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Abstract 

This study aims to synthetize, at ambient temperature, blended metakaolin-ground granulated blast 

furnace slag (MK-GGBS) foam concrete (FC) presenting good thermomechanical performance for use as 

self-bearing insulation material. First, a binder composition that could be used for MK-GGBS FC 

production was identified. Fourteen paste formulations were produced and analysed to determine the best 

proportions of MK, GGBS and activator to be used in an alkali-activated material (AAM) FC matrix. 

Certain requirements were specified for the fresh paste (initial setting time > 180 minutes) and solid 

materials (high compressive strength and moderate shrinkage) to be used for FC production. The 

optimized mix was then employed for AAM FC production by using an H2O2 blowing agent (gas-

foaming method). The influence of two main parameters (H2O2 and surfactant contents) on AAM FC 

properties (density, porous structure, thermal conductivity and compressive strength) were investigated. 

The thermomechanical performances of the AAM FCs produced were good compared to FC 

performances found in the literature. FC density mostly depends on H2O2 content. The FC porous 

structure depends strongly on both H2O2 and surfactant contents. High surfactant content FCs have a thin 

homogenous porous structure. At constant density, FC compressive strength depends on the surfactant 

content. An optimized surfactant content maximizing FC compressive strength at constant density was 

identified. 
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Graphical abstract 

 

Highlights 

 Optimized proportions between metakaolin, GGBS and activator were identified. 

 H2O2 gas-off lasts 180 minutes. AAMs paste initial setting time must start after. 

 Lightweight AAMs were obtained with density from 264 to 480 kg/m
3
. 

 The foam concrete porous structure depends on both H2O2 and surfactant contents. 

  An optimized surfactant content (0.004%) maximized FC compressive strength. 
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1 Introduction 

During the last decades, there was a massive growing interest on research on alkali-activated materials 

(AAMs). These researches prove that these materials can be successfully used to produce load-bearing 

materials with good properties [1,2]. AAMs are produced by mixing aluminosilicate precursors (e.g. 

metakaolin (MK) or fly ash (FA)) or calcium aluminosilicate precursors (e.g. ground granulated blast 

furnace slag (GGBS)) rich in SiO2, Al2O3 (and CaO) activated by a highly alkaline solution (usually 

NaOH, KOH or sodium silicate solution). Most of AAMs are based on aluminosilicate precursors that are 

industrial by-products. Using these precursors can reduce the embodied CO2 if mix design and raw 

materials selection are carried out with a view towards optimisation of environmental performance [3]. 

Moreover using these precursors increase the use of waste materials, thus avoiding their storage in a 

landfill and the resulting pollution problems. AAMs present good mechanical properties and fire 

resistance [4]. A few studies showed that mixing GGBS and MK present some advantages. These studies 

were performed on MK-GGBS paste [5–9] and mortar [10]. Adding GGBS to MK-based geopolymers 

provides an improvement in mechanical properties [5,9] and reduces shrinkage [9]. Samson et al. [9] 

produced and characterized blended AAMs based on flash-calcined MK and GGBS. The influence of 

compositions (MK, GGBS and activator contents) on initial setting time, shrinkage, mass loss and 

compressive strength were investigated.  

The relatively new development of AAMs (compared to OPC) explains why only a few studies have been 

conducted on AAM FCs. Most FCs are made with Ordinary Portland cement (OPC) alone or with 

additions [11–13]. The main information on AAM FCs available in the literature is summarized in Table 

1 (aluminosilicate precursors, alkaline activation, production method, surfactant, blowing agent, density, 

compressive strength and thermal conductivity). Most of the AAM FCs reported in the literature were 

produced with fly ash (FA) [14–21] and needed to be thermally cured. AAM FCs were also successfully 

prepared with a mix of FA and GGBS [22,23] and some were made with MK [24,25] or GGBS [26,27] 

but none have been made with blended MK-GGBS binder. The vast majority of AAM FCs are produced 

with the gas-foaming method [15–19,21,24,25,27–29]. 

This study aimed to synthetize and to characterize blended MK-GGBS FC presenting good 

thermomechanical performance for use as self-bearing insulation material. The fact that some AAM FCs 

needs to be thermally treated to achieve reasonable properties is a major problem for industrial 

applications. Alternative binders proposed by researchers have to be produced under ambient conditions 
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if they are to be economically and environmentally competitive. This explains why the AAM FCs 

presented in this study were produced at ambient temperature. The first step of this study was to identify a 

binder composition that could be used for MK-GGBS FC production. As far as we know, no blended 

MK-GGBS FC studies have been reported in the literature. This paste had to have controlled initial 

setting time, reasonable shrinkage and good mechanical properties. The results obtained by Samson et al. 

[9] are summarized and used to identify the optimized binder for AAM FCs production. Once identified, 

this optimal binder composition was then employed to produce FC with controlled density and porous 

structure. The influence of two main composition parameters (H2O2 and surfactant contents) on AAM FC 

density, porous structure, compressive strength and thermal conductivity were investigated. The 

thermomechanical performances of the AAM FCs produced were then compared to the performances of 

FCs found in the literature. 
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Table 1. Review of FC composition, fresh paste density and thermomechanical properties. 

