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Abstract  15 

This work presents an experimental study on the physical, mechanical and microstructural 16 

characteristics of two clay soils treated with by-product materials (GGBS and PFA) blended 17 

with a nano technology-based additive called RC (RC). The soils were initially treated with 8% 18 

of cement in the first phase of mixing, and in the other phases of mixing, the cement content 19 

was reduced by 50%, 60% and 70% and substituted with GGBS or different combinations of 20 

GGBS and 1%RC or PFA and 1%RC. Further, the paper discusses the shear strength, 21 

stabilisation mechanism, microstructural characteristics, and swell of the treated soils based 22 

on results of series of strength, scanning electron microscope and swell test. The results show 23 

that the inclusion of 1%RC increases undrained shear strength and reduces swell of the 24 

treated soils due to encapsulation effects associated with the formation of the crystalline 25 

reaction product in the hydration process and the resulting modification of cementitious 26 

product to bind very heavy clays together. The soil treated with 1%RC combined with 4%Cem 27 

and 3%GGBS, produces the best performance in terms of undrained shear strength and 28 

microstructural characteristics and the stabilisation mechanism of cement, RC and GGBS 29 

shows that it is due to interlocking of particles and wrapping effect.  30 
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1. Introduction  41 

 42 

One of the key challenges that civil engineers would have to confront is the construction and 43 

execution of very intensive land developmental works on areas of the globe with serious 44 

concentration of high swelling clayey soils. This is evidently because structures that are 45 

intended on such volume-change soils would be prone to failure unless some significant 46 

measures are adopted to improve the foundation soil. Moreover, the resulting disasters and 47 

the estimated cost of rehabilitation and repairs of structures that are founded on expansive 48 

soils is a global concern. Financial losses, legal claims, cost of insurance for infrastructural 49 

failures on expansive soils have been reported in literature [1]. What has become even more 50 

worrisome is that, progressive housing and related developments on these soils seem very 51 

unavoidable especially with the continuous rise in world population figures [2–4]. 52 

Soil treatment with additives or soil stabilization is a very cost effective and well-researched 53 

technique that has been used to improve the mechanical and durability properties of 54 

expansive soils [5–14]. Traditionally, the use of calcium based stabilising agents such as lime 55 

and cement have received high attention and successfully used in improving the engineering 56 

characteristics of soft soils [15,16]. However, the significant negative environmental impacts 57 

associated with their usage besides their potential to cause sulphate heaving makes them 58 

very contemplative in recent discourse [17–19]. It has been indicated in a study carried out 59 

by CEM-Bureau [20] that in the year 2017, the global cement produced reached about 4.1 60 

billion tonnes with an annual increase of approximately 6.3% from previous years. Van 61 

Ruijven et al. [21] also demonstrated the trends in cement production both in the past and 62 

the present with a prediction of further consumption and concluded that the global market 63 

for cement is estimated to rise at about 5% annually. Advancement in knowledge and 64 

research are presently causing a paradigm shift in the use of traditional soil stabilisation 65 

additives such as cement and lime to the production and usage of more sustainable by-66 

product cementitious materials (such as ground granulated blast furnace slag (GGBS), cement 67 

kiln duct (CKD), silica fume, fibres and pulverised fuel ash [3,22–29]. For instance, the two 68 

industrial by-products that are widely used as partial replacements for cement mainly due to 69 

their pozzolanic property, cost effectiveness, energy saving and environmental friendliness 70 

are PFA and GGBS [30–35].  71 

RoadCem (RC) is another fine-grained by-product additive that is based on synthetic zeolites, 72 

alkali earth metals substance (NaCl, KCl, CaCl2 and MgCl2) and complementary complex 73 

activator to enhance its unique qualities [36]. This material is mostly used in small quantities 74 

to improve the mechanical performance of cement [36,37]. There are also documented cases 75 

of the use of RC in combination with other cementitious materials and by-products such as 76 

lime, PFA, GGBS. RoadCem is manufactured majorly by PowerCem Technologies in Moerdijk 77 

and has been tested and found to possess very good environmental credentials and macro-78 

economic prospects with over 80% reduction in CO2 emission [38,39]. According to Pengpeng 79 

