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High-temperature Performance of Ambient-cured Alkali-

Activated Binder Concrete 

Abstract 

Owing to their lower carbon footprint and efficient performance compared to portland cement 

(PC), alkali-activated binders (AAB) show promising potential as an alternative to PC. The 

present paper investigates the high-temperature performance of AAB concrete through 

compressive and bond strength tests. Four different AAB concrete mixes with varying 

proportions of fly ash: slag (100:0, 70:30, 60:40, and 50:50) cured under ambient conditions 

are exposed to elevated temperatures. The mechanical performance of AAB concrete is 

corroborated with microstructural changes. The results show that AAB concrete with fly ash: 

slag ratio of 70:30 exhibits the best mechanical performance after exposure to elevated 

temperatures. This behaviour is attributed to the growth of new crystalline phases of akermanite 

and gehlenite as observed from the X-ray diffraction patterns. This study shows that there is an 

optimum proportion of slag content beyond which the mechanical performance of AAB 

concrete significantly deteriorates when exposed to elevated temperatures. The failure pattern 

of AAB concrete during the bond strength test varies with the precursor proportion and the 

exposure condition.   

Keywords: Alkali-activated binders; ambient-curing; bond strength; elevated temperature; 

microstructure.  
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1. Introduction 

Augmented need for sustainable alternatives to portland cement (PC) resulted in increasing 

investigations on the potential replacements like alkali-activated binders (AAB). Traditionally, 

AAB concrete has been produced through thermal curing at temperatures in the range of 60 °C 

to as high as 150 °C. In a drive towards reducing this extensive consumption of energy and 

promoting widespread application, the focus of this study is to investigate the characteristics 

of AAB concrete cured at ambient conditions. It is now quite commonly known that AAB is 

produced by the alkaline activation of aluminosilicate-rich precursors such as fly ash and/or 

slag. Upon hardening, concrete made with this binder exhibits properties similar or even 

superior to its PC counterpart. AAB concrete exhibits enhanced mechanical strength [1], higher 

resistance to acid attack [2], chloride ingress [3], and alkali-silica reaction [4].  

The durability of concrete is critical, especially when exposed to extreme conditions such as 

seawater, fire accidents, and alternate freezing and thawing. Increasing infrastructure around 

the world with more fire risk structures such as concrete tunnels, nuclear reactors, and oil 

refineries led to escalated demand for highly fire-resistant concrete [5]. Research thus far 

suggests that, unlike PC, thermally-cured AAB concrete exhibits adequate fire endurance in 

terms of both spalling resistance and residual strength at elevated temperatures [5]. PC concrete 

is incombustible, good insulating material and has low thermal diffusivity compared to timber 

or steel [6]. However, conventional PC concrete suffers deterioration of its mechanical 

properties and explosive spalling on exposure to high temperatures. On exposure to 

temperatures in the range of 400-600 °C, PC concrete exhibits a decline in its strength due to 

decomposition of portlandite (Ca(OH)2) [7] and C-S-H phases [8] accompanied by loss of 

chemically bound water. AAB concrete is found to retain a significant proportion of its residual 

strength under similar exposure conditions [8]. With an increase in temperatures beyond 600 

°C, the entire structural integrity of PC concrete is compromised. However, AAB concrete 

exhibits a pseudo-viscous phase, owing to the sintering of precursors, elucidating its improved 

mechanical performance when exposed to severely high temperatures [9].  

The responses of AAB and PC concrete on exposure to elevated temperatures are vastly 

different. The type of precursors used and the distinct chemistry of the reaction products are 

determinants for the distinct behaviour of AAB and PC concrete. The precursors and the 

reaction products subsequently govern the porosity and hence the resistance of hardened 

concrete to elevated temperatures. Existing research on AAB indicates that its residual strength 

depends on its initial strength. With an increase in initial strength, the residual strength 

decreases exponentially. Specimens with low initial strength exhibit improvement up to 90 % 

on exposure to 800 °C. This behaviour is attributed to further polymerization of the unreacted 

particles. Specimens with high strength exhibited strength loss up to 70-90 % [10, 11]. The 

residual strength of AAB can increase or decrease on exposure to high-temperature contingent 

to thermal incompatibility, pore pressure and phase transformations [11]. 

