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Abstract 15 

Alkali-activation and the combination of slag and fly ash are expected to improve the chemical 16 

stability of grouts designed for underground works. Sodium silicate activated grout mixtures 17 

have been designed with a liquid activator volume fraction of 75%. As the data related to such 18 

high water-to-solid ratios are scarce, a comprehensive study has been designed in order to 19 

determine the phase composition of these grouts and thus understand the influence of fly ash 20 

proportion on engineering properties of grouts at both fresh and hardened states. The reactivity 21 

at early-age is mainly provided by slag with a drop in strength from 60% of fly ash. Nuclear 22 

magnetic resonance (NMR), X-ray diffraction (XRD), and Fourier transform infrared 23 

spectroscopy (FTIR) have been used to investigate the phase assemblage at long term (700 24 

days). The alkali-activation of slag mainly produces a calcium silicate hydrate substituted with 25 

aluminum (C-A-S-H). From 20% of fly ash the C-A-S-H phase coexists with sodium 26 

aluminosilicate gel N-A-S-H, predominant from 60% of fly ash. 27 

Keywords: grouts, alkali-activated binder, fly ash, ground granulated blast-furnace slag, NMR, 28 

phase composition.  29 
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1. Introduction 30 

Deep soil-mixing consists in mixing the existing soil with a grout to improve its physical and 31 

mechanical properties. The method does not involve any compaction and therefore grouts 32 

generally have high wet fractions to achieve the necessary fluidity to obtain a homogeneous 33 

and uniform binder-soil mixture throughout the injection depth. The operating techniques 34 

require the elaboration of sufficient quantity of grouts which must be stable against bleeding 35 

during storage and before injection. From the structural point of view, the grout mixture is 36 

designed to provide the soil-grout composite material with adequate mechanical properties 37 

and durability in actual exposure conditions. These goals are usually attained and controlled 38 

by rheological testing, the monitoring of mechanical properties and chemical analyses. It 39 

should be noted that the addition of various chemical admixtures may also modify grouts 40 

properties after setting, although they are generally intended to improve first of all the 41 

rheological properties of the grout at fresh state. In order to avoid bleeding, several solutions 42 

can be envisaged, either by acting on the solid fractions, by the addition of natural or synthetic 43 

solids like bentonite or by acting on the liquid fraction by means of viscosity modifiers 44 

additions (stabilizing agents) [1,2]. Viscosity-Enhancing admixtures are water-soluble 45 

polymers, that include a natural polysaccharide-based polymer called xanthan gum, which is 46 

widely used to modify the viscosity of cement based materials [3,4]. Technically, several 47 

methods deal with the testing and measurement of properties at fresh state, namely: 48 

rheometry, mini-slump and Marsh cone test. The Marsh cone test is widely adopted as a 49 

workability test for the specification of cement-based grouts. It is commonly used for the 50 

quality control for injection purposes, thanks to its easy measurement compared to laboratory 51 

rheological tests [5–7]. 52 

Besides plain and blended cement-based materials, alkali activated materials (AAM) 53 

including metakaolin based geopolymers are also considered for soil improvement [8,9]. 54 
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Additionally, AAM can be designed from byproducts of several industries, for instance 55 

ground granulated blast furnace slag (GGBFS) and fly ash (FA), due to their relatively low 56 

cost and composition [10].  57 

The activation of slag by alkali-based and cement-based activating solutions generally 58 

provides the fresh and hardened materials with good engineering properties, even if the 59 

setting and hardening kinetics of some alkali-activated mixtures is still an issue [11]. The 60 

reactivity and the microstructure of activated slag mixtures have been widely studied and their 61 

main features are now rather well-known [12–14]. The reaction products mainly consist in 62 

calcium silicate hydrates substituted with aluminum (C-A-S-H) favored by the relatively high 63 

calcium content. Alkali-activated fly ash has already been used for deep soft soil 64 

improvement [15], but the authors observed a relatively slow development of strength [16]. 65 

Even if this type of material finally reached higher strength than cement-based material used 66 

in the same conditions, segregation was observed, and 3-month strength was only 40 to 60% 67 

of 1-year strength. The interest in such low-calcium alkali-activated materials remains high as 68 

they are expected to provide better chemical and physical stability in severe exposure 69 

conditions. Their microstructure has actually been shown to differ significantly from high-70 

calcium systems such as cement and slag. Reduced calcium and significant aluminum 71 

contents promote the formation of a highly polymerized aluminosilicate phase N-A-S-H [17].  72 

Binary slag-fly ash mixtures are thus expected to combine the interests of slag-based and fly-73 

ash based compositions in terms of the early age as well as the hardened state properties. For 74 

example, the easy dissolution of alumino-silicates from slag promotes the rapid setting and 75 

increases the strength while adding fly ash was found to delay setting, which could be 76 

exploited to control the setting time and hardening of the blend at the early age [18]. Varying 77 

the proportions of both precursors represents another parameter to meet the specifications for 78 

fresh state, short-term and long-term behaviors. The partial replacement of fly ash by slag 79 
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leads also to the improvement on the resistance to acids [19]. The publications related to these 80 

binary mixtures are still relatively scarce [20–23]. Most of published studies have dealt with 81 

compositions of relatively high dry fraction whereas grout mixtures are generally designed 82 

with significantly higher water-to-solid ratios. Due to the different reactivity of slag and fly 83 

ash, the microstructure of slag-fly ash mixtures strongly depends on curing time. This results 84 

in complex interactions between forming phases. C-A-S-H and N-A-S-H gels can coexist, as 85 

shown by studies were performed on synthetic materials [24,25], hybrid cements based on fly 86 

ash, and other binders. N-A-S-H resulting from the reaction of fly ash tend to evolve into 87 

(N,C)-A-S-H in the presence of calcium, however a part of N-A-S-H gel may remain 88 

depending on the calcium content on the mixture. The proportion of the reaction products was 89 

also found to depend on the alkalinity [26,27]. The existence of a hybrid sodium and 90 

aluminum substituted calcium silicate hydrate C-N-A-S-H has also been suggested [22]. 91 

Ismail et al. [22] studied samples with a relatively low water-to-binder ratio of 0.40. From a 92 

25% of fly ash they observed the formation of two distinct gels, C-A-S-H and N-A-S-H-type. 93 

From 50% a hybrid phase (N,C)-A-S-H gel was identified, and from 75% of fly ash C-A-S-H 94 

content was negligible. Their diagram was based on EDX, which does not fully describe the 95 

structure of the so-called hybrid phase. EDX actually provides the proportion of elements but 96 

not the atomic bonding and environment of elements. Other studies did not include NMR 97 

[18,21] although investigating the environments of aluminum and silicon through this 98 

technique allows a deeper investigation of the phase assemblage of alkali-activation products. 99 

This phase composition can then be used to understand the evolution of engineering 100 

properties. Several studies focused on the microstructure and phase assemblage [20,28], thus 101 

they do not allow understanding the influence of initial composition on macroscopic 102 

properties [29]. The engineering properties and long-term phase composition of fly ash-slag 103 
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grouts with high water-to-solid ratio are still not well known, hence the need for a 104 

comprehensive study based on relevant experimental techniques. 105 

This work is a part of a testing program aimed at designing and studying diluted grouts from 106 

different raw materials in order to optimize the mix-design of grouts to be used for deep soil-107 

mixing. The durability of grouts was not in the scope of the study. Previous studies have 108 

shown the influence of chemical composition and phase assemblage on the resistance to 109 

aggressive waters. For instance the CaO content was found to influence the organic acid 110 

resistance of alkali-activated binders [30]; geopolymers showed better durability in strongly 111 

acid solutions [31], hence the need for studying the long-term phase assemblage of a wide 112 

range of compositions. The engineering properties include the properties at fresh and hardened 113 

states [1,2,16]. Fly ash and slag proportions have been varied from 0 to 100% keeping the 114 

composition and the proportion of the sodium silicate activating solution constant. A 115 

preliminary study allowed determining the minimum content of organic stabilizer necessary to 116 

avoid bleeding of the grout for a given proportion of FA. The short-term characterization 117 

includes Marsh cone, isothermal calorimetry, compressive strength, and scanning electron 118 

microscopy (SEM). The investigation on phase composition requires experimental techniques 119 

giving access to the molecular structure. The magic angle spinning nuclear magnetic resonance 120 

