-activated concrete, seawater and sea sand concrete 

(SWSSC), elevated temperature  



1. INTRODUCTION 

As the most widely used construction material, concrete has the advantages of low cost, easy 

maintenance, flexible workability and good fire resistance. The binding phase which provides 

strength to a concrete is usually based on ordinary Portland cement (OPC). The rapidly increasing 

demand of concrete generates significant environmental issues. About 0.8 tonnes of CO2 is emitted 

to produce 1 tonne of Portland cement, i.e., from the combustion of fossil fuels and the conversion of 

calcium carbonate to oxide [1]. Besides, large quantities of fresh water and river sand are also 

consumed in the concrete industry, which exacerbate the resource shortage. In recent decades, an 

alternative cement-like binder called ‘alkali-activated material (AAM)’, which is formed by the 

interaction between aluminosilicate precursors (which are generally industrial by-products) and 

alkaline activators, was proposed and extensively investigated [2-5]. AAMs are also called 

geopolymers in some literatures. To avoid the high consumption of fresh water and river sand in 

concrete industry, seawater and sea sand have attracted the researchers’ attention as potential 

candidates for construction industry [6-11]. Research on hybrid construction system utilizing 

seawater, sea sand and fiber reinforced polymer is being carried out at Monash University in 

collaboration with The Hong Kong Polytechnic University and Southeast University, China. Earlier 

work out of this exercise concerns to the structural behaviour of FRP confined seawater and sea sand 

concrete [12, 13] and the durability of FRP bars in seawater and sea sand concrete environment [14, 

15].  

The most common precursors used in AAM are ground granulated blast furnace slag (GGBFS), 

fly ash and metakaolin, among which slag has much higher calcium content. The alkaline activation 

requires the addition of activator (e.g. sodium hydroxide, sodium silicate and potassium hydroxide in 

solution or dry forms), which is the major difference to Portland cement. Generally, the reaction 

mechanism involved in alkaline activation includes dissolution, rearrangement, condensation and re-



solidification [3, 4, 16, 17]. Calcium aluminium silicate hydrate (C-A-S-H) gel with a disordered 

tobermorite-like structure is the main reaction product in alkali-activated slag [1]. 

The behaviour of concrete at elevated temperatures or in fire is one of the major concerns when 

considering durability of concrete structures. In comparison to steel and timber, concrete has the 

advantages of low thermal diffusivity and incombustibility in fire. However, the concrete at elevated 

temperature exhibits mechanical properties deterioration due to the physicochemical changes in paste 

and aggregate and the thermal incompatibility between paste and aggregate [18-20]. The studies on 

Portland cement concrete [19, 21, 22] find the decomposition temperatures of calcium hydroxide and 

calcium carbonate to be 300-500 °C and 700-1000 °C respectively, and their melting starts at 1000-

1300 °C. Other changes like crystallisation and phase changes have been observed in alkali-activated 

materials exposed to elevated temperature [23]. The morphology of the geopolymer paste can be 

altered by manipulating the schedules of sintering, crystallisation and melting, whilst dehydration and 

densification can affect the size and distribution of the pore structure [24]. 

Different properties of geopolymers and geopolymer composites (mortar and concrete) exposed 

to elevated temperature have been investigated by several research groups, e.g., the effects of ductility 

and transit creep on residual strength [25-27], the residual strength of alkali-activated slag concrete 

[28], the spalling behaviour of geopolymer and Portland cement concrete in simulated fire [29], the 

effects of specimen size, aggregate size, aggregate type, precursors, and activators on the thermal 

properties [30-32]. Also, the thermal properties of alkali-activated slag paste and mortar are reported  

[24, 33-36]. Recently, Aslani [37] summarized the reported researches on the mechanical properties 

of geopolymers exposed to elevated temperature, and proposed constitutive models for strength and 

modulus. Besides the mechanical properties, morphology, phase changes and pore structures of 

geopolymers and geopolymer composites are investigated by means of scanning electron microscope 

(SEM), X-ray diffraction analysis (XRD), thermogravimetric and derivative thermogravimetric 

analysis (TGA/DTG), Differential thermal analysis (DTA), FTIR spectroscopy, and mercury 



intrusion porosimetry [34, 35, 38], which are helpful explaining the strength change. In general, the 

strength change is a resultant of phase transformation, thermal incompatibility and pore structure 

effects. 

Up to now, no studies have been conducted on the behaviour of alkali-activated concrete using 

seawater and sea sand exposed to elevated temperature or fire [11], which may limit further 

application of this ‘environment-friendly’ concrete. The research in this paper aims to fill up this 

knowledge gap. This paper focuses on the thermal properties of alkali-activated slag paste, mortar 

and concrete that was prepared using seawater and sea sand, and then exposed to elevated temperature. 

The ordinary Portland cement paste and concrete were also investigated for comparison purpose. The 

temperature gradient, mass loss, thermal strain and mechanical properties, such as residual strength, 

hot strength, Young’s modulus, stress-strain curve, were studied for paste, mortar and concrete. The 

X-ray CT scanning and SEM are conducted to characterize the macro/microstructures of paste and 

concrete after high temperature exposure. 

2. EXPERIMENTAL INVESTIGATION 

2.1 Materials 

The ground granulated blast furnace slag (GGBFS, called ‘slag’ in short throughout this paper), 

which is a by-product of steel-making, was adopted as cementitious material in this research. The 

chemical composition of slag was determined by X-ray fluorescence (XRF) and is listed in Table 1. 

Its chemical composition is consistent with most of the existing researches [5], with Si-to-Al ratio of 

2.19. The calcium oxide (CaO) content in slag is much higher compared to that in fly ash or 

metakaolin and less in Portland cement. 

The powdered sodium meta-silicate with modulus ratio of 1.35 was used as an activator in this 

research. The chemical composition of sodium meta-silicate is shown in Table 1. Following the 

suggestions made by Collins [39] and Cheng and Sarkar [40] on how to improve the workability, 1 % 

(weight percentage of slag) hydrated lime slurry, which consisted of 1/4 lime and 3/4 water by weight, 



was added to the mixture. The slump of SWSSC (with hydrated lime slurry, 14 mm coarse aggregate) 

is about 140 mm.  

The sea sand and seawater were obtained in the coastal beach near Melbourne. Sieve analysis 

was carried out according to AS 1141.11.1 [41] to determine the particle size distribution (PSD) of 

sea sand. The PSD of sea sand is compared in Fig. 1 with the river sand used in this research. 51.7% 

and 13.3% of the sea sand could respectively pass the sieves with the apertures of 0.6 mm and 0.3 

mm, whilst the corresponding percentages for river sand are 79.4% and 36.8% respectively. The 

fineness modulus of sea sand is 2.39 and that of river sand is 1.86, indicating the sea sand is slightly 

coarser than the river sand.  The chemical composition of sea sand is listed in Table 1, in which the 

weight percentage of Cl¯ ions is 0.13%. The chemical composition of seawater used in this research 

is shown in Table 2, where the concentration of NaCl is about 30 g/l. 

Two kinds of coarse aggregate were adopted in this study: basalt with maximum size of 7 mm 

and basalt with maximum size of 14 mm. The ordinary Portland cement (OPC) is a general purpose 

cement produced in Australia. The tap water provided in the laboratory is adopted as fresh water.    

2.2 Sample preparation 

A total of eight mixtures, including three kinds of paste (SWP - slag paste using seawater; FWP 

- slag paste using freshwater; OPCP – ordinary Portland cement paste using freshwater), one kind of 

mortar (SWSSM – slag based seawater and sea sand mortar), and four kinds of concrete (SWSSC – 

slag based seawater and sea sand concrete; FWRSC – slag based freshwater and river sand concrete; 

OPCC – ordinary Portland cement based freshwater and river sand concrete; SWSSC2 – slag based 

seawater and sea sand concrete utilising coarse aggregate with larger size (~14 mm)), were 

investigated in this paper. The water-to-binder (slag or OPC) ratio is fixed as 0.53 and the fine-to-

coarse aggregate ratio is 0.73. The mix proportions are summarised in Table 3.  

