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29 Abstract: The innovative carbonation technique based on reactive MgO and CO2 has been 

30 identified as an environmentally friendly and efficient method in the improvement of weak 

31 soils. Previous laboratory studies have indicated that carbonated MgO-admixed soils had 

32 significant improvement in mechanical properties. However, there are to date limited 

33 investigations on the soft-soil field application of this technique. In this study, a field trial was 

34 conducted to ascertain the feasibility of the MgO mass carbonation technique in improving 

35 shallow soft-soil subgrades. A series of field tests, including temperature, dynamic cone 

36 penetrometer and light weight deflectometer tests, were undertaken. The results indicated that 

37 compared to uncarbonated soil layers, there was 2-3 times increase in dynamic resilient 

38 moduli and soil resistances of carbonated MgO-admixed soils. The outcomes of this field 

39 investigation will contribute to the utilization of the combined stabilizer of MgO and CO2 and 

40 the mass carbonation technology in subgrade improvement.

41 Keywords: mass carbonation, reactive magnesia, soft soil, field investigation, engineering 

42 properties

Page 2 of 62

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

3

44 Introduction

45 Soft soils, prevalent in floodplains, deltas, coastal areas such as East China regions, are 

46 usually discouraged from direct use in engineering practices due to low strength and 

47 permeability as well as high water content and compressibility (Chian et al. 2016; Jiang et al. 

48 2016). Such poor geotechnical characteristics make soft soils difficult to use in highway 

49 embankments and foundations through compacting, resulting in their excessive settlement and 

50 long consolidation time (Liu et al. 2012; Bo et al. 2015; Zhao et al. 2018). They give the 

51 highway subgrades low bearing capacity and make them susceptible to unacceptable 

52 differential settlements under any imposed traffic loading (Chakrabarti and Kodikara 2007; 

53 Han et al. 2007; Lu et al. 2019). To overcome these shortcomings, it is necessary to either 

54 replace unwanted soft soils with desirable soils or improve their mechanical properties using 

55 soil improvement techniques in geotechnical engineering practices (Chai et al. 2014; Han et al. 

56 2007; Shen et al. 2013; Liu et al. 2012; Du et al. 2016; Jiang et al. 2016; Xia et al. 2019).

57 Soil improvement is the process of enhancing the engineering performance of weak soils 

58 through various methods such as physical, chemical, biological treatments and so forth (Bo et 

59 al. 2015; Arulrajah et al. 2012, 2016; Disfani et al. 2017; Du et al. 2016; Howayek et al. 2019). 

60 For the physical ground improvements, there were some shortcomings such as low efficiency 

61 and long treatment time in spite of the successful use of the vacuum preloading and 

62 electro-osmosis methods in improving dredged clay-slurry (Cai et al. 2018; Wang et al. 2016, 

63 2018). The emerging bio-mediated technique, regarded as a potentially environmentally 

64 friendly improvement method, could improve the mechanical properties of sandy soils, but 

65 current studies demonstrated that it was difficult for this technique to treat large-area soft soils 
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66 due to its high economic cost and long time consumption (Hoang et al. 2019; Howayek et al. 

67 2019; Liu et al. 2019; Zamani et al. 2019). But unlike the aforementioned methods, the 

68 popular chemical stabilization using cementitious binders such as lime and ordinary Portland 

69 cement (PC) was a well-established technique for soft ground improvement (Martin et al. 

70 2012; Shen et al. 2013; Abiodun and Nalbantoglu 2015; Latifi et al. 2018).

71 Although previous studies have demonstrated that PC stabilization can effectively 

72 improve the geotechnical performance of soft soils, the environmental issues related to PC 

73 production made its application undesirable (Diniz et al. 2017; Zhang et al. 2020). These 

74 issues mainly included but were not limited to: (i) the energy-intensive nature of PC 

75 production (5000 MJ energy/t PC, calcining temperature > 1450°C); (ii) non-renewable 

76 resource consumption (1.5 t limestone and clay/t PC); (iii) significant CO2 emissions (0.95 t 

77 CO2 /t PC), NOx (nitrogen oxide) emissions and particulate pollutions associated with 

78 industrial processes; and (iv) the generation of industrial waste materials and non-beneficial 