[40,41], the inclusion of RC in soil-cement mixtures reduces drying shrinkage and tensile 80 

stresses (by up to 50%) of the stabilised soil after 28 days of curing. Ventura and Koloane [36] 81 

examined the addition 1% of RC to cement replaced by fly ash in both fine-grained sand and 82 

fine-grained clayey sand. The investigated engineering properties such as the California 83 

bearing ratio, UCT, durability and flexibility/stiffness) showed satisfactory performance thus 84 

complying with the standards used. The strength and free swell index of a cement-RC and 85 

cement-RC-lime-GGBS stabilised soils was studied by Ouf [42], and it was stated that while 86 
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the UCT and Emod increased, the free swelling index reduced with an increase in the total 87 

binder content.  88 

Undoubtedly, the use of cement and other calcium-based additives for soil stabilisation of 89 

similar soil types have been studied widely in literature but the use of RC as a partial 90 

replacement of cement to ascertain the effect of RC on the engineering properties of 91 

stabilised soils have received limited attention in spite of its potential merits. Therefore, with 92 

concerns about the environmental impact of the built environment becoming increasingly 93 

urgent. This research proposes that the properties of stabilised soils achieved by the partial 94 

replacement of cement with industrial by-products could be further enhanced by 95 

incorporating minimal quantities of a nanotechnology-based additive called “RC (RC)”. 96 

Therefore, the present study has investigated into the application of RC blended with GGBS, 97 

PFA and less than 4% cement content with the aim of expanding the understanding of the 98 

application of RC in combination with pozzolanic by-product materials. The originality of this 99 

work lies in the study of the physical and microstructural characteristics of a medium swelling 100 

kaolin clay and a very high swelling kaolin-bentonite mixtures treated with RC in combination 101 

with GGBS and PFA, to contribute to the understanding of sustainable and environmentally 102 

friendly approach to soil stabilisation. 103 

 104 

2. Materials and methods 105 

The materials used in this study consisted of RC, cement, ground granulated blast furnace slag 106 

(GGBS), pulverised fuel ash (PFA) and Kaolinite clay (Soil I) and a mixture of kaolinite-107 

bentonite consisting of 25% kaolinite and 75% bentonite (Soil II). The cement (CEM I) used 108 

was sourced from the Hanson Heidelberg group in the UK and complies with the requirements 109 

of BS EN 197-1 CEM I Portland cement with a strength class of 52.5N. The GGBS used was 110 

produced and tested following the methods outlined in BS EN 196-2:2013 by the Hanson 111 

Heidelberg cement group UK. The PFA was sourced from CEMEX Cement UK and complies 112 

with the standard regulations of the BS EN 450-1 and the RC additive was supplied by 113 

PowerCem Technologies, Netherlands.  114 

 115 

2.1 Laser diffractometric and Atterberg limit test  116 

The untreated clays were subjected to laser diffractometric and Atterberg limit test to analyse 117 

their grain size distribution (GSD) and geotechnical properties. The grain size distribution test 118 

was performed using the Malvern Mastersizer 2000, which operates the Hydro 2000G module 119 

of sample dispersion based on laser diffraction technology for soil particle sizing, IS0 13320-1 120 

(1999) and ASTM E1458 (1992). The Mastersizer 2000 is capable of analysing particles in the 121 

range of 0.02 μm to 2000 μm. During measurement, particles passing through a focused laser 122 

beam scatter light at an angle inversely proportional to their size [43]. A series of 123 

photosensitive detectors then measures the angular intensity of the scattered light, and 124 

following this, the map showing the scattering intensity versus angle becomes the primary 125 

source of information for calculating the particle size. In this study, the wet method of sample 126 

dispersion was used to study the particle size distribution for both kaolin clay and bentonite. 127 

The soil samples in their powdered form were first dispersed into a non-reactive liquid and 128 

then fed into the system for particle size analysis. Atterberg limits test were conducted on the 129 

samples following the procedure as outlined in ASTM D 4318-17. Table 1 and Fig. 1 show 130 