The activator (i.e. sodium meta-silicate) was pre-blended with slag in dry state before mixing. 

The mixing sequence for mortar and concrete is: premixing the aggregates with 1/3 water for 30 s, 



adding binder (slag pre-blended with activator or OPC), mixing for 2 min during which adding the 

rest of water and lime slurry simultaneously (if applicable), resting for 2 min, and mixing for another 

2 min. The step of premixing aggregates was skipped when mixing the paste. The mixtures were 

poured into the moulds in three equal layers, with mechanical vibration for each layer for about 30 s 

to achieve compaction in each layer. All the samples were cured under polyethylene sheet for 1 day 

at ambient temperature before demoulding. After that, the samples were sealed by plastic films and 

stored at ambient temperature for about 1 month until testing. 

The sample is cylindrical with the dimensions of 30 mm dimeter and 60 mm height for all the 

mixtures except SWSSC2, whose sample dimensions are 50 mm diameter and 100 mm height. The 

dimensions of the samples satisfy the requirement in ASTM C192/C192M [42], which states that the 

diameter of a cylindrical specimen shall be at least three times the nominal maximum size of the 

coarse aggregate. In order to guaranty the ends of samples are flat and parallel, the samples were 

ground by a grinding machine before heating or compression test.  

2.3 Heating regime 

The samples were heated to the target temperatures (i.e. 100, 200, 400, 600, 800 or 1000 °C) at a 

heating rate of 5 °C/min from room temperature in a muffle furnace. Once the target temperature was 

reached, it was then held for 30 min (except SWSSC2 that is held for 90 min) to ensure homogeneity 

of temperature across the sample. After the duration, the furnace was switched off and the sample 

was naturally cooled down to room temperature within the furnace. The heating schedule is shown in 

Fig. 2. In this research, some samples (i.e., SWSSC, FWRSC and OPCC) were tested in hot condition. 

These samples were heated in a different furnace installed on the compression test machine at the 

same heating rate as well as the period of temperature homogenisation.  



2.4 Test methods 

2.4.1 Temperature gradient 

In order to monitor the temperature change, two thermocouples were used to measure the 

temperature of the furnace air and the temperature at the centre of the sample. The temperature 

gradient is the difference of the temperature in air and at centre divided by the radius of the cylinder. 

In the current study, only the temperature gradients of slag concretes with different dimensions (i.e. 

30 mm×60 mm for SWSSC and 50 mm×100 mm for SWSSC2) were measured. 

2.4.2 Mass loss 

The mass loss of the samples were determined by weighing the samples before and after heating. 

Mass los s test were carried out in triplicate for each case. In order to understand the effect of elevated 

temperatures on mass loss of samples, mass losses at a few specific temperatures were measured.  

2.4.3 Thermal strain 

Thermal strain is the expansion/contraction of the sample during heating, which is measured by 

dilatometer testing. Thermal strain is of special interest as the expansion or contraction during heating 

causes both internal and external stresses, which potentially weakens or damages the structure. In this 

paper, the thermal strain is defined as the length difference of the sample before and during heating 

divided by the initial length (i.e., before heating).  

The test setup for thermal strain measurement is shown in Fig. 3, in which two loading rods touch 

the sample ends with a negligible prestress (0.1 MPa) during the heating process. The compression 

machine was set as load control and the negligible load was held consistent by moving the upper 

loading rod up and down automatically. The position of the loading rod was recorded, which is the 

total expansion/contraction of the sample and the loading rods within the furnace. Similar 

measurement was conducted on loading rods (without sample) to obtain the expansion of loading 

rods during heating. The expansion/contraction of the sample is the total value subtracted by the 

contribution of the loading rods within the furnace.  



Residual thermal strain was also measured, which was the length difference of the sample before 

and after heating (cooling down to room temperature) divided by the initial length before heating. 

Throughout this paper, the positive thermal strain means the expansion of sample whilst the negative 

strain represents contraction.  

2.4.4 Compressive test 

Axial compressive test was conducted on samples with and without temperature exposure. The 

loading rate for samples with dimension of 30 × 60 mm is 0.15 mm/min with displacement control, 

whilst that for samples with dimension of 50 × 100 mm is 0.20 mm/min. For samples with greatly 

reduced stiffness (e.g. samples exposed to ≥ 800 °C), the loading rate was increased to make sure the 

compressive test was conducted at a reasonable stress rate.  

The compressive test is classified into three groups: reference test on samples without 

temperature exposure (denoted as ’23 °C’), residual strength test on cooled samples after exposure, 

and hot strength test on samples in hot condition. The laser extensometer was used to obtain the stress-

strain curves of samples without or after temperature exposure. In order to make a direct comparison 

between samples tested at room temperature and hot condition, the Young’s modulus was calculated 

based on the displacement readings recorded by the test machine. The absolute value of the Young’s 

modulus for unexposed samples was determined from two vertically placed strain gauges. 

The compressive test was finished within 5 days for each mixture to eliminate the influence of 

strength development along curing age. Three identical samples were tested for each case and the 

average test results were reported and discussed in this paper. 

2.4.5 X-ray CT scanning 

High-resolution X-ray Computed Tomography (CT) scanning method was adopted in this 

research to obtain the non-destructive three dimensional images of samples before and after elevated 

temperature exposure. This technique enables characterisation, without damaging the samples, of 



changes in macrostructure (e.g. cracks) that can be caused by temperature exposure. Post-processing 

of images was carried out using software AVIZO (v9.0.1). 

The samples selected for X-ray CT scanning include slag paste using seawater (SWP), slag 

concrete using seawater and sea sand (SWSSC) and ordinary Portland cement concrete using 

freshwater and river sand (OPCC). Both the unexposed samples and samples after 600 °C exposure 

were examined. The dimensions of paste samples are 30 mm diameter and 30 mm height, whilst that 

of concrete sample is 30 mm diameter and 10 mm height. The scanning resolution is 30 microns, 

which means one pixel in the image represents 0.03 mm.  

2.4.6 Scanning electron microscopy (SEM) 

In order to understand the microstructure (e.g. morphology) of slag paste after elevated 

temperature exposure, scanning electron microscopy (SEM) was conducted on sample fragments 

using a JEOL JSM-7001F. Only the slag paste using seawater (SWP) without exposure and with 

exposure of 200 °C, 600 °C and 1000 °C were examined by SEM.  

3. RESULTS AND DISCUSSIONS 

3.1 Temperature gradient 

The temperature-time curves of concrete cylinders with dimensions of 30×60 mm (SWSSC) and 

50×100 mm (SWSSC2) are shown in Fig. 4a and b. It is assumed that the furnace air temperature is 

the same as the temperature at the sample surface. The temperature difference (noted as ‘Furnace air 

- Centre’) divided by the distance from centre to surface is regarded as the temperature gradient, 

which is shown in Fig. 4c. 

As expected, the temperature rise or drop at the centre was slower than that of the furnace air 

during the heating or cooling stage. It is shown that the soaking time for target temperature is long 

enough for the entire sample to attain homogeneous temperature. The small difference between 

surface and centre temperatures indicates that it is reasonable to use the furnace air temperature to 

represent sample’s exposure temperature when plotting the thermal strain-temperature curves in 



Section 3.4.  As shown in Fig. 4c, the maximum temperature gradient occurs in the range of 100 °C 

– 200 °C (temperature at centre), at which most of the water loss happens. The conversion of water 

into steam may retard the temperature increase and lead to the maximum temperature gradient. In 

general, the samples with dimension of 50 × 100 mm have slightly higher temperature gradient, which 

can be attributed to their larger diameters. 