Ref. 

number 
Main author 

Composi

tion 
Alkaline activator 

Productio

n process 
Surfactant  Blowing agent Curing 

Apparent 

density 

[kg/m3] 

Compressive 

strength 

[MPa] 

Compressive 

strength test 

Dimensions + 

age 

Thermal 

conductivity 

[W/(m.K)] 

[15] Sanjayan FA 
NaOH solution + 

sodium silicate 

Gas-

foaming 
no Al 

24h at 60°C 

after 

unmoulding 

403 - 

1309 
0.9 - 4.35 Cubic 50 mm no 

[16] Kamseu 

Rice 

husk (R) 

and 

volcanic 

(P) ashes 

NaOH solution 
Gas-

foaming 
no Al no no no no 0.15 - 0.4 

[17] Hlaváček FA 
NaOH + sodium 

metasilicate solution 

Gas-

foaming 
no Al 

2h at 22°C + 

12h at 80°C 
400 - 800 4.5 - 6 Cubic 30 mm 0.145 - 0.18 

[18] Ducman FA 

Sodium silicate 

solution + NaOH 

solution 

Gas-

foaming 
no Al - H2O2 24h at 70°C 

610 - 

1000 
2.9 - 9.3 

Cubic 20 mm - 

4 days 
no 

[19] Masi FA Sodium aluminate 

Gas-

foaming 

and mix-

foaming 

Sika lightcrete 

02 (40% of 

fatty acid, 

amide and 

sodium salt of 

C14-

C16sulphonic 

acid) 

Al - H2O2 24h at 70°C 
720 - 

1320 
1.6 - 7.2 

Cylinder 50 

mm height - 20 

mm diameter - 

7 days 

no 

[21] Korat FA Sodium silicate 
Gas-

foaming 
SDS H2O2 24h at 70°C 

580 - 

1340 
2.6 - 12.2 Cubic 20 mm no 

[22] 

 
Zhang 

70% FA 

- 30% 

GGBS 

 NaOH solution and a 

sodium silicate 

solution 

Pre-

foaming 

Probably…no 

details 
no 

24h at 40°C - 

27 days 

ambient 

≈ 350 - 

650 
4 - 50 

Cylinder 53 × 

105 mm 
no 
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temperature in 

moulds 

[23] Zhang 
FA - 

GGBS 

NaOH + sodium 

silicate solution 

Pre-

foaming 
No details no 

24h at 40°C - 

27 days at 

ambient 

conditions in 

moulds 

580 - 

1630 

3.3 - 49.0 

For ρ [720 - 

1630] 

Cylinder 

100 mm 

diameter – 

200 mm height 

- 28 days 

After 6h of drying 

at 80°C 

0.14 - 0.47 

[24] Palmero MK 

NaOH, KOH sodium 

silicate solution and 

SiO2 nanopowder 

Gas-

foaming 
 H2O2 

Room 

temperature or 

65°C for 24 h 

until testing 

330 - 690 2 - 5.2 14 days 0.13 - 0.17 

[25] 
Lassinantti 

Gualtieri 
MK Phosphoric acid 

Gas-

foaming 

Marlipal = 

non ionic 

surfactant 

Natural 

limestone 
24h at 60°C 580 - 730 no no 0.07 - 0.091 

[26] Yang GGBS 

three types of 

alkali activators: 10% 

Ca(OH)2 and 4% 

Mg(NO3)2, 5% 

Ca(OH)2 and 6.5% 

Na2SiO3, and 2.5% 

Ca(OH)2 and 6.5% 

Na2SiO3 

Pre-

foaming 

protein with 

enzymatic 

active 

components 

no 
Room 

temperature 
325 - 492 0.5 - 1.97 

Cylinder 100 

mm diameter - 

200 mm height 

- 7 and 28 days 

0.088 - 0.129 

[27] Esmaily GGBS Sodium silicate 
Gas-

foaming 

Microair + fat 

acid + SLS 
Al 87°C 

700 - 

1160 
0.9 - 15.3 Cubic 50 mm no 

[28] Novais MK - FA 
hydrated sodium 

silicate and NaOH 

Gas-

foaming 
no H2O2 

24h at 60°C - 

65% RH 

440 - 

1170 
0.14 - 20.67 

Cylinder 

220 480mm 
0.082 - 0.227 

[29] Dembovska 

MK - 

Glass 

waste – 

stell-

plant 

waste 

Sodium silicate 
Gas-

foaming 
no 

aluminium 

nitride 
24h at 80°C 380 - 470 1.1- 2.0 Cubic 40 mm 0.14 - 0.15 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0950061811002613
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2 Materials 

2.1 Binders 

The MK used in this study was produced in the south of France (Argeco Développement®). One of the main 

drawbacks of the MK AAMs is a tendency towards drying shrinkage and cracking [5,30]. MK density and 

specific surface are 2500 kg/m
3
 and 14000 m

2
/kg (BET analysis) respectively. XRD, ICP and Rietveld analysis 

performed by Pouhet [30] show that this MK has a high impurity content (quartz, anatase, mullite, kaolinite). 

The different oxide contents were obtained by ICP analysis and are presented in Table 2. The analyses reveal 

that the amorphous proportions of SiO2 and Al2O3 were respectively 29 and 24% (Table 2). 

The GGBS used in this study was produced in France at Fos sur Mer (Ecocem®) and complied with EN 151-67-

1. GGBS density and Blaine surface are 2900 kg/m
3
 and 4450 m

2
/kg respectively. The activity index at 28 days 

was 98% (EN 196-1). A diffusion hump seen on the XRD diagram confirmed that the GGBS was almost totally 

amorphous. Detailed physical properties as well as particle size distributions of MK and GGBS are given in [9]. 

 

Table 2. Raw material chemical composition. 