The enhanced spalling resistance of AAB concrete, specifically with fly ash as a precursor is 

attributed to its open pore structure in contrast to metakaolin based AAB or PC concrete [12, 

13]. Studies using fly ash from different sources conclude that the performance of fly ash-based 

AAB degrades with increasing iron content in fly ash [14]. The formation of new phases and 

sintering of the matrix is observed in fly ash and blended AAB. Unlike fly ash-based AAB, the 

residual strength of alkali-activated slag concrete decreases after exposure to high temperature. 

The dominating effect in alkali-activated slag is the formation of macrocracks due to the 

temperature gradient and pore pressure [15]. A contradictory study to the findings discussed 

above reported an increase in strength, as high as 47 %, in AAB with slag and PC as binders 

after exposure to 800 °C [16]. Some studies have reported variations in the performance of 
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AAB concrete exposed to elevated temperatures with size and type of the aggregate, size of the 

specimen, curing temperature, and the type of activators used [17, 18]. However, most studies 

[7, 14, 17, 18] adopted heat-curing of the specimens, which is feasible in precast concrete 

production plants but limits in-situ applications of AAB concrete. So, there is a need to 

determine the response to elevated temperatures for AAB concrete cured under ambient 

conditions.  

When reinforced concrete is to be used in a fire-resistant structure, the critical parameter 

governing its mechanical behaviour at elevated temperatures is the bond between embedded 

steel and concrete. This bond between embedded steel and concrete predominantly governs the 

effective performance of reinforced concrete as a composite material. The load transfer 

between concrete and steel usually referred to as bond, is idealized as a constant stress field 

developed at the steel-concrete interface. Hence, it is crucial to examine this bond behaviour 

of AAB concrete for it to be used as a replacement for PC concrete. Studies investigating the 

effect of mix proportions, curing conditions, the source of precursors, concrete cover, diameter 

and type of rebar, bond length on the bond strength of AAB concrete are reported in the 

literature [19-23]. Some studies conducted on AAB concrete using pull-out test reported its 

superior bond behaviour compared to PC concrete [20, 24]. This behaviour is attributed to 

greater tensile strength and the compact interfacial transition zone (ITZ) of AAB concrete [20, 

24]. When smaller diameter rebars are used, a strong bond between rebar and concrete always 

resulted in the failure due to the breaking of the bar rather than slippage [24]. In contrast, 

specimens with larger size bars experienced failure due to the splitting of concrete. Curing 

conditions govern the bond behaviour of class F fly ash based AAB concrete. The bond strength 

of AAB concrete improved with the duration of heat curing [21]. The nano-silica modified 

geopolymer concrete displayed superior bond performance in contrast to PC concrete, with 

both mild and deformed steel bars [19]. More recently, the effect of type and content of fly ash, 

sodium silicate/sodium hydroxide (Na2SiO3/NaOH) ratio and water content on the bond 

strength of fly ash-based AAB concrete have been examined [25]. All of the studies mentioned 

above examined the bond strength of reinforced AAB concrete cured at elevated temperatures 

varying in the range of 35-80 °C for 24 - 48 hours [19- 22, 24, 25]. Relevant information is not 

reported in the case of ambient-cured AAB concrete. 

Additionally, only limited research is available on bond behaviour of AAB concrete on 

exposure to elevated temperatures. A recent study reported that the degradation rate of the bond 

strength of metakaolin and fly ash-blended AAB concrete exposed to elevated temperatures is 

similar to that of its splitting tensile strength. This rate of decrease in bond strength is higher 

compared to that of the compressive strength of AAB concrete [26]. However, there is no 

reported study on the bond strength for concrete prepared with (fly ash + slag)-based AAB 

under ambient curing conditions. 