(MAS NMR) has been reported to be a useful tool to study aluminosilicates [28]. The 121 

composition of hardened grouts at long-term has also been investigated using X-ray diffraction 122 

(XRD), and Fourier transform infrared spectroscopy (FTIR). 123 

2. Materials and methods 124 

2.1 Materials 125 

Two types of raw materials are required to design the studied grouts, namely: precursors and 126 

liquid activator (Table 1). The dry fraction is composed of ground granulated blast furnace slag 127 

(GGBFS) from Fos, France and fly ash (FA) from Hornaing, France. The liquid fraction, 128 
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which will be called activation solution, consists of sodium hydroxide mixed with a 129 

commercially available sodium silicate solution (Table 1). Silicate solution used in this study 130 

provides a SiO2/Na2O molar ratio (modulus) of 1.7 and 44wt% of dry matter. It is noteworthy 131 

that this molar ratio is relatively low. The sodium silicate solution used in this study has been 132 

especially designed by the provider with higher initial Na2O content to minimize NaOH adding 133 

during the preparation of grouts, as the dissolution of NaOH can be a hazardous operation. The 134 

liquid activator was actually prepared by mixing the sodium silicate solution with a 0.2 M 135 

NaOH solution. Commercial sodium silicate solution generally have a modulus around 3. The 136 

activator used in this study is equivalent to a sodium silicate solution of modulus of 3 mixed 137 

with a 3.9 M NaOH solution. As needed, an appropriate amount of stabilizing agent is added 138 

during mixing (Table 3).  139 

The particle size distributions of dry powders were obtained using submicron NICOMP 380 140 

granulometer with distilled water as a dispersant. Interactions between analyzed powders and 141 

water were possible but these were not expected to affect their properties due to short testing 142 

time. The specific surface area (SSA) was determined through an analysis from Brunauer, 143 

Emmett and Teller (BET) theory. 144 

 145 

Table 1. Raw materials. 146 

Component 
Content, 

Commercial name 
Density (g/l) 

Water Demineralized water 1000 

NaOH 
Sodium hydroxide pellets 

Sigma Aldrich 
1460 

Sodium silicate Sodium silicate solution, Geosil 1550 

Stabilizing agent 
Xanthan gum-based admixture 

Betolin V30 
750 

GGBFS 
Ground granulated blast furnace slag, 

Ecocem 
2900 

Fly Ash Fly ash powder, Silicoline 2240 
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 147 

GGBFS and FA have d10, d50 and d90 diameters of respectively 2 µm, 11 µm and 30 µm, and 6 148 

µm, 39 µm and 175 µm. They reflect a fine distribution for both powders. The specific areas 149 

are 0.45 m2/g for GGBFS and 1.24 m2/g for FA. Such fine particles are suitable to improve 150 

the reactivity of precursors and ensure then good early-age reactivity.  151 

The chemical compositions, obtained from XRF analysis, are presented in Table 2. GGBFS 152 

mainly consists of silica (37.2 wt.%), alumina (10.5 wt.%), and a significant proportion of 153 

CaO (43.2 wt.%). The fly ash was characterized by a silica content of 50 wt.%, an alumina 154 

content of 20 wt.%, and a high proportion of iron oxide (8.5 wt.%). 155 

 156 

Table 2. Quantitative chemical composition of powders (wt.%) and properties of powders. 157 

 SiO2 Al2O3 CaO Fe2O3 MgO SO3 Cl TiO2 Na2O 
Median 

Diameter 
(µm) 

Density 
(g/cm3) 

BET 
(m²/g) 

Packing 
density 
(vol. %) 

GGBFS 37.2 10.5 43.2 0.6 7 0.1 0.01 0.5 0.6 10 2.89 0.45 44.4 
Fly ash 50 20 1 8.5 3 0.6 0.04 1 0.6 38 2.24 1.24 62.6 

 158 

X-ray diffraction patterns of dry materials precursors used in this study are shown in Figure 1. 159 

The diffractogram of fly ash shows the characteristic peaks of quartz (SiO2, PDF # 01-083-160 

2466), mullite (Al2.4Si0.6O4.8 PDF# 01-073-1389) and iron oxide (maghemite) (Fe2O3, PDF# 161 

01-089-5892) as major crystalline phases. These peaks are overlapped with a hump at (15°-162 

38°) 2θ range that corresponds to an amorphous fraction. GGBFS is mainly composed by 163 

amorphous phases, as only an isolated hump can be observed at (20°-38°) 2θ range. 164 

 165 



8 

 

 166 

Figure 1. XRD pattern of fly ash and ground granulated blast furnace slag. 167 

 168 

It can be concluded from the physical properties and mineralogy of raw powders that they can 169 

represent good candidates for the alkali-activation. 170 

 171 

2.2 Mixture compositions and sample preparation 172 

The specifications on grouts generally include performances at the fresh and hardened states. 173 

This study was aimed at providing relevant data for designing fluid but stable grouts with good 174 

mechanical performances and elaborated with relatively low-carbon raw materials. Given their 175 

intended use i.e. a technique of deep soil-mixing, the grouts are sought to ensure low viscosity 176 

in terms of Marsh flow time, low bleeding within 24 hours (< 5%), and a compressive strength 177 

higher than 5 MPa at 28 days. 178 

In order to design an optimized and stable binary mixture incorporating fly ash, it was first 179 

necessary to determine the influence of solid fraction. Bleeding decreased with the volume 180 

fraction of powders. The same finding was also indicated in a similar work [2]. Therefore, a 181 
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water-to-solid ratio of the order of 0.70 was found to give a good compromise between 182 

stability and fluidity in accordance with the operating specifications indicated above. This ratio 183 

is considered as a basis for choosing the dry matter proportions of this study. The design of 184 

optimized slag-fly ash binary mixtures was derived from a stable 100 wt.% grout of GGBFS. 185 

GGBFS was replaced by increasing proportions of FA up to 100 wt.%. The total volume of 186 

powders (GGBFS and FA) was kept constant at 25% of the volume of the mixture; the volume 187 

fraction of the liquid activator was 75%. As the bleeding tends to increase with slag 188 

replacement, different amounts of xanthan gum (0, 0.2, 0.4 and 0.6% of activator) were added 189 

as a stabilizer.  190 

A 0.2M NaOH solution is prepared by adding chemical grade NaOH pellets in demineralized 191 

water. This solution is mixed with the sodium silicate solution, then the stabilizer is added. As 192 

indicated in the product specifications, this is stable towards acids and alkalis. After the 193 

preparation of the activating solution, dry materials were added. Different mixtures with 194 

variable stabilizer contents have been prepared, in order to select stable mixtures (Table 3). 195 

Only stable mixtures were fully characterized as indicated in section 2.3. 196 

Table 4 gives the corresponding theoretical molar ratios of the studied mixtures. The values of 197 

limit 1 were calculated without taking into account the dissolution of fly ash. The limit 2 198 

corresponds to full dissolution of fly ash. This second limit is theoretical as the fly ash contains 199 

crystalline phases that cannot be dissolved even after significant reaction time. The actual 200 

behavior of the studied mixtures is expected to figure between these two limits. These two 201 

assumptions are used to discuss the influence of the generally slower reactivity of fly ash in 202 

alkali-activated mixtures (section 3). 203 

 204 

 205 
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Table 3. Compositions of studied mixtures. 206 