             
Amorphous phase 

  
SiO₂ Al₂O₃ CaO MgO Fe₂O₃ K₂O Na₂O TiO₂ SO₃ H₂O LOI SiO₂ Al₂O₃ 

Metakaolin % 68.1 24.1 0.20 0.22 3.73 0.35 0.08 1.14 0.03 - 1.83 29 24 

GGBS % 37.2 11.3 43.4 6.6 0.7 0.3 0.2 0.6 0.03 - - 37.2 11.3 

Alkaline 

solution 
% 27.5 - - - - - 16.9 - - 55.6 - - - 

2.2 Activator, blowing agent and surfactant 

The alkali activation was performed with a commercial sodium silicate solution (Betol 47T - Woellner®) which 

composition is detailed in Table 2. The SiO2/Na2O molar ratio was 1.68. The dry extract (44.4%) corresponded 

to the material of the alkaline solution (commercial solution) that remained if all the water was evaporated 

(55.6%). A small amount of soda NaOH (3.2% of the mass of the alkaline solution) was added to improve the 

activation. The dry extract of the alkaline solution plus NaOH is referred to as the activator. The AAM FC 

porosity was created with hydrogen peroxide H2O2 (purity 50% - Solvay®) as blowing agent. A commercial 

surfactant was employed to stabilize the AAM FC porous structure before MK-GGBS matrix setting. 
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3 Methods 

3.1 Mix design 

Fourteen paste formulations were produced and analysed to determine the best proportions of MK, GGBS and 

activator to be used as the matrix for the AAM FC. The details of this mix-design was presented on [9] for three 

types of blended AAMs (26 compositions). MK was mixed with GGBS because pure GGBS AAMs are subject 

to high shrinkage [31]. These mixes are presented in a ternary diagram (Figure 1) and in Table 4. It was built by 

changing the proportions of the three raw materials: MK, GGBS and activator (dry extract of alkaline solution + 

NaOH). Hereafter, the samples will be designated as: AiMKjGGBSk where A is the activator and i the associated 

percentage, j is the MK percentage, k is the GGBS percentage. Each sample verified i + j + k = 100. All the 

samples had the same water to binder mass ratio, W/B = 0.36. This minimum W/B ratio was evaluated with 

preliminary tests on the two samples that only contain MK (A₂₅MK₇₅ and A₁₅MK₈₅ - Table 3). MK particles led 

to higher water demand than GGBS or FA [35] because of the plate-like morphology of the MK particles. The 

minimum W/B (W/B = 0.36) corresponded to the minimum fluidity required to fill all the moulds without 

vibration. 

The binder comprised the dry powders (MK and GGBS) and the activator (dry extract of the alkaline activator 

solution + NaOH). The water came from the alkaline solution and a suitable amount of water was added to 

satisfy the constant W/B ratio for each mix (Table 3). When the activator percentage was 15%, the percentage of 

water coming from the alkaline solution was 49.5% (50.5% from water addition). With 25% of activator, 84.2% 

of the water came from the alkaline solution. 

 

 

Figure 1. Mix-design: Ternary systems containing MK, GGBS and activator. 
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Table 3. AAM compositions and test results. 