79 byproducts (Latifi et al. 2018; Zhang et al. 2019, 2020). The aforementioned concerns have 

80 led to a growing interest in exploring more-sustainable alternative additives with small 

81 environmental footprints and reasonable cost, which has further promoted the utilization of 

82 geopolymers and industrial byproducts (e.g., fly ash, slag, carbide slag and lignin) as well as 

83 low-carbon materials (e.g., MgO) (Liska et al. 2008; Horpibulsuk et al. 2012, 2013; Sukmak 

84 et al. 2013; Jiang et al. 2016; Yi et al. 2013a; Cai et al. 2020; Mozumder and Laskar 2015; 

85 Zhang et al. 2020). Geopolymers have been discovered to be good alternative binders 

86 generally manufactured from low-calcium high-aluminosilicate materials (e.g., fly ash and 

87 ground granulated blast slag (GGBS)) which could be activated in a highly alkaline medium 
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88 (Mozumder and Laskar 2015). Under an alkaline activator, geopolymers could lead to the 

89 cementation of soil particles through a three-phase chain of chemical multi-reaction called 

90 “geopolymerization” (Abdullah et al. 2020). Some studies addressed the use of alkaline 

91 materials (e.g., lime and carbide slag (CS)) to activate GGBS in soft clay stabilization, and 

92 indicated that the unconfined compressive strength of the optimum lime-GGBS and 

93 CS-GGBS stabilized clays was more than 1.7 times and twice that of the corresponding PC 

94 stabilized clays (Yi et al. 2015a, 2015b). Besides, the byproduct of CS could also be mixed 

95 with soft clay alone and reacted with clay minerals to improve the strength, stiffness and 

96 durability of the stabilized soil, demonstrating superior mechanical performance of 

97 CS-stabilized soil over lime-stabilized clay (Du et al. 2016; Kampala et al. 2013; Jiang et al. 

98 2016).

99 In recent years, reactive MgO was chosen as a low-carbon soil stabilizer compared to PC, 

100 owing to low calcination temperature (∼700-800°C), little energy consumption and reduced 

101 CO2 emissions during its production process, as well as great potential in CO2 absorption 

102 during the application process (Cai et al. 2015; Yi et al. 2013a, 2016). The carbonation of 

103 reactive MgO has consequently been employed as a sustainable and environmentally friendly 

104 technique in the improvement realms of weak soils compared to PC stabilization (Yi et al. 

105 2013a, 2016; Liu et al. 2020). Numerous laboratory studies have proven that reactive 

106 MgO-admixed soils could complete accelerated carbonation under high-pressure CO2 in a 

107 relatively short period (i.e., several hours), and thus have higher strength, modulus and 

108 density as well as increased soil durability compared to PC-stabilized soils (Yi et al. 2013a, 

109 2013b, 2016; Cai et al. 2015, 2019a). The unconfined compressive strength of 
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110 MgO-carbonated sandy and silty soils (3-6 hours) was more than twice that of corresponding 

111 PC-stabilized soils (28 days) at the same dosage (Yi et al. 2013a, 2013b). This was mainly 

112 attributed to the carbonation products (e.g., nesquehonite, dypingite and hydromagesite) 

113 which resulted in the cementation of soil particles and the filling of pores (Unluer and 

114 Al-Tabbaa 2013, 2015; Yi et al. 2013a, 2016; Cai et al. 2015, 2019b). The geotechnical 

115 characteristics revealed above could well evaluate the viability of MgO-carbonated soils as a 

116 subgrade material.