Designation 

Powder 

proportions 
Dry materials Activating solution  

 
 Water

Solid  
GGBFS 

(wt. %) 

FA 

(wt. 
%) 

GGBFS 

(g) 
FA 

(g) 

Sodium 

silicate 

(g) 

NaOH 

(0.2 

mol/l) 

(g) 

Stabilizer 

(wt. %) 

G100FA00 100 0 740 0 583 370 0 0.70 

G80FA20 80 20 592 114 583 370 0.2 0.72 

G60FA40 60 40 444 229 583 370 0.4 0.75 

G40FA60 40 60 296 343 583 370 0.6 0.78 

G20FA80 20 80 148 457 583 370 0.6 0.81 

G00FA100 0 100 00 571 583 370 0.8 0.84 
 207 

Table 4. SiO2 – Al2O3 – CaO diagram of studied mixtures 208 

 

Studied mixtures 

(molar ratios) 

SiO2 – Al2O3 – CaO diagram 

Limit 1: 

No dissolution of FA 

Limit 2: 

Full dissolution of FA 

Ca/(Al+Si) Al/Si Na/Al SiO2 Al2O3 CaO SiO2 Al2O3 CaO 

G100FA00 0.71 0.21 4.4 53 6 42 53 6 42 

G80FA20 0.57 0.23 4.0 55 5 40 57 7 36 

G60FA40 0.42 0.25 3.7 58 5 37 63 8 30 

G40FA60 0.28 0.27 3.4 63 4 32 69 9 22 

G20FA80 0.14 0.28 3.2 73 3 23 76 11 13 

G00FA100 0.01 0.30 3 100 0 0 86 13 1 
 209 

2.3 Experimental techniques 210 

Several techniques have been implemented in the experimental program considered in this 211 

investigation. This program combines analyses to characterize the raw materials, to monitor 212 

the evolution of the reaction products during the hardening stage as well as to evaluate the 213 

phase composition of the hardened grouts at longer term. This comprehensive study was meant 214 

to investigate the influence of the chemical and microstructural changes on the development of 215 
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engineering properties, such as compressive strength. Isothermal calorimetry provides the time 216 

evolution of chemical reactivity; XRD, FTIR, and NMR allow identifying the reaction 217 

products at long-term. The microstructure was directly observed with scanning electron 218 

microscopy (SEM). During the first 28 days, the evolutions of heat release, strength, and 219 

microstructure can thus be compared. Table 5 summarizes the ages of grout samples for each 220 

characterization method used during this study. The FTIR and NMR characterizations of slag 221 

and fly ash are given as supplementary materials (Appendix A). 222 

 223 

Table 5. Investigated properties: nature, characterization method and samples age. 224 

Nature Characterization method Age of samples 

Fresh state and hardening 
Bleeding During the first 24 hours 

Isothermal calorimetry During the first 7 days 

Hardened early age properties 
Mechanical properties 7 days and 28 days 

SEM observations 28 days 
Mineralogical and 

nanostructural study in 
hardened long-term systems 

XRD  
700 days 

 
FTIR 

29Si and 27A1 NMR MAS 
 225 

 226 

2.2.1 Marsh cone 227 

Flow time was obtained from Marsh cone according to standard EN 445. In terms of 228 

engineering properties, the mix-design is expected to minimize bleeding, Marsh flow time, and 229 

heat release. Mash cone is often used to characterize the viscosity of grouts although the flow 230 

time does not only depend on this rheological parameter [32]. 231 

 232 

 233 

 234 



12 

 

2.2.2 Bleeding test 235 

The aim of bleeding tests is to characterize the stability of the grout. The bleeding rate (∆�
�� 236 

is evaluated by measuring the distance between the separation of liquid and solid fractions and 237 

the top of the tube (H0) (Figure 2). 238 

 239 

 240 

Figure 2. 24h bleeding of 100 wt.% fly ash grout. 241 

The suspensions are placed in a bleeding test tube (transparent cylinder of height �� �9 cm 242 

and 4cm diameter) and left to rest for 24 hours. Bleeding is calculated according to the 243 

equation (1) [2]. Only stable mixtures corresponding to zero-bleeding were fully characterized 244 

thereafter. 245 

      ∆H
� � ��
�� � 100     (1) 246 

 247 

2.2.3 Isothermal calorimetry 248 

The reactivity of studied mixtures at early age is investigated by monitoring the heat flow 249 

(dQ/dt), released during the reaction, from the end of mixing for the first 7 days. Fresh grouts 250 

are mixed and poured into ampoules, sealed then immediately placed in a TAM AIR 251 

isothermal calorimeter at a temperature of 20 °C. The cumulative heat was deduced by the 252 

integration of the measured flux. By plotting the cumulated heat as a function of 1/√t, a linear 253 
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evolution is obtained for small values of (1/√� ) as shown in Figure 3. This allows 254 

determining the ultimate value of released heat, as the intersection with Y-axis, then the value 255 

at 28 days. 256 

 257 

 1 258 

 259 

Figure 3. Heat extrapolation method on G40FA60 data. 260 

 261 

2.2.4 Compression tests 262 

Compression tests on 4x4x4 cm3 cubic samples provided the strength of the hardened grouts 263 

cured at 20 °C in sealed conditions and then tested at 7 and 28 days. These tests were 264 

performed on a universal testing machine at a loading rate of 1 kN/s. 265 

 266 

2.2.5 Scanning electron microscopy 267 

JEOL type scanning electron microscope (SEM) was used for the observation of polished 268 

specimen surfaces under partial vacuum. The pressure in the specimen chamber was 50 Pa 269 

and the accelerating voltage was 20 kV. 270 

 271 
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2.2.6 X-ray diffraction and FTIR 272 

Mineralogical analysis of raw powders and hardened grouts was conducted using X-ray 273 

diffraction (Bruker AXSD4, Cu Ka = 0.154 nm) and Fourier transform infrared spectroscopy 274 

(FTIR) whose spectra were collected, using a Shimadzu spectrometer, in transmittance mode 275 

from 400 to 4000 cm-1 using standard KBr technique. Spectra were normalized with correction 276 

of the baselines without any influence on the positions, widths or intensities of the bands.  277 

2.2.6 Nuclear magnetic resonance spectroscopy 278 

If XRD is mainly used for characterizing crystalline structures, nuclear magnetic resonance 279 

spectroscopy (NMR) combined with FTIR are considered as an appropriate technique for 280 

studying the bonding and environment of elements thus the phase composition of amorphous 281 

and semi-crystalline alumino-silicates of high heterogeneity. For NMR spectroscopy, 80 mg 282 

of grounded specimens were packed into 4 mm zirconia rotors. 29Si and the 27A1magic-angle 283 

spinning nuclear magnetic resonance (MAS NMR) were acquired using a 6000 MHz Bruker 284 

Advance III spectrometer with operating frequencies of 119 MHz. For 29Si the rotor spun at 8 285 

kHz with an excitation pulse of 3.5μs and a recycle time of 15 s. For 27A1, the rotor spun at 10 286 

kHz with an excitation pulse of 1.8μs and a recycle time of 5 s. Spectra were referenced 287 

against Tris(trimethylsilyl)silane; ([(CH3)3Si]3SiH) for 29Si and Al(NO3)3 for 27Al. Gaussian 288 

line model was used for deconvolution of 29Si MAS NMR spectra. As recommended by 289 

several recent studies, the minimum possible of peaks were fitted by considering the full 290 

width at half height (FWHH) constant [33,34]. Peak positions and widths were kept constant 291 

throughout all spectral deconvolutions, peak locations are based on the available literature 292 

[14,34–36]. 293 

 294 

 295 

 296 
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3. Result and discussions 297 