Snell et al. [43] found that the thermal conductivity of geopolymer paste is much lower than that 

of cement paste. With the decrease of paste percentage in a concrete mixture, the conductivity 

increases for both geopolymer concrete and cement concrete. The conductivities of the two concretes 

become similar when paste (with regardless of slag or cement) percentage is about 15%, which is 

same to the mixture used in this study. The similar conductivities of slag concrete and cement concrete 

are caused by the fact that the aggregates dominate the thermal conductivity due to its high volume 

occupation. Therefore, it is expected that paste has higher temperature gradient than concrete and the 

temperature gradient of slag paste is higher than that of Portland cement paste.  

3.2 Visual observation 

3.2.1 Cross-section images 

The cross-section images of paste, mortar and concrete after exposure to elevated temperature 

are shown in Fig. 5. Before heating, all the cylindrical samples were ground to reveal the aggregates. 

Considerable cracks were observed in slag paste (SWP) upon heating at temperatures ≥200 °C. 

These cracks are caused by the pressure of evaporating water and temperature gradient. The cracks 

observed for mortar and concrete is not obvious in the cross-section images. Only small cracks are 

found along the interfaces of the coarse aggregate and paste matrix at 800 °C and 1000 °C. The cracks 

around coarse aggregate in slag concrete are more obvious than those in cement concrete (OPCC) as 

the thermal incompatibility between slag paste and coarse aggregate is severer than that between 

cement paste and coarse aggregate (as discussed in Section 3.4). 



Fig. 5 also shows obvious colour change in paste, mortar and concrete after temperature exposure. 

Colour is an important indicator of the temperature the sample experienced during a fire. Some 

relevant studies [44-46] have been conducted on cement concrete, but reports on the colour change 

of slag concrete are rather limited. 

As shown in Fig. 5a, the slag paste displays a dull blue-green colour before exposure, which is 

similar to the colour reported for slag/cement blends [47]. With the increase of temperature, the colour 

of slag paste turns from dull blue-green (≤400 °C) to brown (600 °C), grey (800 °C) and white 

(1000 °C). It is generally agreed [45, 48] that ordinary Portland cement paste turns whitish-grey at 

the temperature around 600 °C due to decomposition of portlandite into CaO. The mortar prepared 

using seawater and sea sand (SWSSM) turns red at 600 °C probably due to formation of new iron 

compounds. Fig. 5c-f indicate the colour of the coarse aggregate to turn from blue (≤400 °C) to red 

(600-1000 °C). The colour change of aggregate depends largely on the aggregate type and mineral 

compositions [45, 48]. The colour change of concrete is a combinational results of that of paste, fine 

aggregate and coarse aggregate, in which aggregate plays a dominant role due to its much higher 

volume occupation than paste matrix. 

3.2.2 Surface images 

In this research, spalling was observed exclusively in cement paste (OPCP) heated to 600 °C and 

800 °C (Fig. 6). However, no spalling occurred in other paste, mortar or concrete samples. Spalling 

is generally attributed to the vapour pressure in pores and thermal stresses [19-21]. Based on this 

research, the slag paste shows superior spalling resistance than Portland cement paste. Sarker et al. 

[49] and Zhao and Sanjayan [29] reported that geopolymer concrete exhibits a better spalling 

resistance than cement concrete. However, it is difficult to compare the spalling resistance of slag 

concrete and cement concrete in this study as spalling did not occurred in these two concretes. 

Pronounced surface cracks were observed for paste samples at ≥600 °C, whereas such cracks in 

mortar and concrete samples did not eventuate until 800 °C. The typical surface crack patterns are 



illustrated in Fig. 7 and 8. Only a small number of large scale cracks appeared on the paste sample 

surface (Fig. 7) whereas minor cracks were densely distributed on the mortar and concrete sample 

surface (Fig. 8). The CT scan images of paste samples (discussed in Section 4.1) have indicated that 

the cracks propagate from the core to the surface, which suggests the temperature gradient to be the 

cause. On the other hand, the cracks on mortar and concrete surfaces are caused by the fact that the 

shrinkage of paste matrix in the surface layer is restrained by the underneath aggregates and tensile 

stress is formed there. 

3.3 Mass loss 

The mass loss of all the mixtures after elevated temperature exposure is summarized in Fig. 9, 

which indicates a gradual mass loss with the increase of temperature. The mass loss is generally 

caused by the loss of free water or physically and chemically bonded water [50]. The maximum mass 

loss is very close to the water content in each mixture, indicating that almost all the water can be lost 

during heating to very high temperature (e.g. 1000 °C in the present study). 

As shown in Fig. 9a, the mass loss trend of slag paste (SWP and FWP) is different from that of 

Portland cement paste (OPCP). Slag paste has a higher percentage of mass loss than cement paste at 

the temperature range of 200 - 600 °C, which is attributed to the different mechanisms for hydration 

of geopolymer and cement paste [4, 51]. More free water exists in geopolymer acting as a solvent, 

whereas much greater fraction of water is physically and chemically bonded in the case of cement 

paste. Such water is released at higher temperatures due to the dehydration of C-S-H gel and 

decomposition of portlandite. The mass loss curve of slag paste using seawater (SWP) is very similar 

to that of FWP, with only a minor variation at 100 °C. The simplest explanation could be the presence 

of NaCl since the presence of dissolved salt is well-known to elevate the evaporation temperature 

(i.e., retardation of water evaporation during heating).  

The mass loss curves of slag concretes (SWSSC, FWRSC and SWSSC2) and ordinary Portland 

cement concrete (OPCC) are similar (Fig. 9b). Most of the mass loss occurred at temperatures ≤ 



400 °C since the mass loss is primarily due to the water loss of paste. The maximum mass losses are 

in agreement with the water contents of the concretes. The weight percentage of paste matrix in 

concrete is only about 21%, therefore the different mass loss behaviour of pastes does not affect the 

mass loss of concretes obviously. Furthermore, the presence of seawater and sea sand in the concrete 

has an insignificant effect on its mass loss. 

The mass loss curves of paste, mortar and concrete using seawater and sea sand are plotted in Fig. 

9c. It is obvious that the higher water content leads to higher mass loss. As expected, the influence of 

aggregate size and sample dimension (SWSSC vs. SWSSC2) on mass loss is negligible. 

3.4 Thermal strain 

3.4.1 Thermal strain in hot condition 

The thermal strain - temperature curves of slag paste with seawater (SWP) and cement paste with 

freshwater (OPCP) are shown in Fig. 10a. Both the SWP and OPCP shrank at elevated temperatures.  

The nature of the curve for SWP is largely similar to the reported results for alkali-activated 

materials (fly ash: [31, 52], metakaolinite: [23, 53]), but it is different from the curve reported by 

Guerrieri et al. [28] for alkali-activated slag paste. The thermal strain curves for SWP during heating 

up to 750 °C in this study can be divided into four stages. The dimensions of SWP stay stable until 

heating up to 150 °C due to the balance of the contrary effects of the expansion of solid upon heating 

and the shrinkage caused by loss of water. It should be mentioned that the temperature data used in 

developing Figure 10 is the furnace air temperature. As shown in Fig. 4a, there is about a 50 °C lag 

for the temperature in sample centre when furnace air temperature ranges from 50 °C to 200 °C. The 

second stage in the thermal strain curve for SWP is a rapid contraction between 150 °C and 400 °C. 

As shown in Fig. 9a, most of the mass loss occurs in this region. This shrinkage is mainly caused by 

the loss of water [23] causing the shrinkage of pores and dehydroxylation in geopolymers [53] which 

leads to the shrinkage of geopolymer gel. With completion of water loss assisted shrinkage, the 

thermal strain stays almost unchanged in the temperature range of 400 - 600 °C, which marks the 



third stage. However, considerable shrinkage occurs again in the temperature range of 600 - 750 °C, 

which may be attributed by softening and viscous flow of the aluminosilicate material at elevated 

temperatures that is reported to cause sintering and subsequent densification [52]. This rapid 

shrinkage is also an indication of the glass transition temperature (Tg) [53].  

The thermal strain regimes for Portland cement paste (OPCP) are in agreement with previous 

study [54]. These regimes include a dimensionally stable (or slightly expansion) region (<150 °C), 

linear shrinkage region (150-700 °C, due to water loss), a short expansion region (700-750 °C) and a 

region of further shrinkage (>800 °C, that was not identified in this research).  