117 Although there were numerous studies on the physical, mechanical and microstructural 

118 properties of carbonated MgO-admixed soils in recent years, previous studies only focused on 

119 small-scale laboratory settings. Little attention has been paid to the field trials of MgO-CO2 

120 carbonation technique in the treatment of soft highway subgrade and its effectiveness. The 

121 improvement of in-situ soft soils was usually implemented using either of the two principal 

122 methods: deep stabilization such as dry deep mixing (Fang et al. 2001; Martin and Bryan 

123 2017) and mass stabilization (Jelistic and Leppanen 2003; Wheeler et al. 2017). For dry deep 

124 mixing, the installation depth of stabilized columns was far more than 5 m, and the treatment 

125 effect was greatly impacted by such factors as the shape of mixing blade, rotational speed, 

126 and velocity of penetration and retrieval of mixing equipment (Madhyannapu et al. 2010). In 

127 contrast, the mass stabilization was regarded as an efficient means for stabilizing large areas 

128 of shallow soft ground (< 5 m) (Jelistic and Leppanen 2003; Martin et al. 2012; Wheeler et al. 

129 2017). Therefore, the present research attempted to treat the shallow soft-soil highway 

130 subgrade by employing the mass carbonation/stabilization method. The objective of this work 

131 was to investigate the mechanical performance of MgO-carbonated shallow highway 
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132 subgrades through several field tests including dynamic cone penetrometer and light weight 

133 deflectometer, and then to discuss the effectiveness and feasibility of this technique based on 

134 field results and microstructure analyses. Similarly, multi-scale observations would be helpful 

135 to understanding the controlling mechanisms of MgO-carbonated soils, to promoting the 

136 resource utilization of greenhouse CO2 in geotechnical engineering, as well as to better 

137 applying the low-carbon and high-efficiency improvement technique to shallow highway 

138 subgrades. 

139 Materials and Methodology

140 Site description

141 This section mainly introduced the field test location, its geological profile and 

142 geotechnical properties of muddy soil. The field trial was carried out on a Ramp Road 

143 (K4+690) along the Yichang (Yixing to Changxing) Highway. The test site was located at 

144 Zhangzhu town (119.61o E, 31.34o N) in Yixing, Jiangsu Province, China, as shown in Fig. 

145 1(a), and the field scene before treatment was shown in Fig. 1(b). According to a static cone 

146 penetration test (ASTM 2016), the subsoil consisted of muddy soil (from 0.8 to 1.8 m deep), 

147 silty clay (from 1.8 to 4.0 m deep) and clay (from 4.0 to 6.5 m deep). The ground water level 

148 fluctuated between ~1.4 to 2 m below the ground surface.

149 The test site was a low-lying ditch with the perimeter of ~105 m, area of ~600 m2, water 

150 depth of ~0.8 m and average mud depth of ~1.0 m. After the drainage and cleaning of debris 

151 and weeds, the muddy soil was sampled to measure the physical and chemical properties, and 

152 the seepage ditch was excavated to continuously reduce the water content until it was close to 

153 the liquid limit. After two weeks, the average water content was about 45% for the north part 
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154 of the ditch pond, and over 54% for the south part due to its lower ground surface. Table 1 

155 shows the testing results of physical and chemical properties of the muddy soil. The Atterberg 

156 limits, particle-size composition, classifications and specific gravity of the muddy soil were 

157 determined according to ASTM D4318 (ASTM 2010a), ASTM D422 (ASTM 2007a), ASTM 

158 D2487 (ASTM 2011a), and ASTM D854 (ASTM 2010b), respectively. The soil was 

159 classified as a low plasticity clay (CL) as per ASTM D2487 (ASTM 2011a). The pH of soil 

160 was measured by using a portable D-54 pH meter according to ASTM D4972 (ASTM 2007b), 

161 and the mixture solution used was composed of 2 mm-sieved dry soils (10 g) and deionized 

162 water (10 g). The X-ray fluorescence (XRF) analysis indicated that the muddy soil mainly 

163 contained 69.8% of silicon dioxide (SiO2), 17.8% of aluminum oxide (Al2O3), 5.3% of ferric 

164 oxide (Fe2O3), 2.1% of potassium oxide (K2O), 1.0% of magnesium oxide (MgO), and 1.1% 

165 of calcium oxide (CaO) (Table 2).