3.1 Properties of fresh grouts 298 

Figure 4 shows the influence of stabilizer content and FA proportion on bleeding. Bleeding 299 

increased with FA proportion, but relatively low admixture contents (up to 0.6% of the 300 

activator) allowed mitigating bleeding, excepted for FA100 mixture. 301 

Higher replacement of slag by fly ash lead to higher stabilizer content needed for reaching zero 302 

bleeding (Table 3). Only stable mixtures were fully characterized. It should be noted that 100 303 

wt.% FA mixture did not develop significant mechanical properties during the first 28 days; 304 

therefore it will not be considered in this work. Stabilized compositions, associated to the 305 

required stabilizer amount, are described in Table 3. They were subjected to several 306 

characterization methods, at both the fresh and the hardened state. 307 

 308 

 309 

Figure 4. Bleeding after 24 hours versus GGBFS content and stabilizer amount. 310 

 311 
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The Marsh flow time also increased with xanthan gum content (Table 6). Only G100FA00 and 312 

G80FA20 mixtures showed values lower than 2 minutes [2], which is generally recommended 313 

for the process. The increase in flow time could be explained by higher viscosity of the 314 

activating solution. In a previous study, the rheological characterization of the same activating 315 

solution revealed that the viscosity significantly increases with the increase of the amount of 316 

xanthan gum [2]. The stabilizer also induces an increase in the yield stress of the solution, 317 

which prevents the decantation of solid particles. 318 

 319 

Table 6. Marsh flow time of stabilized grouts. 320 

Mixtures 
Marsh flow 

time (min) 

G 100 FA 00 1.00 

G 80 FA 20 1.33 

G 60 FA 40 4.50 

G 40 FA 60 9.40 

G 20 FA 80 11.5 
 321 

3.2 Short-term reactivity and strength development 322 

The reactions triggered by alkali activation are mainly exothermic. Monitoring the heat 323 

release is thus a useful method to understand the transformations of alkali activated materials 324 

at early ages. In this section, the data provided by isothermal calorimetry are thus presented 325 

and compared with the strength development of the studied mixtures and their microstructure 326 

observed with SEM. All the results are related to the stable grouts described in Table 3. It 327 

should be noted that calorimetric responses were found to be independent from the xanthan 328 

gum content [2]. This study actually showed that the used stabilizer did not act on the packing 329 

density of the powders, by a deflocculating effect for example. The contact area between the 330 
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powders and the activator was not influenced by the stabilizer and thus the reaction rate was 331 

not affected. 332 

 333 

 334 

   V 335 

Figure 5. Released heat per unit weight of grout (A) and Reaction advancement (B) 336 

The cumulated heat at 7 days has been directly deduced from cumulated heat experimental 337 

data (Figure 5.A) and the cumulated heat at 28 days has been determined by extrapolation 338 

using 1/√t function [37]. This extrapolation will allow to compare the heat release (Table 7) 339 
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and strength development at 7 and 28 days. The data highlight an optimum released heat of 340 

the G80FA20 mixture, at 7 and 28 days. The reaction advancement (Figure 5.B) has been 341 

determined from the calorimetry data as the ratio of cumulated heat to ultimate heat, and 342 

plotted in Figure 5.B. The replacement of BFS by FA affected the ultimate heat (Table 7) but 343 

it had a lower influence on the reaction kinetics during the first seven days. 344 

The general trend was a decrease of released heat with FA proportion. This indicates a lower 345 

reactivity of FA at early age. FA is known to be much less reactive, with a slow 346 

transformation kinetic compared to GGBFS [21]. However, if this was the only parameter 347 

affecting the heat release of studied mixtures, the mixture with 20% FA (G80FA20) would 348 

not show the highest value. G80FA20 showed higher values than G100FA00, which suggests 349 

that other phenomena influence the overall reactivity of the binary mixtures. 350 

Zhang et al. [38] and Aboulayt et al. [2] actually observed that the variations of heat flow and 351 

cumulated heat were not proportional to fly ash content. The effect of fly ash was less 352 

pronounced for relatively low fly ash proportions, for instance 20%. On the one hand, the 353 

activator content and its composition were kept constant in all mixtures. This is likely to 354 

accelerate the reaction of the most reactive powder, here GGBFS, due to higher activator to 355 

GGBFS ratio. One the other hand the reduction of the GGBFS content, which is easily soluble 356 

in comparison with fly ash, results in lower concentrations of the silicate and aluminate 357 

species necessary for the geopolymerization, which is likely to delay and make slower the 358 

overall reaction of fly ash whose dissolution is generally affected by OH concentration. The 359 

Fly ash could dissolve even more using high NaOH concentrated solution.  360 

It is generally agreed that the hydration of alkali activated GGBFS is close to that of Portland 361 

cement-based systems, although reaction products are not necessarily the same. This 362 

transformation includes several mechanisms such as the dissolution of slags by a hydroxylic 363 
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attack, the nucleation and growth of initial formed phases whose contours undergoes several 364 

chemical interactions and reagent diffusion into the formed products [39]. 365 

In the literature, three simultaneous and rapid stages have been proposed. The activation of fly 366 

ash is primarily initiated, under highly basic environment, by dissolution of silicates and 367 

aluminates species; the interest of this stage is to enrich the medium with sufficient reactive 368 

precursors. The second stage is the polycondensation and formation of a so-called gel phases 369 

due to the restructuration and the rearrangement of precursors. The last step is the hardening 370 

of the gel phase [40] 371 

 372 

Table 7. 7 days (Q7d), 28 days (Q28d), and ultimate values (Q∞) of released heat.  373 

 Released heat  
(10-2 kJ/g) 

 Q7d Q28d Q∞ 

G100FA00 11.13 12.65 14.17 
G80FA20 12.03 13.80 15.56 
G60FA40 8.86 10.14 11.41 
G40FA60 6.50 7.48 8.459 
G20FA80 4.29 4.79 5.29 

 374 

Zhang et al. [38] observed that the partial replacement of metakaolin by fly ash decreases the 375 

contact surface area of solid particles with alkaline solution and the reactivity of solid raw 376 

materials, resulting in a lower initial reaction rate and a longer reaction duration. They found 377 

an optimum replacement level of 10%. At this proportion the beneficial effect of the increase 378 

in the reaction extent was higher than the decrease of the average reactivity of raw materials. 379 

This low FA proportion also leads to an optimum in compressive strength at 7 and 28 days. 380 

Figure 6 shows the evolution of the compressive strengths of the stabilized grouts. Replacing 381 

GGBFS by FA globally leads to a lower strength. Compressive strength at 7 days reduces from 382 

10.58 MPa to 1.47 MPa from 100 wt.% to 20wt.% of GGBFS, while at 28 days it decreases 383 
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from 14.47 MPa to 2.63 MPa. The evolution of the compressive strength presents an optimum 384 

at a replacement rate of 20 wt.% after 7 days and shifts towards 40 wt.% after 28 days. 385 

 386 

 387 

Figure 6. Compressive strengths at 7 and 28 days versus the GGBFS replacement. 388 

 389 

Observed evolution can be explained by several reasons. One of the main factors is the 390 

difference between the reactivity of GGBFS and FA. At 7 days the highest strength 391 

corresponds to the optimum at cumulated heat release, whereas at 28 days the highest strength 392 

corresponds to 40% of FA. Thus the evolution of mechanical properties cannot be only 393 

correlated with the reactivity of the mixture; it could be due to different microstructures. Two 394 

phenomena are likely to modify the evolution of the studied materials. With increasing fly ash 395 

proportion, i) the activator to GGBFS ratio increases, which is likely to foster the reactivity of 396 

slag at early age, while FA has not significantly reacted yet; ii) the packing density of the 397 

powders mixture increases, as FA has higher packing density than GGBFS (see Table 2), the 398 

unreacted FA particles are likely to reinforce the composite microstructure such as coarse 399 
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aggregates in concrete mixtures. Figure 7 shows the SEM pictures of polished samples at 28 400 

days.  401 

 402 

   403 
-a-                                                                    -b-  404 

   405 
-c-                                                                       -d-  406 