 
Ternary composition Water Molar ratio Setting  Shrinkage Compressive strength 

 
Activator* MK GGBS 

Alkaline 

solution** 

Added *** 

(pure water) 
SiO₂/Al₂O₃ SiO₂/Na₂O Na₂O/Al₂O₃ H₂O/Na₂O Ts Δl / l₀ fc 

Unit % % % % % - min % MPa 

Time [days] - - - - - -   2 7 14 21 28 1 7 28 

A₂₅MK₇₅ 25.0 75.0 0.0 84.2 15.8 3.46 3.83 0.90 12.52 360 2.2 2.3 2.3 2.4 2.4 21.4 50.5 53.2 

A₁₅MK₈₅ 15.0 85.0 0.0 49.5 50.5 2.80 5.81 0.48 20.75 265 1.2 1.2 1.2 1.3 1.3 2.5 7.7 10.4 

A₂₅MK₆₂.₅GGBS₁₂.₅ 25.0 62.5 12.5 84.2 15.8 3.90 4.04 0.99 12.53 300 0.8 0.8 0.9 0.8 0.9 31.6 66.5 69.8 

A₂₅MK₅₀GGBS₂₅ 25.0 50.0 25.0 84.2 15.8 4.44 4.05 1.10 12.54 160 1.0 1.2 1.3 1.3 1.3 45.5 58.6 62.7 

A₂₅MK₃₇.₅GGBS₃₇.₅ 25.0 37.5 37.5 84.2 15.8 5.11 4.16 1.23 12.55 115 1.0 1.7 1.7 1.9 1.9 41.0 55.3 65.3 

A₂₅MK₂₅GGBS₅₀ 25.0 25.0 50.0 84.2 15.8 5.95 4.28 1.39 12.57 90 1.1 2.5 2.9 3.0 3.1 31.6 57.6 79.3 

A₂₅MK₁₂.₅GGBS₆₂.₅ 25.0 12.5 62.5 84.2 15.8 7.07 4.39 1.61 12.58 105 1.3 3.3 3.7 3.8 3.8 15.5 47.6 82.3 

A₁₅MK₇₂.₅GGBS₁₂.₅ 15.0 72.5 12.5 49.5 50.5 3.13 6.00 0.52 20.78 115 0.3 0.4 0.4 0.5 0.5 16.4 36.9 47.1 

A₁₅MK₆₁GGBS₂₄ 15.0 61.0 24.0 49.5 50.5 3.48 6.17 0.56 20.81 65 0.3 0.4 0.4 0.5 0.5 26.8 38.2 50.8 

A₁₅MK₄₂.₅GGBS₄₂.₅ 15.0 42.5 42.5 49.5 50.5 4.20 6.45 0.65 20.87 50 0.9 1.0 1.1 1.1 1.1 21.7 34.0 46.3 

A₁₅MK₂₄GGBS₆₁ 15.0 24.0 61.0 49.5 50.5 5.19 6.74 0.77 20.92 40 2.0 2.3 2.4 2.4 2.5 16.0 31.5 92.8 

A₁₅MK₁₂.₅GGBS₇₂.₅ 15.0 12.5 72.5 49.5 50.5 6.91 6.91 0.87 20.95 40 3.1 3.9 4.1 4.2 4.2 17.9 66.5 98.6 

A₂₅GGBS₇₅ 25.0 0.0 75.0 84.2 15.8 8.60 4.50 1.91 12.59 70 1.1 2.8 3.4 3.6 3.8 44.5 67.3 83.7 

A₁₅GGBS₈₅ 15.0 0.0 85.0 49.5 50.5 7.19 7.10 1.01 20.99 45 2.4 3.9 4.1 4.2 4.3 32.2 80.4 110.5 

* dry extract of the alkaline solution + NaOH   ** water from the alkaline solution   ***Added water is used to satisfy constant W/B = 0.36 for each sample 
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3.2 AAM production 

The production of the blended AAMs started with dry mixing of the MK and GGBS. Soda was diluted in the 

additional water and this solution was mixed with the alkaline solution. The resulting liquid was added to the 

powder (at the initial time, t = 0) and the liquid and powder were mixed together for 1 minute at low speed then 

2 minutes at high speed using an ordinary mixer (Automix 65 - Controls®). The paste was then cast in the 

different moulds (Table 4). To prevent water transfer, the moulds were covered with plastic sheets. They were 

placed in a room at 20°C for 24h before unmoulding. The moulds used for AAM production and the AAM 

characterization schedule are presented in Table 4. 

Table 4. AAM characterization. 

Test Quantity measured Moulds Time [days] 

Initial setting time mins 
Truncated moulds - height 40 mm - 

diameter 80 mm 
0 

Compressive strength MPa Cubic (8 replicates) - height 20 mm 1, 7, 28 

Shrinkage % 
Prismatic (3 replicates) - 20 x 20 x 160 mm 1, 2, 7, 14, 21, 28 

Mass loss % 

3.3 AAM characterization 

The paste was characterized in the fresh state using an automatic Vicat device (Vicatronic®) according to 

standard ASTM C191 - 01 [33]. The Vicat initial setting time was calculated as the time elapsed between the 

initial contact (t = 0) of dry powder and alkaline solution and the time when the penetration was 25 mm. Cubic 

and prismatic samples were unmoulded after 24 h. Cubic samples were stored in plastic bags to limit water loss. 

Prismatic samples were stored at 20°C and 50% RH without any protection. These unrestrained shrinkage 

conditions were quite severe for early age (24 h) samples. The shrinkage tests were performed by adapting the 

ASTM C 596 - 01 standard [34]. Prismatic samples (3 per composition) were weighed and measured at 1, 2, 7, 

14, 21 and 28 days. The shrinkage was calculated as (l-l0)/l0 where l was the size of the samples and l0 was the 

initial sample size after unmoulding. The mass loss was calculated as (m-m0)/m0 where m was the weight of the 

samples and m0 was the initial sample weight after unmoulding. Compressive strength was measured after 1, 7 

and 28 days on cubic samples. Eight samples were tested at each term (100 kN IGM® press, loading speed 

0.5 kN/s) to have a good representative average of the compressive strength.  
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3.4 AAM FC production 

Once the optimized mix was found, it was used to produce AAM FCs. MK, GGBS and the surfactant were dry 

mixed. The alkaline solution (commercial solution and added soda, as presented above) was added, followed by 

the same mixing process as for the paste. Immediately after paste production, the blowing agent H2O2 was added 

into the mineral suspension and additional mixing (30s at slow speed and 30s at high speed) was carried out to 

obtain a homogeneous paste. A semi-rigid plastic sheet was placed to cover the inner part of the cylindrical 

moulds used for FC production (ϕ = 118 mm) so as to facilitate unmoulding. Preliminary tests were performed 

with aluminium powder but the off-gassing was too fast. The dioxygen was slowly released in the paste, making 

the FC volume increase over around 180 minutes. The moulds were then covered with plastic film to prevent 

water loss and placed in a room at 20°C for a week. The influence of two main parameters: the H2O2 and 

surfactant contents, on AAM FC properties (density, porous structure, compressive strength and thermal 

conductivity) were investigated. The FC produced are referred to as HPmSn where HP means hydrogen peroxide 

(H2O2) and m is its percentage. S refers to surfactant and n its dosage. The different FC compositions and 

thermomechanical results are presented in Table 5. For each composition (H2O2 and surfactant contents) three 

FCs were produced. The different compositions are also presented in Table 5. 

3.5 AAM FC characterization 

The AAM FC specimens were unmoulded after 7 days. The FC specimens were around 200 mm high. The 

central part was sawed to obtain samples 118 mm high and 118 mm in diameter. The dimensions and weight of 

each sample were measured to obtain the unmoulded density ρum. Samples were then put in an oven at 40°C for a 

week to dry. This step was necessary so that the thermal conductivity could be measured under dry conditions. 