It is generally agreed that the loss of free water does not cause shrinkage, but the loss of water 

held by capillary tension, physical or chemical bonding (called ‘capillary water in small voids’, 

‘adsorbed water’, ‘interlayer water’, ‘chemically combined water’ in Mehta and Monteiro [50]) will 

cause shrinkage. The alkali-activated slag paste exhibits higher shrinkage than ordinary Portland 

cement paste probably due to their different pore structure as well as due to difference in shrinkage 

behaviour of C-A-S-H gel of geopolymer and C-S-H gel of hydrated Portland cement.  

During the cooling, slight expansion is observed from 750 °C to 400 °C, and further shrinkage 

occurs at temperatures below 400 °C due to the shrinkage of solid upon cooling. Most of the shrinkage 

is irreversible as the pore structure of paste has been altered mainly due to the loss of water. Because 

of different hydration mechanism, the thermal strains of cement paste and slag paste are different. 

The shrinkage of slag paste is severer than that of cement paste during heating up to 750 °C.  

The thermal strain curves of slag concrete utilizing seawater and sea sand (SWSSC) and ordinary 

Portland cement concrete (OPCC) are plotted in Fig. 10b, in which a comparison with the thermal 

expansion of coarse aggregate (basalt) reported by Kong and Sanjayan [30] is also presented. Even 

though the paste shrinks during heating, both SWSSC and OPCC expands and the trends are similar. 

As aggregate occupies about 80% of the concrete weight, the expansion of aggregate dominates the 

thermal strain behaviour of concrete. In this research, the SWSSC undergoes greater expansion than 



OPCC, even though slag paste shrinks more than cement paste, probably due to the different thermal 

expansion behaviour of sea sand from river sand and the swelling of the impurity in the sea sand, 

such as shell debris. As shown in Fig. 10a, the thermal incompatibility between basalt and slag paste 

is severer than cement paste. Larger amount of cracks in SWSSC than in OPCC (confirmation 

described in Section 4.1) may also contribute to a higher expansion of SWSSC. It is found that most 

of the thermal strain of concrete is reversible because the expansion of basalt is reversible. 

Based on Fig. 10 (that presents thermal strain behaviour up to 750 °C) and a comparison to 

existing research on paste and concrete using freshwater, it can be concluded that the seawater does 

not have any obvious additional effect on the thermal strain of slag paste or concrete, but the sea sand 

and its impurity could cause an extra expansion of concrete.    

3.4.2 Residual thermal strain 

The residual thermal strains of paste, mortar and concrete after elevated temperature exposure 

are shown in Fig. 11. The slag pastes (SWP and FWP) exhibit larger residual thermal strain than 

OPCP, which is in agreement with the thermal strain curves in Fig. 10a. As spalling occurred at OPCP 

samples heated to 600 °C and 800 °C, their residual thermal strains were not measured. The spalling 

was not observed in OPCP during thermal strain test (as in Section 3.4.1) probably due to the small 

preload (0.1 MPa) that may restrict the uncontrolled propagation of cracks. As shown in Fig. 11a, 

slag pastes using seawater and freshwater display the same thermal strain at the temperature between 

100 °C and 600 °C. However, larger shrinkage was observed in the slag paste using freshwater (FWP) 

exposed to 800 °C and 1000 °C. Thermal expansion observed for slag pastes from 800 °C to 1000 °C 

is probably caused by the sintering of geopolymer gel. 

The residual thermal strains of all the concretes are similar in the temperature range of 100 - 

600 °C. In the temperature range of 800 - 1000 °C, ordinary Portland cement concrete (OPCC) has 

slightly greater expansion than slag concrete using freshwater and river sand (FWRSC), whilst slag 

concrete using seawater and sea sand has much greater expansion than OPCC and FWRSC. Thus, the 



use of seawater and sea sand exacerbates the residual thermal expansion when concrete is exposed to 

high temperature (such 800 °C and 1000 °C in this study). The sea sand is possibly the main reason 

for the larger residual expansion after 800 °C or 1000 °C exposure. 

A comparison of the residual strains of alkali-activated slag paste, mortar and concrete utilising 

seawater and sea sand is shown in Fig. 11c. After the addition of fine aggregate, the shrinkage of the 

paste was restrained. The coarse aggregate leads to an increase of residual thermal strain at 800 °C 

and 1000 °C. The concrete shows a dramatically different thermal expansion behaviour from paste 

alone as the aggregates dominate the expansion. A comparison between SWSSC and SWSSC2 

indicates that the coarse aggregate size does not obviously affect the residual thermal strain.  

3.5 Mechanical properties after elevated temperature exposure 

3.5.1 Residual strength 

Residual strengths of different mixtures were obtained by the axial compression test on the 

samples subjected to prescribed heating and then cooling down to the room temperature. The 

normalized residual strength – temperature curves are shown in Fig. 12, in which fc
’T is the residual 

strength after exposure, fc
’ is the reference strength without exposure (listed in the legend box), error 

bars represent one time of standard deviation from the test data of three identical samples.  

The residual strength degradation trends of slag paste (SWP or FWP) is different from that of 

ordinary Portland cement paste (OPCP) (Fig. 12a). There is a rapid strength drop of SWP and FWP 

after exposure of 100 °C and 200 °C and the residual strength of SWP and FWP at 200 °C are only 

22% and 29% of the reference strength. This is much higher (84%) for OPCP. One reason is that the 

cracks caused by evaporating water in slag paste is severer than that in cement paste (as suggested by 

its higher mass loss as shown in Fig. 9). The pressure caused by evaporating water leads to cracks 

and degrades the strength. Another reason is the slag paste sample experienced greater temperature 

gradient due to its lower thermal conductivity than cement paste (as discussed in Section 3.1). 

Dramatic strength deterioration of OPCP is observed from 400 °C to 600 °C because of the 



decomposition of portlandite (Ca(OH)2→CaO+H2O), which is well established in literatures [22, 55]. 

SWP behaves similar to FWP after elevated temperature exposure except at 100 °C. It is found that 

slag paste using seawater (SWP) exhibits much higher residual strength than FWP at 100 °C, which 

indicates seawater to have a beneficial effect on the residual strength. It should be noted that FWP 

has a higher mass loss at 100 °C than SWP, which caused a severer strength degradation of FWP. 

The residual strength curves of concretes after elevated temperature exposure are summarised in 

Fig. 12b. Overall, the residual strength of concrete decreases gradually with increasing exposure 

temperature. There is a strength gain of OPCC from 100 °C to 200 °C, which can be attributed to the 

further hydration of cement [18]. Even though the trends in residual strength change of slag paste and 

cement paste are different, the overall behaviours of slag concrete and cement concrete after 

temperature exposure are similar. It is because the strength of concrete largely depends on the 

interfacial transition zone and the thermal expansion incompatibility of paste and aggregates is most 

likely the main mechanism of the strength loss. Fig. 12b indicates that the slag concrete with seawater 

and sea sand (SWSSC) has only slightly lower residual strength than slag concrete with fresh water 

and river sand (FWRSC), indicating no obvious role of NaCl in influencing residual strength 

obviously. 

A comparison of residual strength of slag-based concrete, mortar and paste using seawater is 

summarized in Fig. 12c. The mortar (SWSSM) behaves similar to paste (SWP), whilst the addition 

of coarse aggregate has a beneficial effect on residual strength due to the improvement in pore 

structure, the increase of thermal conductivity (probably improve the thermal/heat distribution in the 

sample) and the prevention of cracks. As mentioned previously, the mechanism of temperature 

induced strength reduction of paste and concrete may be different. As shown in Fig. 12c, the concrete 

(SWSSC2) that has a larger coarse aggregate size (~14 mm) has slightly lower residual strength than 

concrete (SWSSC) that has a smaller coarse aggregate size (~7 mm). Because the sample dimensions 

are different for SWSSC2 and SWSSC, the effects of aggregate size on the residual strength could 



not be clearly established in the current research. It is worthwhile to note that the study of Kong and 

Sanjayan [31] found that the residual strength of fly ash concrete with 10-14 mm coarse aggregate is 

similar to that of the 20 mm coarse aggregate after 800 °C exposure.  