 407 
-e- 408 

Figure 7. SEM pictures of studied grouts: (a) G100FA00 (b) G80FA20 (c) G60FA40 (d) 409 

G40FA60 (e) G20FA80. 410 
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Cracks can be observed in all specimens. They are due to drying shrinkage as grout samples 411 

are exposed to low vacuum in SEM chamber. Unreacted GGBFS particles appear in light grey 412 

and FA particles are mostly spherical. The proportion of unreacted GGBFS seems to decrease 413 

from G100FA00 to G60FA40 due to the reactivity of the precursors as well as the dilution 414 

effect imposed by the mix design limiting dissolution of FA. The SEM pictures of G80FA20 415 

and G60FA40 mixtures show some coarse unreacted GGBFS and FA particles embedded in a 416 

dense matrix. The most homogeneous aspect corresponds to G80FA20, which is consistent 417 

with its highest strength. G40FA60 and G20FA80 show more porous matrix with numerous 418 

partially reacted FA particles; these mixtures actually had significantly lower strengths. 419 

 420 

3.3 Products of alkali activation at long term (700 days) 421 

The microstructure of hardened grouts mainly consists in macroporosity, unreacted particles 422 

and a more or less homogenous phase resulting from the reaction between activating solution 423 

and precursors. This phase contains the products of alkali activation. Experimental techniques 424 

such as NMR and XRD have been used to investigate its composition and understand the 425 

reactivity of binary GGBFS-FA mixtures. The results presented in this section are related to 426 

the stable grouts described in Table 3. 427 

 428 

Figure 8 represents the XRD patterns of all the elaborated GGBFS-FA blends. Several 429 

crystalline phases are overlapping with other phases in some diffraction angles.  430 

As detected, the alkali activated slag grout contains an aluminum substituted tobermorite-like 431 

phase (Ca5Si5Al(OH)O17∙5H2O, PDF # 00-019-0052) as the main reaction product of the 432 

alkali-activation of slag. G100FA00 XRD pattern shows the presence of characteristic peak of 433 

calcite (CaCO3, PDF# 00-005-0586), as the samples probably suffered a slight carbonation 434 

[22]. 435 
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When slag is replaced by fly ash, new crystalline phases are detected. The intensity of 436 

characteristic peaks of tobermorite decreases, especially between G60FA40 and G40FA60. 437 

Instead, new zeolitic crystalline structure similar to the garronite (NaCa2.5(Si10Al6)O32·14H2O, 438 

PDF# 00-039-1374) appears for mixtures with high amount of fly ash (G40FA60 and 439 

G20FA80 mixtures), possibly resulting from the incorporation of sodium in C-A-S-H gel 440 

structure [41,42]. The formation of garronite, also known as zeolite P (NaP) [43], has been 441 

previously identified in sodium silicate activated slag/fly ash binders and cured at 30 °C [22]. 442 

Characteristic peaks of unreacted phases from FA particles are detected, namely quartz, 443 

mullite, and iron oxide (maghemite) are detected. The mineralogical characterization of 444 

mixtures with high fly ash content also highlights a noteworthy displacement of the fly ash 445 

amorphous hump from (15°-38°) to (21°-40°) 2θ ranges in FA-rich mixtures. This suggests 446 

that a new amorphous structure, different from that coming from fly ash, was formed. 447 

However it is difficult to detect C-S-H originating from the pozzolanic reaction and/or slag 448 

hydration by XRD analysis, because of their mainly amorphous character [44]. 449 

 450 

 451 

Figure 8. XRD patterns of elaborated grouts.  452 
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 453 

Figure 9 shows the FTIR analysis of the materials after 700 days. FTIR spectra of all mixtures 454 

show similar characteristics due to common alkali-activation products. They highlight a 455 

succession of several weak and strong bands between 450 and 4000 cm-1.  456 

The bands at approximatively 454 cm-1 are related to the deformation of SiO4 tetrahedra. The 457 

band at 740 cm-1 identify the symmetric stretching vibrations of Si-O-Si and Al-O-Si [22,41]. 458 

The band at 1470 cm-1 is assigned to the asymmetric stretching mode of the O-C-O bonds of 459 

CO3
2- groups. Carbonate is generally reflected in the infrared spectral region of (1410–1570) 460 

cm–1 [45,46]. The band between 900 cm-1 and 1300 cm-1 is assigned to the asymmetric 461 

stretching mode of the Si-O-T, where T is Si or Al, and reflects the formation of both C-(A)-S-462 

H gels resulting from the activation of GGBFS and N-A-S-H gels as well as zeolites formed 463 

from the activation of fly ash [49–51]. This large band represents the main difference between 464 

the studied spectra. The band is centered at 960 cm-1 for materials containing 100 and 80% of 465 

GGBFS (G100FA00 and G80FA20 respectively) and it shifts slightly to higher frequencies 466 

(from 960 to 1000 cm-1). The position at 960 cm-1 is typical of the asymmetrical stretching 467 

vibration of CASH gel. With the increase of the FA content that band is much more broader 468 

and shifts to higher wavenumber, probably as the result of the overlapping of several 469 

components; reaction products (CASH, NASH or (N;C)-A-S-H) and unreacted FA. The 470 

simultaneous activation of fly ash and slag leads to the formation of a geopolymer gel which 471 

contributes to decrease Al content incorporated into the C-A-S-H type gel, and induces its 472 

structural reorganization [22,41,42], The bands at 1650 cm-1 and the large one around 3450 473 

cm-1 are characteristic of water vibration, in its bonded or adsorbed form [2]. The intensity of 474 

the band is high for G100FA00 and G80FA20 spectra, and low for G60FA40 to G20FA80 475 

mixtures. Chemically bound water is mainly found is C-(A)-S-H structure, which is more 476 

clearly seen in samples with high GGBFS content as confirmed by XRD analyses (Figure 8). 477 
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All FTIR observed bands of this work and their attributions as well as references are 478 

summarized in Table 8. 479 

 480 

Figure 9. FTIR analysis of hardened grouts samples. 481 

 482 

Table 8. Characteristic IR vibrational bands of stabilized formulations. 483 

Wavenumber 
(cm-1) 

Assignment References 

454 Bending vibration of Si-O-Si and O-Si-O [41] 
740 Symmetric stretching vibrations of Si-O-Si and Al-O-Si [22,52] 

870 
Asymmetric stretching mode of the O-C-O bonds of 

carbonates 
[45,46] 

900-1300 
Asymmetric stretching mode of the Si-O-T 

(T: tetrahedral Si or Al), 
 

[49,50] 

1470 
Asymmetric stretching mode of the O-C-O bonds of 

carbonates 
[45,46] 

1650 
-OH vibrations of water [2,50] 

3450 
 484 

 485 

27Al and 29Si MAS-NMR results of all GGBFS and FA blends are depicted in appendixes 486 

figures A.4 and A.5. The Figure 10 shows the 29Si NMR spectrum of the G100FA00 grout , 6 487 
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new silicon environments are detected, in addition to a still unreacted slag. The peak of 488 

remaining unreacted slag is weak, as the transformation of slag has been promoted by the 489 

combined effect of the proportion and composition of the activation solution as well as the 490 

significant age of samples (700 days). The slag to activation solution ratio was relatively low.  491 

 492 

 493 

Figure 10. Deconvoluted 29Si MAS NMR spectra of alkali activated G100FA00 blends 494 

 495 

The deconvoluted peak located at -76.1 ppm is assigned to Q0 sites; peaks at approximately -496 

77.8 ppm and -79.0 ppm are attributed to silicate species in chain-end Q1 of which two are 497 

often observed (Q1
a and Q1

b) [14,34]. Peaks located at a chemical shift of -82.0 ppm and -85.1 498 

ppm are assigned to Q2(1Al) and Q2 respectively. It is reported that distinct resonances from 499 