Samples were weighed every day to observe the mass loss stabilization. After 7 days, the weights of all the 

samples had stabilized (dry density ρdry). The thermal conductivities were measured using the hot wire method 

(Neotim®). Three measurements were made for each sample, meaning that, for each FC composition, the 

thermal conductivity value presented in Table 5 is the average of nine measurements. The compressive strength 

was then determined with an IGM® press (100 kN, loading speed 0.2 kN/s). For each measurement, the 

coefficient of variation, CV (standard deviation of measurements divided by their average value) is presented to 

check FC production repeatability (Table 5). 
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Table 5. Properties of AAM FCs (the associated coefficient of variation is indicated under each result). 

    
HP2S0.

05 

HP2S0.

01 

HP2S0.0

08 

HP2S0.0

06 

HP2S0.0

04 

HP2S0.0

02 

HP2S0.0

01 

HP1.5S0.

05 

HP1.5S0.

01 

HP1.5S0.0

08 

HP1.5S0.0

06 

HP1.5S0.0

04 

HP1.5S0.0

02 

HP1.5S0.0

01 

HP1S0.

05 

HP1S0.

01 

HP1S0.0

08 

HP1S0.0

06 

HP1S0.0

04 

HP1S0.0

02 

HP1S0.0

01 

HP0

S0 

H₂O₂ 

content 
% 2 2 2 2 2 2 2 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1 1 1 1 1 1 1 0 

Surfactant 

content 
% 0.05 0.01 0.008 0.006 0.004 0.002 0.001 0.05 0.01 0.008 0.006 0.004 0.002 0.001 0.05 0.01 0.008 0.006 0.004 0.002 0.001 0 

Unmoulde

d density 
kg/m³ 308 327 327 331 339 - - 392 410 412 412 413 418 - 526 554 553 562 559 559 - 1949 

CV % 1.6 0.2 0.5 0.5 1.1 - - 1.4 1.9 0.4 1.1 0.8 1.7 - 3.0 0.8 2.9 1.4 0.5 1.9 - 1.8 

Dry 

density 
kg/m³ 264 280 280 283 291 - - 336 352 354 353 354 358 - 451 473 472 480 477 478 - 1673 

CV % 1.5 0.3 0.4 0.4 1.8 - - 1.4 1.6 0.5 1.1 0.7 1.6 - 3.1 1.0 3.1 1.4 0.4 1.8 - 2.2 

Mass loss % 14.5 14.5 14.5 14.5 14.3 - - 14.2 14.3 14.0 14.3 14.3 14.4 - 14.3 14.5 14.6 14.5 14.6 14.4 - 14.4 

Thermal 

conductivit

y λ 

W/(m.

K) 
0.084 0.090 0.091 0.092 0.098 - - 0.099 0.106 0.108 0.108 0.109 0.113 - 0.122 0.128 0.129 0.131 0.133 0.139 - 1.12 

CV % 1.2 2.3 2.2 0.6 2.6 - - 2.6 0.9 1.1 1.4 2.3 3.7 - 0.5 2.3 2.2 1.6 0.9 1.1 - 0.9 

Compressi

ve strength 
MPa 0.53 0.87 0.86 0.91 0.94 - - 1.01 1.43 1.51 1.63 1.67 1.45 - 2.24 2.70 2.78 3.05 3.34 3.05 - 69.9 

CV % 2.5 0.8 7.9 3.8 7.7 - - 7.7 1.1 4.7 0.9 4.6 4.7 - 6.5 4.2 4.5 5.5 2.6 4.8 - 14.3 
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4 Results 

4.1 Identification of the optimal AAM composition 

Some preliminary tests were performed to determine the maximum acceptable initial setting time of the paste. 

This corresponds to the duration of the gas production in the AAM paste (conversion of H2O2 to O2). If the paste 

starts to set before the end of the off-gassing, the FC produced will present very poor mechanical properties as 

the internal off-gassing would create damage in the porous structure of the FC. Ideally, the paste should set 

immediately after the off-gassing finishes. At that moment, the FC has reached its maximal and final height 

(elevation in the mould) and is stabilized by the surfactant, which prevents excessive coalescence of bubbles. 

The preliminary tests indicated that the oxygen release took around 180 minutes. The initial setting time results 

are presented in Figure 2 (a): 

Figure 2. (a) Initial setting time, (b) 28 days shrinkage and (c) 28 days compressive strength of ternary 

systems containing MK, GGBS and activator. 

Pure MK had the longest initial setting times (Figure 2 (a) - 360 and 265 minutes for A₂₅GGBS₇₅ and 

A₁₅GGBS₈₅, respectively). As observed by Gao et al. [35], for pure MK, the initial setting time was lower for 

smaller SiO2/Al2O3 ratios. Adding GGBS significantly decreased the initial setting time. Pure GGBS AAMs 

presented very short initial setting times (Figure 2 (a) - 70 and 45 minutes for A₂₅GGBS₇₅ and A₁₅GGBS₈₅). 

Due to the high Ca content in GGBS, the reaction paths were very different from those obtained for MK or FA 

AAMs [36]. C-A-S-H gel was rapidly created, explaining the low initial setting time observed. The initial setting 

time had to be higher than 180 minutes, and only three mixes fulfilled this requirement (A₂₅GGBS₇₅, 

A₁₅GGBS₈₅ and A₂₅MK₆₂.₅GGBS₁₂.₅). 