4 
 

results of preliminary studies conducted on the investigated materials as used in this study, 131 

while the oxide compositions of the materials are presented in Table 2.  132 

Table 1 shows that the liquid limit of soil II exceeded 100% as expected due to the high amount 133 

of bentonite (consisting mostly of montmorillonite) present in the soil mixture. It is well 134 

known that the bond between the layers of montmorillonite is weak and large amounts of 135 

water can easily infiltrate the spaces between the layers. While in the case of soil I (kaolinite), 136 

the layers are held relatively tightly, and water cannot easily infiltrate between the layers in 137 

comparison with soil II. Therefore, the Atterberg limits for soil I were found to be much lower 138 

than those for soil II.  139 

 140 

Table 1. Geotechnical properties of the clays 141 

Soil property 
                Soil types 

Soil I Soil II 

Liquid limit, wL (%) 58 285 

Plastic limit, wp (%) 30 72 

Plasticity index (Ip) 28 213 

Silt content (%) 74 48 

Clay content (%) 26 52 

Specific gravity (G) 2.60 2.76 

Max. dry density (MDD) (kN/m3) 15.0 12.9 

OMC (%) 17 30 

USCS Classification CL CH 

Max swell percent (%) 12.6 37.0 

 142 

 143 

 144 

 145 
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 146 

 147 

Fig. 1. Analysis of material grain size. 148 

Table 2 Chemical composition of materials used  149 

Materials 
used 

 
Oxide composition (%) 

SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 Na2O SO3 Mn2O3 LOI 
 

Kaolinite 49 36 0.75 0.06 0.3 1.85 0.02 0.1 - - 12 
 

Bentonite 57.1 17.79 4.64 3.98 3.68 0.9 0.77 3.27 0.11 0.06 7.85 
 

CEM I 20.7 4.6 2.3 64.0 1.7 0.4 0.3 0.1 2.9 0.1 2.9 
 

GGBS 34.1 13.0 0.51 39.0 9.5 0.5 1.3 0.3 0.3 0.7 1.9 
 

PFA 52.1 30.1 4.0 3.0 1.0 2.1 1.0 2.1 1.2 - 4.0 
 

RC1 21.2 1.7 0.63 47.1 4.0 7.46 - - - -  
 

1. The oxide component not included in the table is H2O which is 17.9 for RC  150 
 151 
 152 
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2.2 Sample preparation 156 

The investigated clay samples (Soil I and Soil II) were sampled in their natural state and 157 

thoroughly mixed with dry cement and different combinations of GGBS, PFA and 1% of RC. In 158 

keeping with the primary objective of this research, 8% of cement by weight of dry soil was 159 

used as the control binder content and was partially replaced and mixed with the stabilised 160 

soils in four phases. The adopted control amount of cement was selected based on some 161 

already established procedures and recommendations in literature for the enhancement of 162 

the engineering properties of soil-cement mixtures [27,44]. In phase 1, the soils were mixed 163 

with 8% cement by dry weight of soils, and in phase 2, the cement content was reduced by 164 

50% and replaced with by-product cementitious material (BPCM) and nano technology-based 165 

additive (NTBA), RC. In phase 3 and 4, the original cement content was further reduced to 166 

60% and 70% and replaced with combinations of BPCM and NTBA respectively. Fig. 2 shows 167 

a schematic illustration of the actual amount of cement, GGBS, PFA and RC that were mixed 168 

with each reconstituted sample of Soil I and Soil II at the different soil mixing and stabilisation 169 

phases. In order to study the influence of RC, the clay-binder mixtures were prepared by 170 

substituting either the GBBS or PFA in their respective mixes with 1% of the RC also 171 

determined by dry weight of the cement. The 1% of RC content used is what is regarded by 172 

its manufacturers as the design quantity for soil stabilisation [37,40,45,46]. All stabilised 173 

samples of Soil I and II were mixed at optimum moisture, wrapped to prevent moisture loss, 174 

and cured under moist condition for 7 and 28 days before testing.  175 

 176 
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 177 

Fig. 2. Schematic illustration of sample preparation and stabilisation phases 178 