Based on these findings, this study is aimed at achieving the following objectives: i) to 

investigate the compressive and bond strength of ambient-cured AAB concrete when exposed 

to elevated temperatures and ii) to evaluate the effect of varying proportions of fly ash and slag 

on the compressive and bond strength of AAB concrete under ambient curing conditions and 

determine an optimum precursor combination. The observations are then correlated with 

microstructural changes determined for hardened AAB paste samples from existing literature, 

as detailed later in the manuscript [27]. The broad goal of this study is to help in promoting the 

in-situ use of ambient-cured AAB concrete in engineering applications where the primary 

purpose is to resist elevated temperatures or fire attacks. The materials and detailed 

experimental methodology used for this study are presented in the following section.  
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2. Materials and methods 

2.1. Materials 

Class F fly ash with a specific gravity of 2.04 was procured from National Thermal Power 

Corporation (NTPC) Ramagundam, from the state of Telangana, India and complied with the 

specifications of ASTM C618 [28]. Ground granulated blast furnace slag (slag) with a specific 

gravity of 2.71 used in this study was obtained from JSW Cement Ltd and conformed to the 

specifications of ASTM C989 / C989M [29]. Table 1 presents the oxide composition of fly ash 

and slag used in this study.  

Table 1 Properties of precursors 

     Components (%)  Fly ash  Slag  

CaO   1.78 40.64 

SiO2  60.13 35.15 

Al2O3  28.37 19.60 

Fe2O3  5.10 0.53 

SO3  0.11 1.89 

K2O  2.16 0.40 

TiO2  1.42 0.92 

Specific surface area (m2/kg) 490  580  

For preparation of the alkali-activator solution, sodium hydroxide flakes (NaOH) and sodium 

silicate (Na2SiO3) solution were used. Rayon grade NaOH flakes with 99 % purity and 

industrial-grade Na2SiO3 solution with 29.5 % SiO2 and 14.7 % Na2O by weight supplied by 

HYCHEM laboratories are utilized. In order to allow sufficient time for dissipation of heat, the 

activating solution was prepared a day before the usage. 

Natural siliceous sand sieved through 4.75 mm conforming to Zone II as per IS 383 – 2016 

was used as fine aggregate [30]. Crushed granite aggregate of 10 mm nominal maximum size 

was used as coarse aggregate. The physical properties of the aggregates are presented in Table 

2. Polycarboxylic ether-based high-range water-reducing admixture procured from BASF 

chemicals was used as superplasticizer (SP). For the bond strength of concrete, deformed steel 

bars (0.2 % proof stress = 500 MPa) of 12 mm diameter were used in the present study. 

Table 2. Physical properties of aggregates 

Aggregate Specific gravity Water absorption (%) 

Coarse aggregate 2.72 0.1 

Fine aggregate 2.65 0.5 

2.2.Mix proportions and specimen preparation 

In this study, four different mixes with varying proportions of fly ash and slag ratios were 

selected for the preparation of AAB specimens. Fly ash: slag ratios of 100:0 (FS 0), 70:30 (FS 

30), 60:40 (FS 40), and 50:50 (FS 50) were used in the present study. A blend containing a 

mixture of NaOH and Na2SiO3 is used as the activator for preparing the alkaline solution. From 
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the findings of a previous study, the suggested Ms modulus (SiO2/Na2O ratio in the activating 

solution) of 1.4 was used in the present study [31]. The water-to-solids (w/s) ratio for AAB 

concrete was maintained at 0.3, to achieve desired workability without adding SP for FS 0. 

This w/s ratio ensured the addition of a limited quantity of SP for the other AAB concrete 

mixes. For calculating the w/s ratio, water content is considered to be the sum of additional 

water, and the water present in Na2SiO3 solution whereas the solids include binders, NaOH and 

the solids in Na2SiO3 solution. The mix details are presented in Table 3. 