166 Materials

167 Considering the material cost, the heavy-burned MgO whose price was slightly cheaper 

168 than that of PC was chosen as the principal binder in this field study. This MgO was obtained 

169 from the industrial calcination (750-1000oC) and trituration of magnesite from Dashiqiao, 

170 Liaoning Province, China. The MgO showed a light yellow color due to its high impurity and 

171 low activity. The physical properties of MgO are shown in Table 1. The specific gravity was 

172 determined as per ASTM D854 (ASTM 2010b) and the grain-size distribution of MgO was 

173 examined by using a laser particle size analyzer. To avoid hydration of MgO, the water-free 

174 kerosene was chosen as the dispersing medium in the two tests. The specific surface area of 

175 MgO was found to be 7.21 m2/g using an ASAP2020 Physisorption Analyzer, and the activity 
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176 content was measured to be 62% based on the weight change during the hydration process. 

177 The chemical compositions of MgO were obtained from the XRF test, as listed in Table 2. To 

178 prevent MgO powder from deliquescence and caking, MgO was transported to the 

179 construction site in bags and stacked on the tarpaulins laid on the floor and then it was 

180 covered by a waterproof tent (Fig. 2(a)). Moreover, some essential auxiliary materials were 

181 also used including perforated PVC pipes, PE pipes, quick unions and high-pressure pipes 

182 with multiple pipelines for transportation of CO2 gas with a concentration of 99.9% (Fig. 

183 2(b-e)). The perforated PVC pipes (~1.0 m) were artificially made from the PVC line pipes 

184 with a length of 4.0 m and were then drilled at the interval of ~10 cm. The CO2 gas was 

185 supplied by Yixing Shenniu Special Gases Co. Ltd. in Jiangsu province, China, and the 

186 weight of each tank was about 40 kg (Fig. 2(f)).

187 Mass carbonation equipment

188 Previous studies have shown that there was various mixing equipment used in the mass 

189 stabilization, such as deep soil mixing augers, road reclamation machineries, pulver mixers, 

190 high pressure jets, and power mixers attached to excavators (Wilk 2014; Wheeler et al. 2017). 

191 The construction system of mass carbonation used in this study was developed by Southeast 

192 University and Nanjing Luding Stirring Pile Special Technology Co. Ltd. The system mainly 

193 consisted of two parts: (a) a power mixer attached to an excavator, which can inject the binder 

194 at the point of mixing (Fig. 3 (a)); and (b) a pressure feeder system made up of a feed tank 

195 and a storage tank with a capacity of ~1.0 ton (Fig. 3 (b)). The effective combination of the 

196 two parts can transfer MgO powders from the tanks through a powder spraying pipe (or hose) 

197 to the power mixer (Fig. 3 (a, b)). Moreover, the attachments used for the binder feeder also 
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198 included an alternator and an air compressor (Fig. 3 (c, d)). All equipment and attachments 

199 were connected according to the schematic configuration of the system (Fig. 3 (e)). The 

200 power mixer attached to the excavator was mainly consisted of a supporting arm, a power 

201 converter, an agitator arm with a length of ~3.0 m and two-directional mixing heads with a 

202 diameter of 1.2 m. It was worth noting that the supporting arm and agitator arm can operate 

203 vertically or at a certain angle.

204 Mass carbonation treatment procedures

205 About 10% (w/w) of the MgO dosage was adopted in this field study based on previous 

206 laboratory studies, actual water content and subgrade capacity requirement. And the amount 

207 of MgO powder was controlled by the number of storage tanks and the earth volume 

208 measured by depth and area. Figures 4 and 5 show the flow chart and field pictures of the 

209 construction procedure for the mass carbonation treatment of MgO-admixed soft soils. The 

210 pretreatments of drainage, cleaning and water reduction (below liquid limit) were performed 

211 prior to the assembly and connection of the mass treatment system. After successive drainage 

212 and in-situ soil levelling, MgO powders were first put into the feed tank and storage tank 

213 successively, and then transferred into the specified site through hoses with the help of an air 

214 compressor. Subsequently, the mass carbonation treatment was carried out by inserting the 

215 power mixer head into the soft soil subgrade while injecting and mixing MgO powders (Fig. 

216 5(a)). The excavator moved along the edge of the ditch pond, and its maximum working 

217 radius was approximately 10 m. Under this condition, a circle movement of the excavator 

218 along the ditch pond could achieve the complete mixing of the whole ditch pond. Repetitive 

219 mixing was performed from the bottom to the surface of the soft soil layer until achieving the 
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220 homogeneity, and the treating depth corresponded to 0.8–1.2 m (Fig. 5(b)).