Q2 units can often be observed within C-A-S-H gels; they are assigned to the paired and 500 

bridging units [34,53]. The -89.7 ppm resonance is assigned to the crosslink Q3(1Al) sites 501 

which are overlapping with a Q4(4Al) sites. The presence of crosslink Q3(1Al) sites in alkali 502 

activated slag was recently mentioned [54]. Q4(4Al) units were included by considering the 503 

presence Q4(3Al) sites at -92.3 ppm. Those four-connected silicates are related to the 504 
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formation of an additional polymerized Al-rich aluminosilicate phase. When fly ash is added, 505 

peaks are clearly isolated, well-resolved and more pronounced at low chemical shifts when the 506 

replacement of GGBFS by FA increases. For the GGBFS-FA blends, 29Si deconvolution was 507 

performed by considering a single peak for Q1 and Q2 peaks to achieve a good fitting as used 508 

in several studies [14,23,35,55].  509 

On the 27Al spectrum of G100FA00 (Figure A.4), two distinct aluminum environments are 510 

detected. An asymmetric band around +67 ppm is attributed to three tetrahedral aluminum 511 

environments: unreacted slag underlying the spectra, Al(IV) incorporated in the Q2(1Al) and 512 

Q3(1Al) units with bridging conditions inside (C,N)-A-S-H [56] gels as proven by 29Si NMR 513 

spectrum, and a third tetrahedral environment at +74 ppm (see below 29Si MAS-NMR). 514 

Walkey et al. [25] also observed a narrow resonance at +76 ppm attributed to the aluminum in 515 

a well-defined tetrahedral coordination. The aluminate sharp, less intense peak and centered at 516 

+10 ppm is assigned to aluminum with octahedral coordination within a secondary product of 517 

the slag alkali-activation. This phase is not crystallized enough to be clearly detected by XRD. 518 

It can be assigned to a hydrotalcite like phase due to the non-negligible MgO content of slag 519 

(Table 2). Hydrotalcite is known to be a product of alkaline activation of Mg-rich slags, and 520 

usually considered as a poorly crystallized phase and therefore difficult to detect by XRD [57]. 521 

The high sensitivity of 27A1 NMR compared to 29Si allows the detection of relatively small Al 522 

contents in secondary reaction products [28].  523 

When fly ash is added, we note a decrease of the intensity of Al(IV) species due to the quasi 524 

disappearance of the peak at 74 ppm, indicating a probable decrease of C-A-S-H gels. It should 525 

be noted that aluminum within amorphous N-A-S-H phases is known to appear below +60 526 

ppm in 27Al NMR MAS [23]. The peak at 10 ppm decreases and disappears for FA proportions 527 

higher than 20%, probably due to the depleting of magnesium in the system related to the 528 

replacement mod of GGBFS by Fly ash. In all samples, pentahedral aluminum is close to zero. 529 
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Table 9 summarizes the deconvolution results of alkali activated slag-fly ash blends. For 530 

G80FA20 and G60FA40, the predominant newly formed Q0, Q1, Q2(Al), Q2 and Q3(1Al) 531 

groups identify the main reaction products of alkali-activated slag. These can be described as 532 

poorly crystalline calcium silicate hydrates with dreierketten-type structure and close to a 533 

tobermorite like structure [54,55,58]. The products resulting from the alkali activation of fly 534 

ash appear around -90 ppm, -94 ppm, -98 ppm and -102 ppm. They are assigned to silicate 535 

tetrahedra which are connected to tetrahedral aluminate (Q4(nAl)) where n = 1, 2, 3, and 4), 536 

announcing therefore the structuration of geopolymer as well as a zeolites products known to 537 

be detectable between -85 ppm and -110 ppm [36]. The detection of Q3(1Al) units in the 538 

structure of calcium silicate hydrates formed in alkali activated slag suggests the existence of 539 

tetrahedral Al in bridging positions as well as the possible formation of cross-linked structures, 540 

in particular when water glass is used as an activator [59]. The activation of slag can lead to 541 

the formation additional crosslinking sites of Q4(4Al) and Q4(3Al) [57,60]. 542 

 543 

Table 9. Si environments within the reaction products (%) 544 

  G100FA00 G80FA20 G60FA40 G40FA60 G20FA80 

Q1 13.11 4.52 4.79 4.80 1.04 
Q2(1Al) 29.88 14.33 6.67 4.84 1.56 

Q2 45.45 44.54 39.28 19.76 4.92 
Q3(1Al) 3.63 13.32 12.75 0.11 0.40 

Total C-A-S-H 

(%) 
92.07 76.71 63.49 29.51 7.92 

Si/AlCASH 5.92 8.85 15.22 12.14 9.64 

MCL 15.77 31.22 22.59 13.27 15.98 

Q4(4Al) 1.78 5.00 6.06 10.00 0.40 
Q4(3Al) 3.55 9.99 12.11 20.01 0.81 
Q4(2Al) 0.00 4.57 9.55 22.47 31.46 
Q4(1Al) 0.00 1.68 4.61 4.58 24.96 
Q4(0Al) 0.00 0.00 3.44 4.58 11.51 

Total N-A-S-H* 

(%) 
5.33 21.24 35.77 61.64 69.14 

Si/AlNASH 1.20 1.40 1.70 1.65 3.01 

*Estimations assume that all the amorphous phases react, they do not take into account the 545 

contribution of unreacted precursors and consider the formation of pure N-A-S-H species. 546 
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 547 

From G80FA20 to G20FA80, Q2(Al), Q2 and Q3(1Al) exhibit an obvious decrease while 548 

Q4(1Al), Q4(2Al) and Q4(3Al) contributions clearly increase, especially between G40FA60 549 

and G60FA40. The observed drop of slag reaction products could be expected as fly ash was 550 

used as a replacement of slag, the major source of calcium. The increase of the clear and 551 

isolated Q4 peaks reflects a higher crosslinking and polymerization in the blended system. 552 

Q4(0Al) species detected at chemical shifts higher than -108 ppm are assigned to different 553 

crystalline phases of silica [61]. 554 

 555 

Based on the deconvolution results of 29Si MAS NMR spectra, it is possible to quantify the 556 

reaction products in alkali activated slag-fly ash blends to which some difficulties are often 557 

related. On the one hand, regarding the decomposition of 29Si spectra, Si sites of remaining 558 

raw materials (FA) could overlap with their equivalent in the newly formed structures, in 559 

particular in chemical shifts between -90 ppm and -109 ppm. On the other hand, the second 560 

difficulty concerns the consideration of a model to describe the structure of alkali-activation 561 

products, for both slag and fly ash. Even if the literature on alkali-activated materials 562 

generally agree on the Engelhardt’s description for N-A-S-H gels [28], it was also reported 563 

that calcium readily displaces sodium by ion exchange on the N–A–S–H gels leading to (N, 564 

C)–A–S–H gels that can coexist with C–A–S–H gels [62], especially in high Ca -content 565 

mediums, increasing Ca content in the precursor can in fact lead to impede formation of N-A-566 

S-H [25]. In addition to that, the main reaction products of slags alkali activation (C-A-S-H) 567 

were subject of debate between several studies. 568 

To overcome the quantification difficulties of the main reaction products, estimations do not 569 

take into account the contribution of unreacted precursors and assume that all the amorphous 570 

phases react. Calculations consider also that the geopolymerization of fly ash leads to a pure 571 
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N-A-S-H that entirely transform to (N, C)–A–S–H. Two models are considered, The 572 

substituted general model (SGM) and the Engelhardt’s description. The substituted general 573 

model is widely used in cement chemistry and still considered even recently for the 574 

quantification of the alkali activated slag-fly ash composites [57].  575 

Si/AlCASH and mean chain length (MCLCASH) are calculated using equations 2 and 3 576 

respectively. 577 
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Si/Al NASH is calculated from Engelhardt’s (equation 4) [28]. Q3(1Al) quantities were 581 

deducted from Q4(4Al) which in turn were calculated from Q4(3Al) quantities using (equation 582 