Table 3 Mix details of AAB concrete 

Materials FS 0 FS 30 FS 40 FS 50 

Fly ash (kg/m3) 400 280 240 200 

Slag (kg/m3) 0 120 160 200 

Sodium Hydroxide Pellets (kg/m3) 10.57 10.57 10.57 10.57 

Sodium Silicate Solution (kg/m3) 129.43 129.43 129.43 129.43 

Coarse Aggregate (kg/m3) 1209 1209 1209 1209 

Fine Aggregate (kg/m3) 651 651 651 651 

Additional water (kg/m3) 77.38 77.38 77.38 77.38 

SP (l/m3) 0 3.14 3.57 4 

The preparation of AAB concrete specimens commenced with the blending of dry ingredients 

viz. coarse aggregates, fine aggregates followed by fly ash and slag. Then the activating 

solution was added to the mix. A measured quantity of water (in addition to water content in 

Na2SiO3 solution) followed by SP, if required, was then added to obtain a uniform blend. The 

age of demoulding the specimens varied depending on the content of fly ash in the mix owing 

to its slow reactivity. All the specimens were demoulded after gaining sufficient strength to 

impede any damage. FS 0 specimens were demoulded at the age of 7 days. FS 30, FS 40, and 

FS 50 specimens were demoulded at the age of 2 days. On demoulding, the specimens were 

cured until 7-day age underwater and then under ambient laboratory conditions until the 

commencement of tests. The average ambient temperature was 25 °C, and the relative humidity 

was in the range of 60-75 % in Hyderabad. This curing regime is selected based on the 

recommendations of previous research on blended AAB [32, 33]. The existing research 

indicates that underwater curing of AAB is beneficial at early ages (1-7 days) rather than at 28 

days. Intermittent water curing (7 days underwater and 21 days of air curing) is reported to be 

efficient in developing satisfactory 28-day compressive strength [32, 33]. Furthermore, 

complying with the broad goal of this study to promote in-situ applications, ambient curing is 

adopted. The relevant experimental methodology is presented in the following section. In the 

present study, all the samples are tested at the age of 28 days.  

2.3.Experimental Methods 

This study determines the influence of exposure to severely high temperatures on the 

compressive and bond strength values of ambient-cured AAB concrete. The correlation 

between the mechanical performance and the microstructural changes are also analyzed. The 

microstructural analyses for the paste samples considered in the present paper for the selected 
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exposure conditions were performed and presented in detail as part of a previous study by the 

current authors [27]. In the present study, the mechanical performance of ambient-cured AAB 

concrete before and after exposure to high temperatures is corroborated with the 

microstructural changes.  

2.3.1. Mineralogical and microstructural analysis      

The parameters used for X-ray diffraction (XRD) analysis comprise CuKα X-rays operated at 

40 kV and 30 mA with a scan speed of 1 °/min, a step width of 0.02 ° and a 2θ range of 5 to 

90 °. Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed with a 

resolution of 4 cm-1, and KBr pellet technique was used for sample preparation. Scanning 

electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS) analysis 

was performed for an oven-dried sample sputtered with a gold-palladium layer of 10 nm 

thickness. The sample for SEM-EDS analysis was prepared using a method specified in a 

previous study on AAB [34].    

2.3.2. Exposure to elevated temperature  

The specimens were exposed to elevated temperatures selected based on the standard time-

temperature curve specified by ASTM E119 [35]. Four different exposure conditions – ambient 

temperature, 538 °C, 760 °C, and 892 °C were selected to study the performance of matured 

AAB concrete upon exposure to elevated temperatures. On the day of testing, the specimens 

were exposed to elevated temperatures in a muffle furnace supplied by Aimil Ltd for 2 hours. 

Existing literature on AAB reported that a state of thermal equilibrium was reached when the 

specimens were preserved at the exposed temperature for 2 hours [36, 37]. The furnace 

temperature was increased from room temperature to the designated elevated temperature to 

comply with the standard time-temperature curve as specified by ASTM E119. After 2-hour 

exposure to elevated temperature, the specimens are gradually allowed to cool down to the 

room temperature. 

For each exposure condition, compressive and bond strength tests are replicated for four 

different mixes viz. FS 0, FS 30, FS 40, and FS 50.  

2.3.3. Compressive Strength 

Compressive strength test was performed on cylindrical concrete specimens of 150 mm 

diameter and 300 mm height. Specimens were cast using uniform compaction with a 

mechanical vibrator. The specimens were then allowed to moist-cure until the age of 7 days. 