221 After mixing the whole site, the MgO-admixed soft soil was levelled again and 

222 compacted slightly, and the drain was excavated again along the edge of the ditch pond to 

223 avoid the accumulation of water (Fig. 5(c)). Subsequently, the perforated PVC pipes and 

224 Pt100 thermal-resistance temperature sensors were inserted into the MgO-admixed soil layer 

225 according to the arrangement diagram (Fig. 6). The PVC pipes were connected to the CO2 

226 tanks through the PE pipes and high-pressure pipes in turn (Fig. 5(d, e)), and then the 

227 MgO-admixed soft soil site was covered with the sealing film to avoid CO2 leakage. Finally, 

228 the site was ready for CO2 carbonation through adjusting the valve (Fig. 5(f)). To study the 

229 effect of initial water content and ventilation condition on soil treatment, the treatment site 

230 was divided into four zones for comparison (Fig. 7(a)), and the corresponding processing 

231 characteristics for each zone were listed in Table 3.

232 Field tests

233 To assess the carbonation efficiency, the bearing capacity and compaction characteristics 

234 of treated soils, the temperature was monitored by temperature sensors during the CO2 

235 ventilation, and the monitored data was recorded by a DT80 Datataker acquisition. Most of 

236 temperature sensors were placed into the middle of the soil layer based on different distances 

237 from one of PVC pipes, and the rest of sensors were placed on the upper soil layer for 

238 comparison. Since the field experiment was conducted during the middle of January with the 

239 average daily temperature of around 0°C, the ventilation time was selected between 9:00 AM 

240 and 17:00 PM to reduce the effect of low ambient temperature on CO2 transmission. The 

241 convenient and inexpensive measurements of dynamic resilience modulus and dynamic cone 
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242 penetrometer were used in this study (Acar et al. 1991; Du et al. 2016; Xia et al. 2019), and 

243 the detailed layouts of testing points in every zone were illustrated in Fig. 7(b).

244 The dynamic resilience modulus, typically used to evaluate the compaction degree of 

245 subsoils, was tested by light weight deflectometer (LWD) which was also referred to as a 

246 portable falling-weight deflectometer, light drop weight tester and dynamic plate load test 

247 (ASTM 2011c). The LWD was a portable device (ZFG3000 EVD) developed in Germany, 

248 and it was especially suitable for measuring the coarse-grain or mixed soils with a diameter of 

249 less than 63 mm. The LWD equipment was made up of a load application system and a data 

250 collection system (Beaulieu et al. 2014). The load was applied on a circular plate using a mass 

251 hammer, and the applied stress depended on the mass hammer itself, drop height, and the 

252 radius of circular plate. The load duration was about 20 milliseconds, and the load applied on 

253 the LWD was 7.07 kN. When the falling hammer hit the circular plate, the vertical 

254 displacement between the subgrade soil and circular plate was generated under the effect of 

255 impact load, and the corresponding pressure and settlement were recorded by the data 

256 collection system. Finally, the dynamic resilience modulus was determined according to Eq. 

257 (1):

258                             (1)
2

vd

2 (1 )

4

p
E

l

  


259 where Evd was the dynamic resilience modulus (MPa); p was the maximum uniform load 

260 measured by bearing plate (kPa); δ was the radius of bearing plate (150 mm); μ was the 

261 poisson ratio of soil; and l was the maximum deflection of bearing plate (mm).

262 The dynamic cone penetrometer test was performed to determine the bearing capacity 

263 properties of MgO-admixed soils before and after carbonation according to the China 
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264 standard described in JTG E60-2008 (China JTG 2008), which was basically consistent with 

265 ASTM D6951 (ASTM 2009). The dynamic cone penetrometer testing points were next to 

266 LWD points to avoid the effect of LWD’s compaction on the bearing capacity. In this study, 

267 the dynamic cone penetrometer equipment was consisted of a 10-kg drop hammer, a 

268 penetration rod and a cone tip with 25-mm base diameter. The drop height of hammer was 

269 500 mm, and the cone angle was 60°. The dynamic cone penetrometer testing results were 

270 normally expressed by the soil penetration resistance (Rs) and dynamic cone penetrometer 

271 index (DCPI, mm/blow), which could be calculated by the Eq. (2) and Eq. (3), respectively 

272 (Burnham 1997; Mohammadi et al. 2008; Du et al. 2016; Martin and Bryan 2017; Xia et al. 