5). The correlation was proposed by [63] and used by several studies to this purpose, where 583 

)*+(�,-� is the intensity of the Q4(3Al) determined from deconvolution of the 29Si MAS NMR 584 

data with ((Si/Al)*=1.2) and consistent with the composition of N-A-S-H gels in alkali-585 

activated metakaolin [14,35].  586 

��
��.�� � ∑ !0(1���0123

∑ 1
00123 !0(1���                                                      (4) 587 

4!0(0��� � 4!0((���. 6(
7 (��/���∗;"
";(��/���∗ <                                       (5) 588 

Results of the quantification of reaction products are summarized in Table 9. It should also be 589 

noted that the limitation of the experimental results lies in the estimation of the remaining FA 590 

contribution. Faced with this issue, the amorphous fraction of raw materials was assumed to 591 

react completely and the contribution of remaining fly ash is therefore neglected, thus the 592 
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Q4(0Al) associated to the crystallized compounds (shifts higher than -108 ppm) is not taken 593 

into consideration in the calculation of Si/AlNASH where it was also assumed that pure NASH 594 

gels were obtained. This approximation seems to reproduce the considerable reactivity of fly 595 

ash at long term, as new crystalline products appear in XRD patterns of G20FA80 and 596 

G40FA60; they could result from the decomposition of fly ash. As the slag replacement 597 

increases (Table 9), on the one hand, total C-A-S-H gel product decreases and N-A-S-H 598 

increases. Si/AlCASH varies from 5.92 for G100FA00 to 15.22 for G60FA40 while MCL 599 

represents an optimum for G80FA20. On the other hand, Si/AlNASH increases with fly ash 600 

proportion from 1.20 for G100FA00 to 3.01 for G20FA80. 601 

Several models have been proposed to describe the products of the alkali-activation of low and 602 

high calcium alumino silicates. The substituted general model (SGM) proposed by Richardson 603 

and Groves provides a description of the structural calcium−sodium aluminosilicate hydrate 604 

gels [64]. In turn, based on NMR analysis, A. Fernandez-Jiménez et al [59] confirmed the 605 

presence of Q3(1Al) units in the structure of calcium silicate hydrates formed in alkali 606 

activated slag. It was also found that the detection of Q3 silicon units indicate the possible 607 

formation of cross-linked structures, especially with waterglass used as an activator. An 608 

alternative structural model has been recently proposed by Myers et al, the cross-linked 609 

substituted tobermorite model (CSTM) which describes the C-(N)-A-S-H as a tobermorite like 610 

structure consisting of cross linked and non-cross linked species. CSTM could be a relevant 611 

tool as the experimental study of Myers et al. also concerned sodium silicate-activated slag 612 

pastes. Their 29Si and 27Al NMR spectra had common features with the spectra plotted in 613 

Figure 11. However the results cannot be directly compared for several reasons. 614 

First their raw materials had different composition and the analysis was made at 56 days. Here 615 

at 700 days the unreacted slag content of G100FA00 sample was very low. Previous study [16] 616 

has also shown a significant evolution of nanostructure with curing time. The decrease of Q3 617 
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fraction and the rise of the Q2(1Al) fraction suggested a later stage of aluminum incorporation 618 

in the C-A-S-H phase. The Q2(1Al) fraction of G100FA00 sample was actually significant 619 

(Table 9). Myers et al. suggested the presence of an additional aluminum-containing activation 620 

product in alkali silicate activated slag binders to explain the difference between the average 621 

composition of the binder and the calculated composition from the CSTM. It is likely that this 622 

phase turned into C-A-S-H phase at long-term.  623 

 624 

3.4 Discussion 625 

The studied materials cover a wide range of compositions and properties as the fly ash 626 

proportion varies from 0 to 100%. This results in significant variations of the engineering 627 

properties as well as the phase composition of the products of alkali activation.  628 

The stabilizer considered in this study allowed meeting the specifications for fresh and early-629 

age properties. For most of studied grouts, a 0.4 wt.% content of xanthan gum was enough to 630 

achieve high slag replacement rates without causing bleeding. As a consequence, G80FA20 631 

and G60FA40 can be considered as the best mixtures among the studied grouts for several 632 

reasons. Their performances are actually in good agreement with the operating specifications 633 

established at the beginning of this study. G60FA40 actually showed the highest mechanical 634 

strength, even if the Marsh flow time was higher due to the amount of 0.4 wt.% of xanthan 635 

gum. Adding a thickening agent to minimize the bleeding can be associated, if required, with 636 

the use of a deflocculating admixture or superplasticizer to improve the flow properties. In 637 

addition to that, regarding the physicochemical characterization (XRD, FTIR, and NMR), 638 

G60FA40 combines a variety of binding phases which will undoubtedly allow to exploit, on 639 

the one hand, the benefits of rapid hardening of GGBFS and the strengthening character of 640 

their alkali-activation products, and in the other hand, the excellent reputation of reaction 641 

products from activated fly ash especially their physico-chemical stability [65]. 642 
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The characterization of their nanostructure at long-term (700 days) allows dividing the studied 643 

materials into three groups: i) G100FA00, ii) G80FA20 and G60FA40, iii) G40FA60 and 644 

G20FA80. The results showed in section 3.3 can also be compared with other studies on slag-645 

fly ash composites [22] and synthetic calcium and sodium aluminosilicates [24,25]. Note that 646 

Ismail et al. [22] did not use NMR thus they could not identify and quantify the relative 647 

proportions of C-A-S-H and N-A-S-H phases. 648 

The values of Ca/Si, Ca/(Si+Al), Al/Si, and Na/Al (Table 4) were used to compare the results 649 

from this study with literature. The actual ratios are likely to vary during curing time, as 650 

GGBFS and FA mainly react at short-term and long-term respectively. Here taking into 651 

account FA (or not) does not strongly affect the molar composition of the mixture (Table 4). 652 

The G100FA00 samples correspond to a high-calcium system. The products mainly consist in 653 

aluminum substituted tobermorite-like phase, as confirmed by XRD and NMR analyses. The 654 

29Si NMR spectrum showed well-defined peaks corresponding mainly to Q1 and Q2. The 655 

quantitative analysis (Table 9) suggests that this tobermorite-like phase (C-A-S-H) represents 656 

nearly 94% of gel phase. This nanostructure seems consistent with the CaO-SiO2-Al2O3 657 

diagrams provided by Garcia-Lodeiro et al. [24] even if they used synthetic materials instead 658 

of industrial products used here. 659 

G80FA20 and G60FA40 show that a relatively low FA proportion can significantly affect the 660 

properties and phase composition of GGBFS-based materials. This does not appear in XRD 661 

spectra, although the intensity of the main tobermorite peak decreased, but the NMR spectra 662 

clearly indicate a significant change in gel structure. The well-structured crystalline C-(N)-A-663 

S-H and the well-resolved Q1 and Q2 peaks cannot be observed anymore in 27Al NMR and 29Si 664 

NMR spectra respectively. This is mainly due to the drop in Q2(1Al) proportion from 665 

G100FA00 to G80FA20 samples. Walkley et al. [25] actually showed that high Ca content 666 

favors the incorporation of aluminum within the C-(N)-A-S-H gel. The quantitative analysis 667 
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(Table 9) also shows a drop in C-A-S-H phase and a significant increase in N-A-S-H 668 

proportion, thus the aluminum, which could not be inserted in the C-A-S-H phase due to lower 669 

calcium content, allowed the formation of N-A-S-H. This is consistent with the diagrams of 670 