The residual strength of geopolymer composites (paste, mortar and concrete) is affected by many 

factors, such as composition of raw material, alkali-activator type, alkali-activator dosage, water 

content (w/b), curing conditions, sample size, heating rate and exposure duration. Based on the work 

in this paper and other literatures, the strength degradation after elevated temperature is the result of 

the combined effects of the phase changes (e.g. decomposition, geopolymerization, sintering and 

melting) and the cracks (that can be induced by pore pressure, temperature gradient, and thermal 

expansion incompatibility between paste matrix and aggregates). Though there are some reported 

research on this aspect, it is still difficult to quantitatively clarify the effects of those factors, and then 

propose strength prediction models. 

Some of the existing residual strength data of alkali-activated geopolymer (slag and fly ash) 

composites is collected and summarized in Fig. 13 and Table 4. It is found that the residual strength 

change trends vary significantly between different researchers’ data as well as from the experimental 

results in this paper (Fig. 12).  

The water evaporation occurs at relative low temperatures (<200 °C). If the moisture cannot move 

to sample surface freely, pore pressure may cause cracks in paste which is detrimental to residual 

strength. The impermeability (pore structure) and water content can affect the formation of the cracks. 

Based on the comparison of SEM images of fly ash paste (in [56]) and slag paste (this paper), it is 

found that fly ash geopolymer has more connected pores, and hence, less pressure build up during 

heating than slag geopolymer. The loss of capillary and chemically bonded waters (i.e. dehydration 

of gel) can induce shrinkage of gel and cause microcracks [23, 50, 57]. The temperature gradient, 

which is maximum at temperature lower than 300 °C (as discussed in Section 3.1), could also induce 

cracks. The gradient is affected by the conductivity of material, heating rate and sample dimensions.  



The cracks are detrimental to residual strength, but some phase changes, such as 

geopolymerization and sintering, are beneficial to residual strength. It is found that further 

geopolymerization of un-reacted fly ash particles can improve the residual strength of fly ash paste 

[27, 32]. At high temperatures, the sintering can change the morphology and heal cracks, which is the 

main reason for strength increase at temperature higher than 800 °C (as shown in Fig. 13, and in [34, 

56]). 

The residual strength of paste is the result of the detrimental effects of cracks and beneficial 

effects of geopolymerization and sintering. With regard to data in Table 4, as the sample size is small, 

the influence of temperature gradient may be insignificant. Because of the effects of lower water 

content, better pore structure and further geopolymerization, fly ash paste experiences strength gain 

at temperature lower than 500 °C, whilst the strength of slag paste decreases due to its poorer pore 

structure and less geopolymerization (as shown in Fig. 13). At ≥800 °C, the strength gain occurs in 

geopolymers due to the beneficial effects of sintering. However, the slag pastes in this paper 

experienced a steep strength reduction from 23 °C to 200 °C and no strength gain was observed at 

1000 °C. This could be explained by the very high water-to-binder ratio, temperature gradient, and 

the large cracks induced by them cannot be healed by sintering.  

After the addition of aggregates, the thermal expansion mismatch (shrinkage of paste matrix and 

expansion of aggregates) can lead to cracks around aggregates, which has been observed in this 

investigation and by other researchers [28, 36]. The residual strength changes of concretes in this 

research or other studies display a similar trend (i.e. decrease gradually with increasing temperature, 

Fig. 12 and 13), which indicates that the thermal expansion incompatibility plays a dominant role in 

determining the residual strength even though the behaviours of pastes are different.  

3.5.2 Typical stress-strain curves 

The typical stress-strain curves of samples with and without prior heating at different 

temperatures are summarized in Fig. 14, in which the sample identification (in the format of 



‘temperature – number of test repeats’) is presented adjacent to the corresponding curve. The axial 

strain was obtained from a laser-extensometer with a gauge length of ~40 mm. Due to a brittle failure 

of slag paste samples of ‘23-2’ and ‘100-2’, the descending part was not recorded. As mentioned in 

Section 3.2.2, spalling occurred during heating process for cement paste sample at 600 °C and 800 °C, 

and hence, their stress-strain curves cannot be obtained. A unique phenomenon of the spalling of 

outer layer (as shown in the photo of Fig. 14a) was observed during compression test on exposed slag 

paste samples. 

Starting from 200 °C, the stress-strain curve shape of slag paste (SWP) is different from that of 

cement paste with the same temperature exposure. As shown in Fig. 14a, an obvious non-linearity is 

found in the initial ascending part (0 ~ 0.7fc’) of the stress-strain curves of slag paste samples after 

exposure at ≥ 200 °C. The slope of the curves within this initial part increases gradually, but the slope 

is constant for all the other paste or concrete samples. The explanation to the nonlinearity is the high 

porosity of slag paste after water loss. Therefore, the Young’s modulus of slag paste after exposure 

cannot be determined by the traditional method specified in AS 1012.17 [58]. With the increase of 

temperature, both slag paste and cement paste become deformable. The strain corresponding to the 

peak stress of slag paste experiences two dramatic increases: from 100 °C to 200 °C caused by water 

loss, and from 600 °C to 800 °C due to the occurrence of glass transition, which is also found in fly 

ash paste [25]. On the other hand, the strain corresponding to the peak stress of cement paste does not 

increase as much as that of slag paste. A comparison between Fig. 14a and b indicates that the slag 

paste has a much higher (3 ~ 10 times higher in terms of the strain corresponding to peak stress) 

deformability than cement paste after temperature exposure.  

The shapes of stress-strain curves of slag concrete (SWSSC2) and ordinary Portland cement 

concrete (OPCC) are generally similar. In the temperature range of 100 - 400 °C, the strain 

corresponding to the peak stress of slag concrete is slightly larger than that of cement concrete, 

probably due to the different behaviour of paste matrix as discussed aforementioned. However, if the 



temperature is above 600 °C, the strains corresponding to the peak stress of slag concrete and cement 

concrete are similar, even though slag paste has a much higher deformability than cement paste. The 

addition of aggregates makes the stress-strain behaviours of slag concrete and cement concrete similar.  

3.5.3 Residual Young’s modulus 

The residual Young’s modulus was obtained from the stress-strain curves (the strain was derived 

from displacement recorded by test machine) of samples in according with AS1012.17 [58]. As 

discussed in the previous section, due to the nonlinearity of the initial ascending part of the stress-

strain curves of slag paste, the residual Young’s modulus of paste samples shall not be discussed here. 

The residual Young’s moduli (Ec
’T/Ec

’) of concrete and mortar are plotted in Fig. 15, in which the 

values of Young’s modulus of unexposed samples are also listed in the legend box (e.g. 24.4 GPa for 

SWSSC). 

The Young’s modulus decreases with increasing the exposure temperature. It is found that 

ordinary Portland cement concrete has a higher residual Young’s modulus than slag concretes, which 

is in agreement with the relative relationship of residual strength between cement concrete and slag 

concrete (Fig. 12). It is known [2] that the Young’s modulus of concrete can be estimated using 

empirical formulae suggested by codes (e.g. ACI 318 [59]) and higher compressive strength leads to 

higher Young’s modulus. The samples after temperature exposure still obey this rule but the 

coefficients in the formulae may need adjustment. A comparison between Fig. 12 and 15 indicates 

that Young’s modulus drops more rapidly than compressive strength as the interfacial transition zone 

(ITZ) microcracks have a more damaging effect on the Young’s modulus than compressive strength.  

3.6 Mechanical properties in hot condition 

In this part, the compressive test was conducted on concrete samples in hot condition. Samples 

were heated in the furnace (Fig. 3) to the target temperature and held for the same duration (30 min) 

as for the residual strength test (Section 3.5). After this holding time, compressive test was carried 

out with specimen still in the furnace at the target temperature.  