 179 

2.3 Testing methods 180 

2.3.1 Unconfined compression test (UCT) and swell test   181 

The undrained shear strength of the treated soils was obtained from results of unconfined 182 

compression (UCT) test conducted according to ASTM D 2166. Two representative samples 183 

from each mix of the treated and untreated soils of height 76mmm and diameter 38mm were 184 

subject to UCT after 7 and 28 days of curing, and the average undrained shear strength value 185 

was obtained. The rate of axial deformation maintained through unconfined compression 186 

testing was 1mm/min. To study the swell potential of the treated soils, the conventional one-187 

dimensional oedometer (1-D) testing was utilized in accordance to the ASTM D-4546 after 7 188 

days of curing. The samples were placed in the oedometer apparatus having ring 20 mm 189 

thickness and 76 mm as dimeter and were made to sit in between two porous stones lined 190 

with filter papers. The automated load variable displacement transducer (LVDT) was set to 191 

zero after recording the initial compression under a seating load of 5kPa. Water was then 192 

gradually introduced into the oedometer and the samples inundated and then allowed to 193 

undergo free vertical swelling for a minimum time period of 24 hrs until equilibrium was 194 
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reached. The swell percent was then calculated as the increase in sample height (Δh) divided 195 

by the original height (H) of the samples.  196 

 197 

3.1 Scanning electron microscope (SEM)  198 

The scanning electron microscope test was conducted on representative samples to study the 199 

microstructural characteristics of the treated soils. Due to cost and time constraints, the SEM 200 

test was conducted on selected mixtures of soil I and II only. Microscopic examination and 201 

measurement of soil pores has gained much interest in recent years, partly because the 202 

analysis of images of soil fabric provides a straightforward investigation and analysis of soil 203 

void and porosity including clay particle degree of arrangement [3,47,48]. The microstructural 204 

analysis allows for the examination and measurement of soil pores and orientation and to 205 

support the description of the mechanism of change occurring in the fabric of the treated and 206 

untreated soils. Scanning electron micrographs (SEMs) using the Zeiss apparatus were 207 

conducted and obtained from the cured, dry and fully vacuumed specimens working at a 208 

voltage of acceleration of up to 5.00kV, minimum distance of 2µm and minimum degree of 209 

magnification of 900x [3]. 210 

 211 

3. Results and Discussion  212 

 213 

3.1 Stress-strain characteristics of treated soils 214 

It is well known that the strength gain and stability in treated soils are due to complex 215 

chemical reactions that take place between the soil-additive systems in the presence of water, 216 

and this constitutes the ability of the treated soil to support applied load. Studies on the 217 

stress-strain behaviour of cement treated soils reveal that soil-cement mixtures show 218 

brittleness behaviour as curing time increases [49,50]. Therefore, the present study has also 219 

investigated the stress-strain behaviour of the soils treated with RC blended with GGBS and 220 

reduced amount of cement. The stress-strain characteristics of the treated soils have been 221 

captured by monitoring the stress and strain response of the treated materials through series 222 

of unconfined compression test on samples tested after 7 and 28days curing periods as shown 223 

in Fig. 3(a-f) and Fig. 4(a-f) respectively. The results show that the samples treated with 8% 224 

cement exhibits brittle failure characteristics achieving high peak stress at lower strain due to 225 

cementation effect irrespective of soil type. With reduction in cement and inclusion of GGBS, 226 

the attainment of peak deviator stress occurs at slightly higher strain levels in most cases 227 

compared to the failure strain of samples treated with 8% cement only. However, the 228 

inclusion of 1% RC in combination with 3%-4%Cem and 3%-4%GGBS increases the peak 229 

deviator stress at lower failure strain compared to the peak stress and failure strains of 230 

samples treated with combination of RC, cement and PFA. After 28days curing, all treated 231 

samples attained peak deviator stress at low strain values within 1 to 1.5% irrespective of soil 232 

type. According to Phanikumar and Vamsi Nagaraju [51], the treatment of soils with either 233 

lime or cement additives results in brittle behaviour of the treated soils associated with low 234 

strain and high strength than those of the non-treated soils. 235 

 236 
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 239 

Fig. 3(a-f). Stress and strain response of treated soils after 7days curing period  240 
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 242 

 243 

Fig. 4(a-f). Stress and strain response of treated soils after 28days curing period  244 
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The properties and change in the engineering properties of clays stabilised by cement alone 247 

and combination of cement and GGBS or cement and PFA are well established [44,52–60]. 248 