After curing, the test specimens were stored at ambient temperature in the laboratory until the 

day of testing. All the specimens were tested at the age of 28 days. The compressive strength 

test of concrete was performed following specifications of ASTM C39 / C39M [38] using a 

compression testing machine of 2000 kN capacity.   

2.3.4. Bond Strength 

Bond strength of concrete was evaluated by conducting the pull-out test on the specimens with 

embedded rebar at the centre through an automated universal testing machine of 1000 kN 

capacity and a specially fabricated test frame (Figure 1). The specimens to be tested for bond 

behaviour were cast in a fabricated cube mould (100 × 100 × 100 mm) with a central hole to 

accommodate the rebar vertically. The dimensions of the cube and diameter of rebar are 

selected based on the specifications of the Indian standard code of practice for performing the 

pull-out test, IS 2770-1 [39]. Curing conditions similar to the specimens tested for compressive 

strength are followed. The test procedure complies with the guidelines of IS 2770-1. The test 

was performed in the displacement control mode with the rate of loading maintained at 0.01 

mm/sec. An automated data acquisition system is used to record the load. The specimens were 
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subjected to loading until they reached failure. The bond strength reported is the average of 

three specimens. The bond strength is calculated as the ratio of applied load required for the 

slip to the surface area of the embedded length of the rebar. The average bond stress is 

calculated as: 

𝜎𝑏𝑜𝑛𝑑 =
𝑃

𝜋𝑑𝐿
 

where, 

d = diameter of the reinforcement (mm) 

L = length of specimen parallel to the reinforcement (mm) 

P = load at specimen failure (N) 

σbond = bond stress (MPa) 

The results from the experiments are presented in the following section. 

Insert Figure 1 here 

Figure 1 Pull-out test apparatus 

3. Results  

3.1.Compressive strength test  

The mean compressive strength values of three AAB concrete cylindrical specimens subjected 

to the selected exposure conditions at the age of 28 days are presented in Figure 2. It is evident 

from Figure 2 that the compressive strength of AAB concrete increases with slag content. The 

results from this study corroborate with the previous findings of the elimination of thermal 

curing with the inclusion of slag in AAB concrete [31]. The increase in strength with increasing 

slag content is attributed to the formation of the additional reaction product, calcium 

aluminosilicate hydrate (C-A-S-H), resulting in pore refinement [40, 41]. The increase in 

compactness of microstructure with slag content associated with the formation of C-A-S-H is 

presented in a previous study by the current authors and also other studies on blended AAB 

[27, 40, 41]. XRD analysis of the samples show an increase in the formation of C-A-S-H matrix 

with slag content (Figure 3).  

Insert Figure 2 here 

Figure 2 Compressive strength test results 

Insert Figure 3 here 

Figure 3 (a) FS 30 (b) FS 40 (c) FS 50  

XRD pattern of AAB exposed to high temperature 
Ac = analcime, Ak = akermanite, Al = albite, An = anorthite, C =Calcite, CS = C-A-S-H, 

G = gehlenite, H = Hematite, M = mullite, N = nepheline, Q = quartz, S = hydroxy sodalite  

The poor mechanical performance of FS 0 under ambient exposure conditions is attributed to 

the absence of thermal curing. Under ambient curing conditions, the degree of hydration of fly 

ash is low, and hence FS 0 contains a higher proportion of unreacted fly ash particles [42]. 

However, with an increase in temperature to around 500 °C further geopolymerization 

enhances the strength [43].  

The microstructure plays a significant role in governing the mechanical performance of AAB 

concrete, especially when exposed to high-temperature. In cementitious systems exposed to 

high temperatures, it is observed that the pore pressure of water developed inside the specimens 
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require an escape route and otherwise develop stresses on the adjacent concrete resulting in 

spalling, explosive or premature failure depending on its intensity [44]. This pore pressure of 

water is governed by the pore structure or the compactness of the microstructure. FS 50, which 

exhibits the highest strength at ambient exposure conditions, undergoes substantial loss in 

strength on exposure to 760 °C and 892 °C. This behaviour is ascertained to its dense 

microstructure occluding the moisture escape from the specimen. This dense microstructure of 

FS 50 can be substantiated by the formation of C-A-S-H.      