The shrinkages measured after 28 days are presented in Figure 2 (b). It increased significantly with the GGBS 

concentration. However, adding MK to GGBS AAMs had a positive effect on shrinkage for both activation 

levels (15 or 25%). The shrinkage at 28 days was reduced from 2.4% (A₂₅GGBS₇₅) to 0.9% 
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(A₂₅MK₆₂.₅GGBS₁₂.₅) for high activation level and from 1.3% (A₁₅GGBS₈₅) to 0.5% (A₁₅MK₇₂.₅GGBS₁₂.₅) 

for low activation level. This positive result may be explained by the different setting times of MK and GGBS. 

Because of their highly porous structure, FCs are subject to high shrinkage [37]. Finding a binder with the lowest 

possible shrinkage is desirable to produce FC with good performance. 

The compressive strengths measured after 28 days are presented in Figure 2 (c). Pure GGBS compressive 

strengths reached high values (83.7 and 110.5 MPa for A₂₅GGBS₇₅ and A₁₅GGBS₈₅, respectively). The highest 

compressive strength for the three AAMs that presented proper initial setting time was obtained with 

A₂₅MK₆₂.₅GGBS₁₂.₅ (69.8 MPa at 28 days). 

Acting on the proportions of MK and GGBS precursors enabled different AAMs properties to be obtained. 

However, as a minimum initial setting time was required, only 3 of the 14 mixes tested were suitable for AAM 

FC production. Among these three AAMs, A₂₅MK₆₂.₅GGBS₁₂.₅ simultaneously presented the lowest shrinkage 

value (0.9% at 28 days) and the highest strength (69.8 MPa at 28 days). A₂₅MK₆₂.₅GGBS₁₂.₅ was therefore 

chosen for AAM FC production. 

4.2 AAM FC 

The optimized mix (A₂₅MK₆₂.₅GGBS₁₂.₅) was used to produce AAM FC according to the experimental 

procedure presented in 3.4 (gas-foaming method). The use of a semi-rigid plastic sheet placed between the 

moulds and the samples resulted in a very good surface state of the FC lateral surface as presented in Figure 3 (a) 

(HP1S0.008 samples, i.e. 1% of H2O2 and 0.008% of surfactant). However, some coalescence problems appeared 

in a few samples. When the fresh mineral suspension expanded due to the dioxygen released by the H2O2, 

bubbles could come into contact. Without surfactant, two bubbles could coalesce to form a single bubble. If 

surfactant was used, a membrane could appear between bubbles, preventing them from coalescing and thus 

stabilizing the FC until it set. If the surfactant content was too low, several membranes could break, leading to 

the creation of big bubbles that could escape from the fresh paste because of buoyancy force. However, 

coalescence does not always lead to collapse of the fresh porous structure if the bubbles remain small enough to 

stay trapped in the paste [38,39]. An example of FC (HP1.5S0.001) that suffered from excessive coalescence is 

presented in Figure 3 (b). When coalescence led to big bubbles rising to the surface, the amount of trapped air 

decreased and the fresh FC volume decreased, which explains the thin circular layer of AAMs observed. It 

indicates the maximum height reached by the FC before the fresh porous structure started to collapse. All FC 

produced with the lower surfactant content (0.001%) collapsed. Coalescence phenomena not only depended on 

surfactant content but also on H2O2 content. With the higher H2O2 content, the gas volume produced was 
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maximum and fresh FC stabilization required more surfactant as many bubbles came into contact. This explains 

why HP2S0.002 samples coalesced while samples with the same amount of surfactant but lower H2O2 content 

(HP1S0.002 and HP1.5S0.002) stayed stabilized until setting. It means that a minimum surfactant content is needed 

for each H2O2 content to prevent porous structure collapse. 

 

Figure 3. (a) Samples after unmoulding (HP1S0.008); (b) HP1.5S0.001 samples with coalescence problems. 

These collapsed FC were not characterized because they presented high densities for the amount of H2O2 

employed and high conductivity. Moreover, producing FC with uncontrolled coalescence might be more difficult 

in an industrial process and lead to FCs with less controlled properties. Further discussion regarding these 

coalescence problems will be linked to the porous structure evaluation carried out in part 4.2.2. 

4.2.1 Density 

The unfoamed sample HP0S0 had an unmoulded density ρum of 1949 ± 30 kg/m
3
. After 7 days of drying, its dry 

density ρdry was 1673 ± 26 kg/m
3
, which corresponds to a mass loss of 14.4%. The AAM FC densities presented 

in Figure 4 (after unmoulding (a); after 7 days of drying (b)) show that low values were reached. After drying, all 

FC densities were between 250 and 500 kg/m
3
. Good reproducibility was achieved on densities (unmoulded and 

dry densities), as the coefficient of variation was always less than or equal to 3.1%. The mass loss of AAM FCs 

after 7 days of drying is presented in Table 5. It can be noted that all the samples lost 14.4 ± 0.4% of their initial 

mass. There was no influence of the H2O2 or surfactant content on mass loss. This may indicate that the 

interaction between H2O2 or surfactant and the MK-GGBS matrix microstructure was very limited as the mass 

loss was exactly the same. 
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Figure 4. Effect of H2O2 and surfactant contents on the density of AAM FCs (a) after unmoulding and (b) 

after drying. 