But the undrained shear strength of soils treated with 1% of RC blended with different 249 
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combinations of cement, GGBS and PFA have not been looked into by many. The undrained 250 

shear strength was obtained from results of UCT conducted on representative samples of soil 251 

I and II after 7 and 28days curing period. The results obtained show variation in undrained 252 

shear strength due to physico-chemical mechanisms and microstructural characteristics as 253 

cement was partially replaced with different amounts of GGBS, PFA and 1%RC. The results 254 

show that in mixing phase 1, the undrained shear strength of soil 1 was lower than that of soil 255 

II after 7 days. Compared to samples treated with all the proportions and combinations of 256 

C/GGBS/RC for soil II for the same curing period as shown in Fig. 5(a-b). At 50% cement 257 

reduction in phase 2, the inclusion of 3%GGBS and 1%RC increases the undrained shear 258 

strength of the treated soils to 0.45MPa and 0.58MPa for soil I and II respectively after 7 days. 259 

It has been reported that the undrained shear strength and other properties of cement 260 

treated soils can be influenced by both cementation and consolidation during the early stages 261 

of strength gain due to cement hydration [61]. There is a significant increase in undrained 262 

shear strength after 28days as shown in Fig. 6(a-b), irrespective of soil type due to hydration 263 

and pozzolanic reactions. The undrained shear strength of samples treated in phase 2 264 

increases up to a maximum value of 0.6MPa and 0.74MPa for soil I and II compared to lower 265 

strength values of samples treated in phase 3 and 4 respectively. The soils treated with 266 

cement/GGBS/RC mixtures does seem to have higher undrained shear strength values as 267 

compared with mixtures containing cement/PFA/RC. This is because the cement/GGBS 268 

mixture produces more cementation and binding effect than cement/PFA mixture. The 269 

inclusion of 1% RC causes additional particle cementation, hydration and creation of nano 270 

crystals in form of a spider web, interlocking the particles together and causing strength 271 

increase. The presence of RC causes changes in the mineralogical structure of the soil leading 272 

to a treated soil with higher strength, strong and durable crystalline structure which is fibrous 273 

in nature [56]. 274 

 275 

 276 

 277 
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      278 

Fig. 5(a-b). Undrained shear strength of treated soils after 7days 279 

      280 

Fig. 6(a-b). Undrained shear strength of treated soils after 28days 281 
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3.3 Microstructure and Stabilisation mechanisms  283 

The properties of natural and stabilised soils at the macroscopic level (strength) were largely 284 

considered in the foregoing. Moreover, an adequate scientific basis involving a thorough 285 

description of the microstructural activities and mechanisms of changes occurring in the 286 

stabilised soil is very needful to justify or corroborate the claims of improvement in 287 

mechanical behaviour [57,62,63]. In the present study, the stabilisation mechanism of the 288 

additives with the incorporated RC was studied to support the understanding of the basic 289 

stabilisation mechanisms associated with the investigated additives and soils.  290 

Chemically hydraulic binders such as Portland cement and GGBS are composed of compounds 291 

each of which can react with moist clayey soils to form complex hydration products. The 292 

process of hydration is even much more complicated when cement and GGBS are used together 293 

to stabilise the same soil [64,65]. The mechanism of reactions that ensues with the addition of 294 

GGBS to cement-soil system has two fundamental phases namely, hydration of GGBS by hydrated 295 

lime from the cement and soil-hydrated lime reactions. Firstly, the hydration of GGBS proceeds 296 

with the consumption of very little amounts of lime and commences soon after water is 297 

introduced and used to mix the soil-binder materials. This reaction tends to lead to the production 298 

of the calcium aluminosilicate hydrates (CASH) having low calcium to silicon ion ratio, aluminium 299 

to silicon ion ratio and calcium to aluminosilica ions ratio. The second phase involves the soil-300 

cement (or hydrated lime from the cement) reaction and leads to the production of colloidal CASH 301 

again with values of the calcium to silicon ion ratio, aluminium to silicon ion ratio and calcium to 302 

aluminosilica ions ratio. Replacement of cement by a higher percentage of GGBS whereby only a 303 

small amount of cement is available to activate the hydration of GGBS may prevent the second 304 