The strengths of concrete samples in hot condition (denoted as ‘hot strength’) are summarized in 

Fig. 16, in which the residual strength curves and a designing curve (for siliceous aggregate) 

suggested in BS EN 1992-1-2 [60], are also presented. The hot strength at 100 °C is lower than the 

corresponding residual strength, whilst the hot strength is higher than the residual strength at > 200 °C. 

In this test, 200 °C seems to be a critical temperature for slag concrete at which the reduction of 

residual strength surpasses the reduction of hot strength. With respect of cement concrete, the hot 

strength at 200 °C is remarkable high, which has not been observed by other researchers, and no 

proper explanation has been found yet for this phenomenon. In the low temperature regime (i.e. ≤ 

200 °C), the water evaporation was found to continue during the compressive test. The compression 

forces on samples may block the pathways of vapour and increase the pore pressure, which is likely 

to intensify the damage. At > 200 °C, the influence of water evaporation becomes less significant and 

the thermal expansion incompatibility dominates the strength reduction. During cooling, the 

expanded aggregate tends to shrink and the cracks caused by incompatibility were severer in cooled 

state than in hot condition. Therefore, hot strength is higher than residual strength. Similar 

observations on cement concrete have been reported by researchers [21, 61] because of the similar 

strength reduction mechanisms to slag concrete.  It is found that slag concrete using fresh water and 

river sand (FWRSC) has a generally higher hot strength than seawater and sea sand concrete probably 

due to the influence of sea sand. The BS EN 1992-1-2 provides an overestimation of the hot strength, 

especially at low temperature (i.e. ≤ 200 °C).  

Due to the lack of available hot strength data of alkali-activated concrete, only the existing data 

of Portland cement concrete is summarized in Fig. 17, including the experimental data of Seshu and 

Pratusha [62], Bamonte and Gambarova [63], Hager [21], Persson [64], and the data summarized by 

Kodur [65]. Even though the results are rather scattered as many factors can affect the hot strength, 

the hot strength at 100~400 °C does not change much. The strength change trend of slag concrete in 

this research is similar to that of Portland cement concrete.  



The Young’s moduli of concrete samples in hot condition are presented in Fig. 18, where the 

residual Young’s modulus is also plotted by lines. The design curves for cement concrete suggested 

by BS EN 1992-1-2 [60] and BS 8110 [66] (replotted from Buchanan and Abu [67]), and the 

experimental data summarized by Kodur [65] are also presented in Fig. 18. It should be noted that as 

the relationship of Young’s modulus to elevated temperature is not directly given in BS EN 1992-1-

2 [60], the Young’s modulus data in Fig. 18 was derived from the stress-strain models suggested by 

BS EN 1992-1-2 [60]. Generally speaking, the Young’s modulus in hot condition is close to the 

corresponding residual Young’s modulus. The Young’s modulus at 100 °C is slightly lower and at 

680 °C is slightly higher (except FWRSC) than the residual Young’s modulus due to the same 

explanations for strength aforementioned. Because the Young’s modulus is more sensitive to the 

interfacial transition zone (ITZ), the difference in Young’s moduli between samples in hot and cooled 

conditions is less significant than that of strength. The Young’s moduli of slag concretes (FWRSC 

and SWSSC) drop faster than Portland cement concrete and the difference between slag concrete and 

cement concrete is exacerbated. It is found that the experimental result in this study falls within the 

range (grey shaded area in Fig. 18) summarized by Kodur [65]. The prediction by BS EN 1992-1-2 

is much conservative and the curve therefore can be regarded as the lower bound. The design curve 

previously suggested by BS 8110 [66], which is commonly used in engineering practice, 

overestimates Young’s modulus at low temperature and underestimates at high temperature.  

4. MACROSTRUCTURES AND MICROSTRUCTURES 

4.1 Macrostructures (X-ray CT scanning) 

4.1.1 Air voids distribution 

The macrostructures of some typcial samples before and after temperature exposure were 

investigated by means of X-ray CT scanning. It is known that the voids in hydrated cement paste 

mainly include capillary voids (10 nm ~ 5 μm), which are of irregular shape, and air voids (> 50 μm), 



which are generally spherical [50]. Due to the limiation of the image resolution (1 pixel = 0.03 mm), 

the X-ray CT scanning method only can detect the air voids with dimeter larger than 30 μm.  

The air void size distribution diagrams of slag paste (SWP) and concrete (SWSSC, OPCC) before 

exposure are shown in Fig. 19. The vertical axis in Fig. 19 (named as ‘Frequency’)  represents the 

number density of air voids at a certain range of equivalent diameters determined from the middle 

7.5 mm height of samples. The void ratios of SWP, SWSSC and OPCC are 0.2%, 1.1% and 1.0% 

respectively. As shown in Fig. 19, even though the void ratio of paste is much lower than concrete, 

the total amount of voids in paste is much higher. Paste has much smaller voids than concrete and the 

voids with diameters larger than 1 mm were not observed in the paste sample. Because of the 

influence of aggregate, the entrapped air bubbles with large size (>1 mm) in concrete is more difficult 

to be expelled during compaction than those in paste. A comparison between Fig. 19 b and c indicates 

that OPCC has more small voids than SWSSC but the number density of larger voids (>1 mm) in 

SWSSC is higher probably due to the higher workability of OPCC. However, the overall air voids 

distrubution trends of SWSSC and OPCC are similar. 

4.1.2 Cross-section image 

The representative cross-section images of samples before and after 600 °C exposure are shown 

in Fig. 20. Before heating, the size of the isolated air voids in concrete samples (SWSSC and OPCC) 

is much larger than that in paste sample (SWP), which is in agreement with the air voids size 

distribution (Fig. 19). Minor cracks are observed near the surface of unexposed paste sample due to 

the drying shrinkage. It is necessary to note that the white particles in SWSSC (Fig. 20b) are probably 

the shell debris from sea sand.  

As shown in Fig. 20d, large amount of cracks are formed in slag paste sample at 600 °C, and the 

maximum crack width can reach about 0.3 mm. The large cracks are mainly located in the core area 

and propagate to the surface. During the heating stage, the pore pressure in slag paste increases as the 

water evaporation is partly blocked due to the lack of interconnected voids, as a results, the cracks 



are formed if the pore pressure exceed a certain limit (capacity of paste to resist fracture). Furthermore, 

the temperature gradient within the sample is another reason for the formation of cracks. The 

temperature in the core area of paste sample is lower than that in the outer part, especially during the 

period when most of the water evaporation occurs (as discussed in Section 3.1). The core area 

experienced less shrinkage than the outer layer and the cracks are formed due to the mismatch in 

shrinkage. As also mentioned earlier, the water content and sample size can also affect the cracks 

formation. 

After heat exposure, obvious cracks are formed around coarse aggregates as shown in Fig. 20e. 

The cracks in paste matrix are not observed in exposed concrete samples by CT scanning. As 

aggregates (sand and basalt) are uniformly distributed in the paste matrix and the deformation of paste 

can be restrained, the influence of water evaporation and temperature gradient on cracks formation 

within paste matrix becomes less significant. The cracks around coarse aggregate is attributed to the 

different thermal expansion behaviours of paste (contraction) and basalt (expansion) as discussed in 

Section 3.4. During the cooling stage, the cracks will enlarge as most of the thermal expansion of 

basalt is reversible but the thermal shrinkage of paste is mostly irreversible. A comparison between 

Fig.20 e and f indicates that the cracks in slag-based concrete using seawater and sea sand (SWSSC) 

are severer than those in ordinary Portland cement concrete (OPCC) as the thermal shrinkage of slag 

paste is larger than that of cement paste. From the point of view of cracks formation, the SWSSC 

would experience higher strength deterioration than OPCC after temperature exposure.  

It is worthwhile to emphasize that only macro-cracks can be observed by X-ray CT scanning. 

The thermal-induced microcracks do exist within the paste or between the paste matrix and aggregate, 

which were observed by SEM [55-57].  