It can be noted in Figure 4 that the FC density mostly depended on the H2O2 content. However, surfactant 

content also impacted FC density. Adding surfactant tended to decrease the FC density, meaning that some air 

was already entrained and stabilized through the paste during mixing. Some FC were produced by quick mixing 

[12,40] of a paste that contained a high amount of surfactant (mix-foaming method). However, the pre-foaming 

method is usually preferred to the mix-foaming method because it requires less surfactant and is easier to set up 

on a construction site [41]. Here, surfactant content remained small, explaining why density variation remained 

small. Adding more surfactant could theoretically enable a lower density to be reached. However, as part 4.2.4 

will show, high surfactant content was detrimental to the FC mechanical properties. 

4.2.2 Porous structure 

The significant influence of H2O2 and surfactant contents on porous structure is presented in Figure 5. Each 

picture corresponds to a FC surface of 7.5
2
 mm

2
. The FC samples produced with the lower surfactant content 

(0.001%) suffered from coalescence that led to fresh porous structure collapse and thus did not satisfy the 

requirements for good FC production. This is why their porous structures are not presented in Figure 5. With 

fixed surfactant content, a change of H2O2 content had a strong influence on FC density (Figure 4) and the 

porous structure was also modified. The initial amount of entrained air was assumed to be the same, as the 

surfactant content was the same. Increasing H2O2 content led to a less stable FC due to the large amount of gas 

produced. More bubble membranes were created, leading to an interconnected porous structure. 

250

300

350

400

450

500

550

600

2 1.5 1

0.05%
0.01%
0.008%
0.006%
0.004%
0.002%

Unmoulded density ρum [kg.m¯³] 

% H₂O₂ 

Su
rf

ac
ta

n
t 

co
n

te
n

t 

250

300

350

400

450

500

550

600

2 1.5 1

0.05%
0.01%
0.008%
0.006%
0.004%
0.002%

Dry density ρdry [kg.m¯³] 

% H₂O₂ 

Su
rf

ac
ta

n
t 

co
n

te
n

t 



17 

 

At low surfactant content (HP1S0.002 and HP1.5S0.002) some bubbles were quite big (diameter > 1.8 mm, deduced 

from the size of the pictures - 7.5 mm). The porous structure observed for these compositions was the 

equilibrium state achieved when the paste set. When the gas-off started, only a few small bubbles (entrained air) 

were trapped through the paste. At the beginning of the gas-off, numerous tiny bubbles appeared in the paste and 

started to grow. After a moment (depending on the H2O2 content), these small bubbles came in contact and 

membranes appeared between them because of the surfactant action. However, with low surfactant content, 

membranes could be broken, which tended to reduce the number of bubbles and increase their average diameter. 

A new equilibrium state was achieved and was maintained until the next coalescence. The number of 

coalescence occurrences decreased with increasing surfactant content. Thus, for a given H2O2 content, the higher 

surfactant content was associated with a thinner and more homogenous porous structure. 

Thus, controlling both H2O2 and surfactant contents allows FC with controlled density and porous structure to be 

produced. Porous structure modification might have an impact on the thermomechanical properties and will be 

discussed later. Controlling the porous structure may also be very interesting for other applications such as 

filtration [42] or energy storage systems [43,44]. This is a new result because FCs presented in the literature 

were produced with constant surfactant content, their porous structure usually being controlled by H2O2 content 

or paste rheology.  
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4.2.3 Thermal conductivity 

The FC thermal conductivity results are presented in Figure 6. All thermal conductivities were below 

0.14 W/(m.K). Excellent reproducibility was found, as the thermal conductivity coefficient of variation was 

always lower than or equal to 2.6% (Table 5). Thermal conductivity values decreased with decreasing density, 

and the density varied with the H2O2 addition. At constant H2O2 content, the density was nearly stable. Thermal 

conductivity decreased a little with surfactant content increase (Figure 4 (b)). This may, for example, explain 

why the thermal conductivity value of HP1.5S0.05 (ρ = 336 kg/m
3
; λ = 0.099 W/(m.K)) was lower than the thermal 

conductivity of HP1.5S0.002 (ρ = 358 kg/m
3
; λ = 0.113 W/(m.K)). However, at a given H2O2 content, thermal 

conductivity varied more (14.1%) than density did (6.5%) when the surfactant content moved from its lowest 

value to its highest (0.002 to 0.05%). This difference can only be explained by the strong modification of the 

porous structure presented in Figure 5. Thermal conductivity characterizes the ability of a material to transfer 

heat energy. The FCs produced were composed of an AAM matrix (HP0S0, ρ = 1950 kg/m
3
; λ = 1.12 W/(m.K) - 

Table 4) and air, with low thermal conductivity (ρ = 1.2 kg/m
3
; λ = 0.025 W/(m.K) at 20°C)). The matrix/air 

thermal conductivity ratio was around 45, which means that almost all the heat would be transferred through the 

solid matrix, which had the higher thermal conductivity. Because of the small size of the pores, natural 

convection can be neglected [45]. Increasing surfactant content, at fixed H2O2 content, promoted a thin porous 

structure. The tortuosity of such FC will be higher than the tortuosity of an FC produced with lower surfactant 

content. Pore tortuosity can be defined as the ratio of the effective path length to the sample length [46]. Heat 

transfer will be slowed by high tortuosity (high surfactant content). Thus, using high surfactant content seems to 

be appropriate to produce FC with good thermal insulation ability.  
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Figure 6. Effect of H2O2 and surfactant contents on AAM FCs thermal conductivity.  

In a recent paper, Samson et al. [40] presented the thermomechanical performance of classic lightweight 

concrete (lightweight aggregate concrete and FC). Classic FC was FC produced with binder that was not alkali-

activated (cement, gypsum, etc.). The thermomechanical properties of classic FC are presented in Figure 7. For 

the sake of clarity, all the data concerning classic FC have the same symbol (small grey squares) in Figure 7. 