The compressive strength of FS 30 and FS 40 also decreases with increase in temperature up 

to 760 °C. However, on exposure to a temperature of 892 °C, the compressive strength of both 

FS 30 and FS 40 increases. This behaviour is attributed to the growth of crystalline phases of 

akermanite (2CaO·MgO·2SiO2) and gehlenite (2CaO·Al2O3·SiO2) in AAB when exposed to 

temperatures higher than 760 °C [27]. Formation of akermanite and gehlenite is evident from 

the XRD pattern of AAB presented in Figure 3.  

Insert Figure 4 here 

Figure 4 FTIR spectra of AAB under ambient exposure conditions 

According to available literature, slag is composed of a mixture of poorly crystalline phases 

with compositions resembling gehlenite and akermanite, with depolymerized calcium silicate 

glasses [45]. The growth of these crystals is promoted by high temperature. These crystalline 

phases result in the formation of a stronger bond and resulting in the transition of the binder 

phase. The newly formed binder at this temperature is expected to re-establish the contact with 

aggregates improving the mechanical performance [46]. However, the strength reduction in FS 

50 validates the fact that the degradation due to pore pressure development is dominating the 

enhancement of strength due to the formation of crystalline phases. 

The lower percentage reduction of strength in AAB concrete predominant in fly ash is due to 

the higher proportion of pores [27]. Fly ash is known to consist of a large number of hollow 

spherical particles called cenospheres at the molecular level. The authors hypothesize that when 

exposed to high-temperature, sintering of such fly ash particles results in a large number of 

highly dispersed pores. These pores provide an escape route for the moisture alleviating the 

damage. The increase in the number of pores in FS 0 specimens is evident from the SEM 

micrographs presented in Figure 5. Similar behaviour is observed in previous research on fly 

ash-based AAB [47]. 

Insert Figure 5 here 

Figure 5 SEM micrographs of AAB (Magnification = 2500x) 

Visual inspection of AAB concrete before and after exposure to high-temperature is presented 

in Figure 6a, 6b, and 6c. The colour of AAB concrete changes to auburn when exposed to 

892 °C. The colour change is attributed to dehydration and oxidation of iron present in fly ash. 

FS 0 exhibits a light auburn colour at ambient temperature (Figure 6a).  

Insert Figure 6 here 

Figure 6 Comparison of the effect of high-temperature exposure on failure pattern 

*AT = ambient temperature 

3.2.Bond strength test  

The bond strength of AAB concrete and its behaviour on exposure to high-temperature is 

presented in Figure 7.  

Insert Figure 7 here 
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Figure 7 Bond strength test results 

Analogous to compressive strength results, the bond strength of AAB concrete increases with 

slag content under ambient exposure conditions. The bond strength of FS 50 is 122.8 % higher 

than FS 0. This high bond strength of FS 50 is attributed to pore refinement resulting in a 

relatively uniform and compact interfacial transition zone (ITZ) between the embedded rebar 

and concrete. The improvement in strength and interfacial binding with slag content is 

attributed to a relatively higher proportion of dissolved species contributing to the formation 

of more reaction products [48]. The pore refinement in FS 50 is validated by the formation of 

additional C-A-S-H matrix and a compact microstructure [27].  

The bond strength of AAB concrete decreases with increasing temperature. This depletion in 

the bond strength is higher in AAB concrete with more slag content as the bond between the 

shorter C-A-S-H bonds deteriorates more than the bond between the rebars and the longer chain 

sodium aluminosilicate hydrate matrix (N-A-S-H) bonds. N-A-S-H is the primary reaction 

product of fly ash-rich AAB [45]. Since it is amorphous, it cannot be detected through XRD 

analysis. However, if individually considered, the microstructure of the FS 30 is denser than 

the FS 0. Consequently, FS 30 exhibits the highest residual bond strength at 892 °C compared 

to other mixes. This behaviour is attributed to the combined effect of the growth of crystalline 

phases (akermanite and gehlenite) densifying the matrix and the sintered fly ash particles 

increasing the pores allowing evaporation of moisture [27].  