phase of the soil-cement reaction to start. However, with the cement/GGBS ratio increased, the 305 

availability of OPC ensures the progress of the soil-cement phase and the production of more 306 

calcium alumino hydrates (CAH) and calcium aluminosilicate hydrates (CASH). This resulting 307 

crystalline products of hydration proceeds much slower than cement hydration and thus 308 

possesses some ‘pore-blocking’ effects leading further to the increase in long-term hardening of 309 

the cement paste and by extension an enhancement of the stabilised soil’s engineering properties 310 

such as strength. Soil II used in this research is an expansive flocculent clay with randomly 311 

distributed aggregates within the soil matrix, and the addition of 8%Cem (control mix) to soil 312 

II causes a gluing effect and formation of complex calcium silicate aluminate hydrate 313 

compound or mineral called “ettringite” including the cementitious compounds of hydration 314 

(CSH and CASH) as shown in Figures 7(a-d). The presence of ettringite can induce expansion 315 

of the treated soils. According to [23,34,65], ettringite formation and expansion of treated 316 

soils can be reduced by partially replacing cement with by-product materials such as GBBS. 317 

The soil stabilised by cement and GGBS or both, enables a modification of the created 318 

electrical double-diffused layer by causing a reduction of its thickness through the production 319 

of the CAH or CASH gels. It is believed that the complex hydrates formed from stabilisation 320 

with cementitious binders such as cement or GGBS or both, can result in a complete spherical 321 

barrier (Fig. 8) that could most times prevent further reaction of the binder materials as time 322 

progresses [66]. 323 

However, the ettringite formation reduces or disappears when the cement content was 324 

reduced and partially replaced with 3-5% of GGBS and 1% of RC as shown in Fig. 9(a-d) 325 

compared to Fig. 7d which clearly indicates ettringites when cement alone is used. The 326 

reduction or disappearance of ettringite formation with decrease in cement content and 327 

replacement with by-product materials such as GGBS is made possible when a substantial 328 
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amount of the GGBS is used to replace cement in the stabilised soil, the percentage of GGBS 329 

being greater than approximately 50% [23,34,65]. Also, the inclusion of 1% of RC to the 330 

cementitious binders (4%Cem+3%GGBS) enabled further and deeper penetration of it and 331 

the water of hydration by breaking the CSH or CASH barrier and causing most of the 332 

cementitious materials to react in a much higher pH environment (now made possible with 333 

the RC added) due to the conversion of a larger proportion of the water of hydration into 334 

crystalline water with more nanocrystals growing into the spaces left in the hydration process. 335 

This results to the formation of a treated soil matrix with interlocking filaments (wrapping 336 

effect), a phenomenon which is only made possible by the presence of the RC additive as a 337 

nano-additive in the stabilisation process as shown in Fig. 9b. This is because the extended 338 

crystallisation process (see Fig. 10), coupled with a drastic decrease in the evolution of heat 339 

of hydration, and changes in the soil-additive stabilisation mechanism from glueing to 340 

wrapping effect. The composition of RC (mainly alkali and zeolites) may also enable other 341 

processes to occur simultaneously in the clays and probably other similar materials through 342 

ionic exchanges, modifications, charge neutralization and replacements as reported in 343 

literature [37,67]. 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 
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 355 

   (a). SEM of untreated soil I         (b). SEM of untreated soil II 356 

 357 

   (c). SEM of untreated soil              (d). SEM of soil treated with 8%Cem 358 

Fig. 7(a-d). SEM of the untreated and cement treated soils 359 

 360 
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 361 

Fig. 8. Mechanism of stabilisation without RC 362 

 363 

  364 

(a). SEM of soil treated with Cem/GGBS      (b). SEM of soil treated with Cem/GGBS/RC 365 
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  366 

(c). SEM of soil treated with Cem/GGBS    (d). SEM of soil treated with Cem/GGBS/RC 367 

Fig. 9(a-d). SEM of the treated soils 368 

 369 

 370 

Fig. 10. Mechanism of stabilisation with the inclusion of RC 371 

 372 

3.4 Swell Potential of the treated soils 373 

The 1-D oedometer test was utilized to study the swell potential of the soil mixtures treated with 374 
cement, GGBS PFA and RC to determine the extent of swell after treatment in comparison with the 375 
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recommendation of the Ohio Department of transport, U.S. The effect of reduced cement 376 

content and incorporation of GGBS, PFA and RC was investigated after 7days of curing period. 377 