Garcia-Lodeiro et al. [24] as they predict a mixture of N-A-S-H and C-A-S-H with the initial 671 

molar compositions of G80FA20 and G60FA40. These samples are closer to the C-A-S-H 672 

region; the quantitative analysis (Table 9) actually showed that C-A-S-H proportion is higher 673 

than N-A-S-H. Thus, the similarities between the products from synthetic materials and 674 

industrial ones can be considered as a finding of the study. The results actually tend to show 675 

that the position in the CaO – SiO2 – Al2O3 diagram (Table 4) could be used to give a 676 

reasonable view of the phase assemblages, even with industrial products instead of pure 677 

synthetic phases. 678 

G40FA60 and G20FA80 show different phases as GGBFS content is even reduced. This 679 

clearly appeared in XRD and NMR spectra. A crystalline zeolitic structure identified as 680 

Garronite appeared as a possible product of the incorporation of sodium in C-A-S-H structure. 681 

The intensity of tobermorite peak (see XRD analyses on Figure 8 ) and the C-A-S-H content 682 

(Table 9) actually dropped. The 29Si NMR results showed new well-resolved peaks 683 

corresponding to tetrahedral silicate connected to tetrahedral aluminates Q4(nAl). Higher 684 

Q4(nAl) contents have already been associated with lower Ca/(Al+Si) ratios for synthetic 685 

precursors [25]. However, G40FA60 shares with G60FA40 sample significant Q2 and C-A-S-686 

H contents, which nearly disappear in G20FA80. This could partly explain the drop in 687 

strength (Figure 6). The composition of G60FA40 lies between C-A-S-H and N-A-S-H 688 

regions [24] whereas G80FA20 reaches the limit of N-A-S-H region. The quantitative 689 

analysis (Table 9) actually showed that C-A-S-H proportion is lower than N-A-S-H, 690 

especially for G80FA20. The use of NMR actually allowed investigating C-N-A-S-H phases 691 

which could not be clearly distinguished in existing literature on binary mixtures. The 692 
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replacement of GGBFS by FA resulted in lower Ca/(Si+Al) ratios. This region of the CaO-693 

SiO2-Al2O3 diagram actually favors the formation of three-dimensionally structured gel N-A-694 

S-H. Significant Q3(1Al) contents could be found in the slag-fly ash samples, especially 695 

G80FA20 and G60FA40, but this peak overlaps with Q4(4Al). The intensity of Q4(nAl) 696 

actually increased with FA proportion. Myers et al. suggested that the additional Al-rich phase 697 

could be a zeolite-like product with Si/Al ratio close to 1, also observed in gels formed 698 

through alkali-activation of low-calcium aluminosilicate precursors. The Si/Al ratios of N-A-699 

S-H phase deduced from deconvolution (Table 9) were actually between 1 and 2 (excepted 700 

G20FA80). This confirms that the slag-fly ash binary mixtures lead to a mixed nanostructure 701 

(N,C)-A-S-H, reflected by (N-A-S-H), co-existing with C-A-S-H gels at long-term which is in 702 

good agreement with previous studies [27,56,62]. 703 

 704 

4. Conclusion  705 

Stable grouts with high water-to-solid ratios were designed and characterized to investigate the 706 

influence of fly ash proportion on engineering properties, microstructure and phase 707 

composition of sodium-silicate activated ground-granulated blast furnace slag. From the results 708 

of the experimental study and their analysis the following conclusions can be drawn. 709 

• As the grouts are meant to be used for soil improvement, the main specifications were 710 

the stability and the fluidity at fresh state and the short-term compressive strength. The 711 

use of xanthan gum-based admixture allowed designing stable grouts for all fly ash 712 

proportions from 0 to 100%.  713 

• The short-term strength was mainly provided by the reactivity of slag, as confirmed by 714 

isothermal calorimetry. However the strength could not be directly correlated with heat 715 
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release, which suggests that fly ash particles had a beneficial influence on the 716 

microstructure. 717 

• The maximum strength was reached with 20 to 40% of fly ash. The change of materials 718 

properties above 40% of fly ash was confirmed by the study of phase composition of 719 

alkali-activation products. The replacement of slag by 20 to 40% of fly ash lead to 720 

prevailing C-A-S-H phase combined with N-A-S-H. Above 40% of fly ash the 721 

proportion of C-A-S-H dropped, N-A-S-H increased as well as the proportion of 722 

unreacted material. 723 

• The phase composition was compared with existing diagrams obtained on synthetic 724 

phases. Although high water-to-solid ratios and the use of industrial byproducts instead 725 

of pure phases, the long-term compositions of the materials of the present study are 726 

consistent with some diagrams provided by previous works. These diagrams actually 727 

predicted a mixture of C-A-S-H and N-A-S-H phases, which was actually deduced in 728 

this study from the analysis of NMR results. It should be noted that the studied 729 

mixtures could have not reached yet their equilibrium. 730 
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Appendix A. Supplementary data 940 

 941 

 942 

Figure A.1. Particle size distribution of granulated blast furnace and fly ash. 943 

 944 

 945 

Figure A.2. FTIR spectra of powders. 946 
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 950 

 951 

Figure A.3. 27Al (A) and 29 Si MAS NMR of powders (B: Fly ash, C: GGBFS).  952 
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 955 

Figure A.4 27Al (A) and 29Si (B) MAS NMR of slag-fly ash grouts. 956 
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Figure A.5. Deconvoluted 29Si MAS NMR spectra of alkali activated slag-fly ash blends. 
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Table A.1. Deconvolution results of 29Si MAS NMR alkali activated slag-fly ash blends 

G100 
FA00 

  
Unreacted 

slag 
Q0 Q1

a-b Q2(1Al) Q2
b-p Q3(1Al)/Q4(4Al) Q4(3Al)         

xc -76.3 -76.1 78 -82 -86.1 -89.7 -92.3        
A 0.14 0.01 0.81 1.81 2.75 0.33 0.22        
w 2.37 2.37 2.37 2.37 2.37 2.37 2.37        
% 2.26 0.32 13.11 29.88 45.45 5.41 3.55        

G80 
FA20 

 
Unreacted 

slag 
Q0 Q1

a-b Q2(1Al) Q2
b-p Q3(1Al)/Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al)    

xc -76,61 -76.10 -79.80 -81.95 -85.48 -90.00 -93.83 -97.57 -101.17    
A 0.18 0.01 0.42 1.32 4.10 1.69 0.92 0.42 0.15    
w 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50    
% 1.94 0.09 4.52 14.33 44.54 18.32 9.99 4.57 1.68    

G60 
FA40 

  Q0/Unreacted slag  Q1
a-b Q2(1Al) Q2

b-p Q3(1Al)/Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al) Q4(0Al)M/Q  

xc -76.61  -79.88 -81.95 -85.58 -90.10 -93.04 -97.10 -101.17 -107.10     
A 0.09   0.55 0.77 4.55 2.18 1.40 1.11 0.53 0.40     
w 5.10 5.10 5.10 5.10 5.10 5.10 5.10 5.10 5.10     
% 0.74   4.79 6.67 39.28 18.81 12.11 9.55 4.61 3.44     

G40 
FA60 

  Q0/Unreacted slag   Q1
a-b Q2(1Al) Q2

b-p Q3(1Al)/Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al) Q4(0Al)M/Q  
xc -76.58  -80.30 -82.95 -86.00 -89.46 -92.56 -97.83 -102.95 -107.61 -112.59   
A 0.17  0.86 0.87 3.54 1.81 4.00 4.03 1.65 0.82 0.18   
w 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 
% 0.93  4.80 4.84 19.76 10.11 20.01 22.47 9.20 4.58 2.98   

G20 
FA80  

    Q1
a-b Q2(1Al) Q2

b-p Q3(1Al)/Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al) Q4(0Al)M/Q  
xc   -79.87 -85.63 -88.43 -91.05 -93.58 -98.55 -103.79 -108.24 -111.13 -114.09 
A   0.12 0.19 0.59 0.10 2.16 3.78 3.00 1.38 0.50 0.19 
w   3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 
%   1.04 1.56 4.92 0.81 17.96 31.46 24.96 11.51 4.20 1.58 

 