Different markers are used for AAM FCs (information concerning these FCs is presented in Table 5). As can be 

seen in Figure 7, regardless of the binder used, thermal conductivity is highly correlated to density. The AAM 

FCs produced (filled red squares) presented low thermal conductivity in agreement with the low densities 

reached.  

 

Figure 7. Comparison of the thermal conductivity values obtained in the literature [17,23–26,28,29,40,47] 

and in this study. 
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4.2.4 Compressive strength 

The compressive strength results are presented in Figure 8. Most samples reached interesting compressive 

strengths. The highest was achieved by HP1S0.004 (fc = 3.34 MPa; ρ = 477 kg/m
3
). Compressive strength mostly 

depends on density; the FC produced with 2% of H2O2 had the lowest densities. However, for a given H2O2 

content, compressive strength was sensitive to surfactant content. A maximum compressive strength was 

obtained with 0.004% of surfactant, for different H2O2 contents (1, 1.5 and 2%). This dosage can be considered 

to be the optimized surfactant content. For example, with 2% of H2O2, the highest compressive strength was 

obtained by HP2S0.004 (ρ = 477 kg/m
3
; fc = 3.34 MPa), while adding (HP2S0.006; ρ = 480 kg/m

3
; fc = 3.05 MPa) or 

decreasing (HP2S0.002; ρ = 478 kg/m
3
; fc = 3.05 MPa) the surfactant content led to lower compressive strength. 

Simply by changing surfactant content, the compressive strength was increased by around 10%, at a constant FC 

density. With high surfactant content FC (HP2S0.05; ρ = 451 kg/m
3
; fc = 2.24 MPa), the density decreased by 5% 

and the compressive strength decreased by 33% with respect to the value obtained with the optimized surfactant 

content. As described in part 4.2.2, the porous structure evolved significantly with surfactant content. The porous 

structure of HP2S0.002 comprised several big bubbles that could act as local defects and cause premature failure of 

the FC (Figure 5). Doubling the surfactant content (HP2S0.004) strongly reduced the average radius of bubbles, 

giving a more homogeneous porous structure that presented higher compressive strength. Adding more 

surfactant reduced the average bubble radius further. Bubbles were more numerous, more connected and 

separated by thinner matrix walls. The load-bearing ability was decreased. This revealed that the optimized 

surfactant content of FC should be carefully determined to obtain FC with high compressive strength. Adding a 

lot of surfactant prevented coalescence problems but the porous structure was not optimized for bearing ability. 

For the optimized surfactant content, some coalescence occurred, leading to a homogeneous porous structure 

with medium diameter bubbles separated by wide matrix walls. The coalescence was controlled and optimized. 

It is possible that excessive surfactant content could also hinder alkali-activation of precursors.  

The optimized dosage found was the same for the three H2O2 contents. However, it can be guessed that there is a 

single optimal surfactant content for each density (each H2O2 content) [48]. The single optimal surfactant content 

should decrease with increasing H2O2 content. Further investigations with several surfactant contents around the 

optimized value could help to check if this hypothesis is correct. 
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Figure 8. Effect of H2O2 and surfactant contents on AAM FCs compressive strength. 

The compressive strength values obtained are compared to those for classic FC and AAM FCs in Figure 9. The 

FCs produced (filled red squares) exhibit good compressive strength considering their low densities. The FCs 

produced here present competitive results relative to both classic FC and AAM FCs. 
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Figure 9. Comparison of the compressive strength values obtained in the literature [15,17–21,23,24,26–

29,40,47,49] and in this study. 

5 Conclusion 

This study starts with the identification of optimized proportions between MK, GGBS and activor. The produced 

AAM matrix must present interesting mechanical capacity and moderate shrinkage. Moreover, AAM matrix 

should start to set after the end of H2O2 gas-off (180 minutes) which is used to create AAM FC porosity. The 

retained matrix composition (A₂₅MK₆₂.₅GGBS₁₂.₅) is then employed for AAM FC production. The influence of 

two main parameters (H2O2 and surfactant contents) on AAM properties (density, porous structure, thermal 

conductivity and compressive strength) were investigated. Lightweight AAMs were obtained with density from 

264 to 480 kg/m
3
. The following findings were made: 

 FC density mostly depends on H2O2 content. However, surfactant content also influences FC density 

because adding more surfactant results in more air being entrained during paste production, before H2O2 

insertion. However, this influence was much weaker than that of H2O2. 

 The FC porous structure depends greatly on both H2O2 and surfactant contents. High surfactant content 

FCs have a thin homogenous porous structure. Stable surfactant membranes were created between 

bubbles, which stabilized the porous structure. Reducing surfactant content led to FCs with larger 

bubbles, meaning that some coalescence occurred. Below a certain surfactant level, the fresh porous 

structure was not stabilized until the AAM matrix set and so the FC collapsed. 

 FC thermal conductivity ranges between 0.084 and 0.139 W/(m.K). FC thermal conductivity mostly 

depends on FC density and surfactant content in a lesser extent. At constant density, thermal 

conductivity was decreased by high tortuosity (high surfactant content).  

 FC compressive strength ranges between 0.53 and 3.34 MPa. It mainly depends on H2O2 content. At 

constant density, FC compressive strength depends on surfactant content. An optimized surfactant 

content (0.004%) maximizing FC compressive strength at constant density was found. 

 The FC produced exhibited competitive compressive strength in comparison with the FC found in the 

literature. 
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