The results revealed a reduction in swell for both soils compared to the untreated soils 378 

irrespective of the additive type or combinations as shown in Fig. 11(a and b). The acceptable 379 

limits of expansion for untreated and treated soils may vary depending on the country. For 380 

example, the French standard [68] suggests a minimum of 5% swell as an acceptable limit for 381 

construction while the Ohio Department of transport, U.S. [69] recommends swell of 1.5% for 382 

chemically treated soils. Soil I and soil II treated with cement meets the requirements above. 383 

However, the present study shows that for the treated soils, the replacement of cement by 384 

up to 50% in the mixes and the inclusion of by-product materials (GGBS and PFA) resulted to 385 

a significant reduction in swell potential below the recommended values for swelling of 386 

treated soils. This signifies a huge success in the application of 1% of nano additive-based 387 

material (RC) in stabilisation of clay soils in combination with 4% of cement and 3% of by-388 

product materials (GGBS and PFA).  389 

 390 

         391 

        (a). Swell percent of treated soil I   (b). Swell percent of treated soil II 392 

Fig. 11(a-b). Swell potentials of the treated soils 393 

 394 
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3.5 Typical undrained shear strength requirement 396 

In road base construction, RC additive has been mixed with in-situ soils, cement and water to 397 

increase strength and stiffness of stabilised clays to reduce the amount of swell and shrinkage 398 

of the stabilised clay, [36]. As earlier stated, the main focus of the present study was to 399 

investigate the possible reduction in the amount of cement used in combination with RC 400 

additive for stabilisation of clay soils. Following the results obtained from the present study, 401 

the undrained shear strength of the stabilised clay (soil I) stabilised with 8%cement increases 402 

from 0.24MPa to 0.55MPa after curing for 7 and 28 days respectively, but for soil II, the 403 

undrained shear strength increases from 0.57MPa to 0.81MPa. However, after 50% reduction 404 

in cement content and inclusion of 3%GGBS and 1%RC, the undrained shear strength of the 405 

treated clays increases from 0.45MPa to 0.6MPa for soil I, and 0.58MPa to 0.74MPa for soil II 406 

after 7- and 28-days curing period respectively. The standard  guide  for  evaluation  of  the 407 

effectiveness  of  binders  used  in  soil  stabilisation  as  contained  in  ASTM D4609-08 [66], 408 

sets  a  minimum  target  of  undrained shear strength of  0.17  MPa for  treatment  to  be  409 

considered  as  effective. Comparing the minimum target of undrained shear strength with 410 

the values obtained from the present study, it shows that the undrained shear strength of the 411 

stabilised clays can find a range of application in civil engineering activities such as in road 412 

constructions. Table 3 presents the strength criteria for soil-cement mixtures for use in road 413 

pavement base and sub base layers according to the U. S. Army Corps of Engineers and the 414 

American Concrete Institute (ACI), [66, 67]. Table 3 shows that the mix combination 415 

comprising of 4%CEM+3%GGBS+1%RC is suitable for stabilisation of road sub-base and 416 

subgrade materials for rigid pavements under light and heavy traffic based on the 28-day 417 

undrained shear strength values of the stabilised clays. It has been said that if the selected 418 

samples strength does not meet the recommended strength values, then higher cement 419 

contents may be added to the soil and strength test may be repeated till the strength values 420 

confirm to the requirements, [66]. Therefore, following the undrained shear strength values 421 

obtained from this study, it is recommended that higher cement and GGBS contents be 422 

investigated to establish a mixture composition comprising of p%CEM+q%GGBS+1%RC to 423 

meet the 7-day strength requirements as stated in Table 3, where p and q are the required 424 

amount of cement and GGBS respectively.  425 

According to BS EN 16907-4:2018 [70], soils can be stabilised to for use as filling in narrow 426 

places (such as earthworks close to bridges, backfill to trenches, backfill around buried pipes) 427 

and for the construction of the lower layers in high embankments built with water sensitive 428 

soils susceptible to occasional flooding. For this purpose, the undrained shear strength of the 429 

stabilised soil should be in the range of 0.25 to 0.5 MPa after 28 days of curing following equal 430 

periods of moist curing and soaking [70]. This implies that the mix combination comprising of 431 