4.1.3 3D configuration of air voids and cracks 

The 3D configuration of air voids and cracks for unexposed and exposed samples are shown in 

Fig. 21, in which the air void size ranges are represented by different colours. The dimensions for 



paste samples are 30 mm dimeter and 30 mm height and those for concrete samples are 30 mm 

diameter and 10 mm height. The 3D images can provide a visual understanding of the air voids and 

cracks distribution in the samples.   

The 3D images of air voids of unexposed samples provide qualitative representation of the void 

distribution diagrams discussed in Section 4.1.1. After temperature exposure, large connecting cracks 

are observed in paste sample that propagates from centre to surface along the entire sample (yellow 

colour in Fig. 21b). In the case of concretes, the cracks in SWSSC is severer than those in OPCC, 

which is in agreement with the discussion in the previous sections.  

4.2 Microstructures (SEM) 

The SEM micrographs of slag paste utilising seawater (SWP) before and after exposure to 

different temperatures of 200, 600 and 1000 °C were presented in Fig 22. It should be mentioned that 

all the SEM samples were pre-heated at 60 °C for about 48 h to expel all moisture before SEM 

examination, which is essential for SEM. For unexposed slag paste, micro-cracks (right hand side of 

Fig. 22a) due to the drying shrinkage are observed. Some un-reacted slag particles appear as irregular 

jagged areas in the unexposed paste. A flat surface was observed in sample after 200 °C exposure 

(Fig. 22b) but the unreacted slag particles was not found. Therefore, further geopolymerization of 

unreacted slag particles was completed before 200 °C. Some microcracks that are larger than those 

seen in Fig. 22a were observed on the 200 °C sample, which is probably induced by temperature 

gradient and pore pressure. After 600 °C exposure, micropores of the order of 0.05 μm are observed 

as seen in the magnified area in the inset of Fig. 22c. The morphology of slag paste changes greatly 

after exposure at 1000 °C. As shown in Fig. 22d, the surface becomes looser and micropores with 

larger scales than those at 600 °C are observed. The vitreous phase is observed in Fig. 22d indicating 

the occurrence of sintering.  

It is found that some microcracks were healed due to the reaction of unreacted slag particles and 

the sintering process. However, macrocracks are detected on SWP sample exposed to 600 °C using 



X-ray CT scanning (discussed in Section 4.1.2). The beneficial effects (i.e. healing of some 

microcracks) observed in slag paste cannot obviously improve the residual strength due to the 

existence of macrocracks. This can partly explain why the strength gain reported by some researchers 

(shown in Fig. 12) was not observed in this research. 

5. CONCLUSIONS 

In the current investigation, the thermal properties of alkali-activated slag paste, mortar and 

concrete utilising seawater and sea sand or freshwater and river sand were studied, and the cement-

based composites were also investigated for a comparison purpose. The samples were exposed to 

different target temperatures including 100, 200, 400, 600, 800 and 1000 °C. The temperature gradient, 

visual observation, mass loss, thermal strain of samples with different mixtures were investigated. 

Both the residual mechanical properties after cooling and mechanical properties in hot condition were 

studied in this research. The X-ray CT scanning and scanning electron microscopy (SEM) were 

conducted to understand the macro/microstructure of samples before and after temperature exposure. 

The main conclusions of this research are summarized as following: 

1. The temperature gradient in slag concrete (SWSSC) increases with increasing temperature and 

reaches the maximum at about 200~300 °C due to the influence of water evaporation. 

2. The mass loss is mainly contributed by the loss of free water, physical- and chemical-bonded 

water. Slag pastes (SWP and FWP) exhibit a faster mass loss than cement paste, whereas the mass 

loss trends of concretes are similar regardless of using slag or cement. It is found that most of the 

mass loss occurs below 200°C and the maximum mass loss is in agreement with the water content in 

mixtures. The seawater and sea sand do not affect the mass loss behaviour obviously. 

3. Both slag paste and cement paste experience shrinkage during heating, whilst concrete expands 

since the aggregates dominate the expansion during heating. Slag paste displays a higher shrinkage 

than cement paste, and the shrinkage of them are irreversible, which is different from the reversible 

expansion of concrete.  



4. The residual strengths of paste, mortar and concrete decrease with increasing exposure 

temperature, and no strength gain was observed for slag paste in this research. The slag paste displays 

a rapid strength deterioration upon heating (from 100 °C), whilst the strength reduction of cement 

paste is less than 30% until the decomposition of portlandite (600 °C). On the other hand, the strength 

reduction trends of concretes are generally similar. The seawater, sea sand and coarse aggregate with 

larger size have a slightly (less than 10%) detrimental effect on residual strength. The samples become 

more deformable after heating and the residual Young’s moduli drop more rapidly than residual 

strength when temperature is increased. 

5. The hot strength of concrete is lower than corresponding residual strength at temperature below 

200 °C due to the higher pore pressure led by water evaporation. However, when the temperature is 

higher than 200 °C, a higher strength was observed for samples in hot condition (i.e., hot strength) as 

the cooling exacerbates the cracks induced by the thermal expansion incompatibility. 

 6. With the help of X-ray CT scanning and SEM, it is found that large amount of macrocracks 

were formed in paste samples and around aggregates in concrete samples after temperature exposure. 

Obvious morphology changes caused by geopolymerization, sintering, and crystallization were found 

in slag paste. 

7. Based on the current study, the mechanical properties degradation of slag paste are mainly 

caused by cracks induced by temperature gradient and pore pressure and phase changes at high 

temperature, among which the cracks dominate the degradation. On the other hand, the main 

mechanism of the mechanical properties degradation of concrete, regardless using slag or cement, 

seawater or fresh water, river sand or sea sand, is the thermal expansion incompatibility between the 

contraction of paste matrix and expansion of aggregates. The influence of seawater and sea sand on 

the thermal properties is not obvious. 
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Fig. 1. Particle size distribution curve of sea sand and river sand.



 
Fig. 2.  Heating schedule (schematic view).



 
Fig. 3. Test setup for thermal strain measurement.



  
                                                   (a)                                                                                                        (b)  

  
                                                   (c) 

Fig. 4. Measured temperature development in concrete (a) cylinder with dimension of 30 mm × 60 mm; (b) cylinder with dimension 

of 50 mm × 100 mm; (c) temperature gradient. 
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(a) SWP (slag paste using seawater) 

 
             23 °C                          200 °C                         400 °C                          600 °C                       800 °C                        1000 °C 

(b) SWSSM (slag mortar using seawater and sea sand) 

 
             23 °C                          200 °C                         400 °C                          600 °C                       800 °C                        1000 °C 

(c) SWSSC (slag concrete using seawater and sea sand) 

 
             23 °C                          200 °C                         400 °C                          600 °C                       800 °C                        1000 °C 

(d) FWRSC (slag concrete using freshwater and river sand) 

 
             23 °C                          200 °C                         400 °C                          600 °C                       800 °C                        1000 °C 

(e) OPCC (Portland cement concrete using freshwater and river sand) 

 
             23 °C                          200 °C                         400 °C                          600 °C                       800 °C                        1000 °C 

(f) SWSSC2 (slag concrete using seawater, sea sand and coarse aggregate with size of ~14 mm) 

Fig. 5. Optical images of cross-sections after elevated temperature exposure: (a) SWP; (b) SWSSM; (c) SWSSC; (d) FWRSC; (e) 

OPCC; (f) SWSSC2. 



  
                                                    (a)                                                                                                      (b)  

Fig. 6. Spalling of OPCP exposed to: (a) 600 °C and (b) 800 °C.



 
                            (a)                                                                 (b)                                                                       (c) 

Fig. 7. Surface of pastes after 1000 °C exposure: (a) SWP; (b) FWP; (c) OPCP.



 
            (a)                           (b)                           (c)                         (d)                          (e)                                            (f) 

Fig. 8. Surface of mortar and concrete samples after 800 °C exposure: (a) SWSSM; (b) SWSSC; (c) FWRSC; (d) OPCC; (e) SWSSC2; 

(f) enlarged image of (e).