The specimens subjected to pull-out tests fail either due to splitting of concrete or slippage of 

rebar or exhibit a combination failure (Figure 6d-i). The summary of observed failures is 

presented in Table 4.  

Table 4 Summary of observed bond failure 

Mix ID 
Exposure Condition 

Ambient temperature Elevated temperature 

FS 0 Splitting of concrete Combination failure 

FS 30 Slippage of rebar Combination failure 

FS 40 Slippage of rebar Combination failure 

FS 50 Slippage of rebar Combination failure 

The factor governing the failure mode is either splitting capacity of AAB concrete or the bond 

capacity between the steel rebar and AAB concrete. Splitting capacity is related to the splitting 

tensile strength of the concrete and the concrete cover. The bond capacity depends on the 

geometry of rebar and compressive strength of concrete [49]. The type of failure of AAB 

concrete during the pull-out test is observed to be governed by the exposure conditions. At 

ambient exposure conditions, FS 0 exhibited splitting type of failure (Figure 6d). On exposure 

to high-temperatures, FS 0 revealed a combination failure due to both splitting of concrete and 

slippage of rebar (Figure 6e). FS 30, FS 40 and FS 50 exhibited failure due to slippage of rebar 

under ambient exposure conditions (Figure 6f-i). However, with an increase in temperature, 

these mixes also exhibited a combination failure. Therefore, it is evident that the failure of 

specimens exposed to high-temperature is always due to a combination of slippage of rebar 

and splitting of concrete. Under ambient conditions, the precursor combination governs the 

mode of failure. The combination failure at high-temperatures is ascertained to differential 
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deformations between embedded steel and AAB concrete. The coefficient of thermal expansion 

of concrete and steel are comparable under reference or ambient conditions. However, when 

exposed to elevated temperatures, differential thermal expansion of the steel rebar and the 

surrounding concrete was reported in previous studies on PC concrete [50, 51]. The friction 

between rebar and concrete, which significantly governs the bond capacity, is alleviated owing 

to these differential deformations. This reduction in friction also reduces the bond capacity 

allowing the mode of failure to transform from splitting to a combination failure.  

4. Conclusion 

This paper presents the high-temperature behaviour of AAB concrete exposed to a varied 

temperature ranging from ambient (25 °C) to 892 °C through compressive strength and pull-

out tests. The findings from the present study are as follows: 

● Under ambient exposure conditions, increase in slag content improved the mechanical 

performance of AAB concrete. This behaviour is attributed to the formation of the 

additional reaction product, C-A-S-H.       

● On exposure to elevated temperatures, the deterioration in the mechanical performance, 

both compressive strength and bond strength, of AAB concrete with slag content 

observed in the present study is attributed to the increased compactness of the matrix. 

● Fly ash: slag ratio of 70:30 is proposed as an optimum precursor combination based on 

the results of the present study under the locally available ambient curing and exposure 

conditions. AAB concrete with fly ash: slag ratio of 70:30 exhibited about 145 % 

higher residual compressive and 29 % higher bond strength compared to AAB concrete 

with fly ash: slag ratio of 50:50 when exposed 892 °C.  

● The enhanced mechanical performance of AAB concrete with fly ash: slag ratio of 

70:30 when exposed to a temperature higher than 760 °C is attributed to the growth of 

crystalline phases of akermanite and gehlenite.  

● The type of failure during the pull-out test is governed by the precursor proportion and 

the exposure condition. The specimens failed due to a combination of splitting of 

concrete and slippage of rebar when exposed to high-temperature. The shift from 

splitting and slippage of rebar in AAB concrete with fly ash: slag ratio of 100:0 and 

other mixes, respectively, to a combination failure, is attributed to the differential 

deformations between the embedded rebar and AAB concrete.  

The results from the present study provide insight into the high-temperature performance of 

AAB concrete and the possible associated microstructural changes. These findings on the 

behaviour of reinforced AAB concrete exposed to high-temperatures may be useful during 

practical applications of these binders. 
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