4%CEM+3%GGBS+1%RC can also be used in the stabilisation of the lower layers in high 432 

embankments in areas where the hydrological conditions at the site show that the lower part 433 

of the embankment may experience flooding. The investigated mixture combination can also 434 

find application in the stabilisation of soils for filling in narrow places to introduce and confer 435 

permanent cohesion in the system of compacted fill in order to compensate for any localised 436 

region of inadequate compaction caused by the tight boundaries.   437 
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 438 

 439 

Table 3. Values of undrained shear strength and typical practical requirements and 440 

application  441 

Soil used CL (Soil I) CH (Soil II) 

Typical range of cement requirement (%) 7 to 12 8 to 13 

Cement content used in the present study 
blended with 3%GGBS and 1%RC 

4 4 

Typical undrained shear strength 
requirement in (MPa) for moist cured 
samples (ACI) 

0.86 to 1.72 (7-day) 0.69 to 1.38 (7-day) 

1 to 3.10 (28-day) 0.86 to 2.1 (28-day) 

Measured values of undrained shear 
strength from the present study in (MPa) 
for moist cured samples  

0.45 (7-day) 0.58 (7-day) 

0.60 (28-day) 0.74 (28-day) 

 
Minimum 7-day Undrained shear strength (MPa) 

Practical application of soil-cement 
mixtures  

Flexible Pavement Rigid Pavement 

Base Course 2.58 1.72 

Subbase or subgrade material  0.86 0.69 

Construction of lower layers in high 
embankments (EN 16907-4:2018) 
 
Filling in narrow places (BS EN 16907-
4:2018) 

 
 
0.25 to 0.5 MPa after 28 days curing 
  

 442 

4. Conclusion 443 

The experimental study on the use of RC blended with by-product cementitious materials for 444 

stabilisation of clay soils has been investigated in terms of mechanical and microstructural 445 

characteristics of the treated soils. The study focused on the use of reduced amount of 446 

cement with RC blended with GGBS and PFA, and possible engineering applications. The 447 

experimental testing and analysis was mainly on the stress-strain behaviour, undrained shear 448 

strength, swell potential, stabilisation mechanism and microstructural characteristics of the 449 

treated soils.  450 

• The study on the stress-strain behaviour of the treated soils show that the inclusion of 451 
1% of RC to the mixtures containing up to 4% of cement and up to 5% of GGBS or 452 
PFA, changes the behaviour of the treated soils from ductile to brittle response with 453 
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peak stress occurring at low strain values due to increased hydration and cementation 454 

effect.  455 

• The undrained shear strength of the treated soils after 28days, increases as the cement 456 
content in the mixtures increases from 3% to 8% as expected due to the formation of 457 

C‑S‑H gel and the binding of the material particles together.  458 

• The partial replacement of cement from 8% to 4% in the mixtures and the inclusion of 459 

3-5% of GGBS and 1% of RC causes deeper penetration and breakage of the CSH or 460 

CASH barrier and evokes further reaction of the cementitious materials leading to the 461 
formation of a treated soil matrix with interlocking filaments.  462 

• The microstructural characteristics of the Cement/GGBS treated soils showed a change 463 
in stabilisation mechanism, from glue to a wrapping effect due to the extended 464 
crystallisation process caused by the presence of the nanotechnology-based additive 465 
(RC).  466 

• The partial replacement of cement from 8% to 4% and the inclusion of 3-5% of GGBS 467 

and 1% of RC reduces the swell potential of the treated soils up to 1.5% swell due to 468 
cementation effect and the formation of fibrous pozzolanic products and hence, meeting 469 
the acceptable limit of 1.5% swell according to the Ohio Department of transport, U.S. 470 

• This study has also revealed that cement/GGBS mixtures and 1% of RC can be 471 
incorporated in stabilisation of soils for construction purposes as an efficient and 472 
environmentally friendly approach to soil stabilisation.  473 
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