  
                                                    (a)                                                                                                     (b)  

 
                                                   (c) 

Fig. 9. Mass loss: (a) paste; (b) concrete; (c) all (with seawater).



    
                                                    (a)                                                                                                      (b)  

Fig. 10. Thermal strain of (a) paste and (b) concrete.



  
                                                    (a)                                                                                                    (b)  

 
                                                      (c) 

Fig. 11. Residual strain after elevated temperature exposure: (a) paste; (b) concrete; (c) all (with seawater). 



   
                                                   (a)                                                                                                      (b) 

   
                                                    (c) 

Fig. 12. Residual strength after elevated temperature exposure: (a) paste; (b) concrete; (c) all (with seawater).



    
                                                    (a)                                                                                                       (b)  

Fig. 13. Existing data of residual strength [24-26, 28, 31, 33-34, 36, 49, 56]: (a) alkali-activated slag paste, mortar and concrete; (b) 

alkali-activated fly ash paste and concrete. 



  
                                                     (a)                                                                                                     (b)  

  
                                                    (c)                                                                                                      (d) 

Fig. 14. Typical stress-strain curves of samples after elevated temperature exposure: a) SWP; (b) OPCP; (c) SWSSC2; (d) OPCC.



  
Fig. 15. Residual Young’s modulus after elevated temperature exposure.



 
Fig. 16. Strength of concrete in hot condition.



  
Fig. 17.  Existing data of hot strength of ordinary Portland cement concrete.



 
Fig. 18. Young’s modulus of concrete in hot condition.



   
                                                     (a)                                                                                                     (b)  

     
                                                 (c) 

Fig. 19. Air voids size distribution of unexposed samples: (a) SWP; (b) SWSSC; (c) OPCC.



   
                                 (a)                                                                (b)                                                                   (c) 

    
                                  (d)                                                                  (e)                                                                    (f) 

Fig. 20. Cross-section images of sample before and after 600°C exposure: a) SWP before exposure; b) SWSSC before exposure; c) 

OPCC before exposure; (d) SWP after exposure; (e) SWSSC after exposure; (f) OPCC after exposure.



        
                                                 (a)                                                                                                      (b)  

  
                                                  (c)                                                                                                    (d) 

  
                                                    (e)                                                                                                   (f)  

Fig. 21. 3D configurations of air voids of samples before and after 600 °C exposure: a) SWP before exposure; (b) SWP after exposure; 

(c) SWSSC before exposure; (d) SWSSC after exposure; (e) OPCC before exposure; (f) OPCC after exposure.



  
                                              (a)                                                                                                               (b) 

  
                                              (c)                                                                                                              (d) 

Fig. 22. SEM images of SWP after exposure of : (a) 23 °C; (b) 200 °C; (c) 600 °C (d) 1000 °C. 

 



Table 1. Chemical composition of slag, sodium meta-silicate and sea sand (wt %). 

Material 
Chemical composition 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO TiO2 P2O5 Cl SO4 PO4
 

Slag 34.8 13.5 0.61 41.3 5.19 0.19 0.33 0.28 0.53 0.03 - - - 

Sodium meta-silicate 46.6 0.06 0.03 0.04 0.01 35.8 0.2 - - - - - - 

Sea sand 96.5 0.21 0.43 1.3 0.06 0.07 0.05 - 0.04 - 0.13 0.09 0.01 

 



Table 2. Chemical composition of seawater.  

Ion Ca2+ Mg2+ Na+ K+ Cl- SO4
2- 

mg/l 439 1430 11940 622 20700 3420 

 



Table 3. Mixture for paste, mortar and concrete. 

Constituents (kg/m3) SWP FWP OPCP SWSSM SWSSC FWRSC OPCC SWSSC2 

Slag 360 360  360 360 360  360 

Cement (OPC)   360    360  

Seawater (SW) 190   190 190   190 

Freshwater (FW)  190 190   190 190  

Sea sand (SS)    830 830   830 

River sand (RS)      830 830  

Coarse aggregate (~7 mm)     1130 1130 1130  

Coarse aggregate (~14 mm)        1130 

Sodium meta-silicate 38.4 38.4  38.4 38.4 38.4  38.4 

Hydrated lime slurry 14.4 14.4  14.4 14.4 14.4  14.4 

 



Table 4. Summary of existing data on the residual strength of alkali-activated geo-polymer composites. 

Labela Data source 
Sample 

type 
w/bb 

Precursor  activator 

Sample size 
Type 

SiO2 

(wt %) 

Al2O3 

(wt %) 

CaO 

(wt %) 

Si:Al  

(by molar) 

 
Type 

wt % Na 

by precursor 

Na (K):Si 

(by molar) 

Slag-Paste-1 Rovnanik et al. [34] Paste 0.37 Slag 39.8 6.6 39.0 5.1  Na2O·1.95SiO2 4.0 1.0 20×20×100 mm prism 

Slag-Paste-2 Khater [33] Paste 0.30 Slag 37.0 10.0 33.1 3.1  Na2SiO3 + NaOH N/A N/A 25 mm cube 

Slag-Paste-3 Rashad et al. [24] Paste N/A Slag 37.0 10.0 33.1 3.1  Na2O*1.7SiO2 2.6 1.2 20 mm cube 

Slag-Mortar-1 Zuda et al. [36] Mortar 0.47 Slag 38.6 7.2 38.8 4.5  Na2O·nSiO2 N/A N/A 40×40×160 mm prism 

Slag-Concrete-1 Guerrieri et al. [28]  Concrete 0.50 Slag 32.5 13.0 42.1 2.1  Na2O·SiO2 4.0 2.0 D100×H200 mm cylinder 

FA-Paste-1 Kong and Sanjayan [31]  Paste 0.20 Fly ash 48.8 27.0 6.2 1.5 
 

Na2O·2SiO2 + KOH 
Na: 2.6%;  

K: 1.9% 
1.4 25 mm cube 

FA-Paste-2 Pan and Sanjayan [25] Paste N/A Fly ash 48.3 30.5 2.8 1.3  Na2O·2SiO2 + NaOH N/A N/A D24×H48 mm cylinder 

FA-Paste-3 Pan et al. [26] Paste 0.28 Fly ash 48.3 30.5 2.8 1.3  Na2O·2SiO2 + NaOH 5.3 1.5 D24×H48 mm cylinder 

FA-Paste-4 Richard et al. [56] Paste 0.23 Fly ashc 50.0 24.9 1.8 1.7  Na2O·2SiO2 + NaOH N/A N/A D25×H50 mm cylinder 

FA-Paste-5 Richard et al. [56] Paste 0.27 Fly ashd 60.0 26.6 3.3 1.9  Na2O·2SiO2 + NaOH N/A N/A D25×H50 mm cylinder 

FA-Concrete-1 Sarker et al. [49] Concretee 0.21 Fly ash 50.8 26.9 2.1 1.6  Na2O·2SiO2 + NaOH 4.8 1.7 D100×H200 mm cylinder 

FA-Concrete-2 Sarker et al. [49] Concretef 0.21 Fly ash 50.8 26.9 2.1 1.6  Na2O·2SiO2 + NaOH 4.8 1.7 D100×H200 mm cylinder 

N/A This paper Allg 0.53 Slag 34.8 13.5 41.3 2.2 
 

Na2O·1.35SiO2 2.8 1.5 
D30×H60 mm cylinder 

D50×H100 mm cylinder 

Notes: a) The ‘Label’ of samples is in consistent with the legend in Fig. 13; b) w/b is water-to-binder ratio (by weight, the water in alkaline solution is included); c) fly ash was sourced from Collie power station 

(denoted as ‘CFA’); d) fly ash was sourced from Eraring power station (denoted as ‘EFA’); e) steam curing at 60 °C for 24 h immediately after casting; f) steam curing at 80 °C for 24 h started 3 days after 

casting; g) it includes paste, mortar and concrete. 

 