273 2019). Besides, the bearing capacity could be approximately calculated according to Eq. (4) 

274 (China NRA 2018):

275                            (2)s s d dR W P mgh P 

276                              (3)pDCPI D N  

277                               (4)u 108 20p N 

278 where Rs was the soil penetration resistance (kN); Ws was the work done by the soil (J), Pd is 

279 the distance which the penetrometer travels through the soil layer (cm), m was the standard 

280 hammer mass, g was the gravity acceleration (9.8 m/s2); h was the fall distance (50 cm); DCPI 

281 was the penetration depth per blow of the hammer (mm/blow); △Dp was the penetration depth 

282 (mm); △N was the number of blow at △Dp; pu was the bearing capacity (kPa); and N10 was the 

283 penetration blow corresponding to 30 cm falling distance of cone tip.

284 After the field tests, some samples were collected using the ring cutter sampler to 

285 measure the shear strength parameters as well as physicochemical and microstructural 
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286 characteristics. Four samples obtained from the same point were scrapped and then subjected 

287 to direct shear tests under the vertical stress of 50, 100, 200 and 400 kPa (ASTM 2011b). 

288 After direct shear tests, a certain amount of broken soils were dried to determine the water 

289 content at 45°C, as the high temperature (above 50oC) may cause the bound water loss of 

290 nesquehonite (Unluer and Al-Tabbaa 2013, 2015). Additionally, the testing methods of 

291 specific gravity, Atterberg limits and classifications and soil pH were consistent with earlier 

292 statements (ASTM 2007, 2010a, 2010b, 2011a). To conduct X-ray diffraction (XRD) and 

293 scanning electron microscopy (SEM) tests, the fragments were first frozen by immersion in 

294 liquid nitrogen (boiling point of -195°C), and then placed into a freezing unit (-80°C) with a 

295 vacuum chamber for further drying. Subsequently, one piece of freeze-dried fragment was 

296 selected and coated with a gold layer, and then SEM-EDS tests were conducted by using a 

297 FEI Inspect F50 field emission scanning electron microscope. The other freeze-dried samples 

298 were further ground (< 75 μm) for the XRD test. The XRD test was carried out by employing 

299 a Science SmartLab (3) Intelligent X-ray diffractometer under Cu-Kα radiation (wavelength 

300 of 1.54059 Å) with an input voltage of 40 kV and a current of 30 mA, and it was scanned 

301 from 10° to 65° two theta at a scanning speed of 10 s/step (a step size of 0.02°).

302 Results and Analyses

303 Temperature

304 Figure 8 presents the variation in temperature of the MgO-stabilized soft soil layers 

305 during the CO2 ventilation. The variation in temperature revealed the carbonation efficiency 

306 under different initial water contents, distances from PVC pipes and CO2 ventilation time to a 

307 certain degree. As shown in Fig. 8, the temperature of MgO-stabilized soil (~20oC) was far 
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308 higher than the ambient temperature (~6oC) during the ventilation periods, which was 

309 attributed to the generation and accumulation of considerable amounts of heat during the 

310 hydration reaction of moist MgO-admixed soil under the plastic film (Eq. (5)). The similar 

311 temperatures of several zones before CO2 ventilation indicated the similar hydration degree of 

312 MgO. During the CO2 ventilation period, the temperature increased to the maximum value in 

313 the first 3 hours, and then tended to decrease after a steady period. The results could be 

314 explained by the fact that the carbonation of hydration product (Mg(OH)2) with CO2 was an 

315 exothermic reaction (Eq. (6)) (Yi et al. 2016; Cai et al. 2019b). Some other results can also be 

316 observed in Fig. 8: a) the temperature at 40 cm distance from the PVC pipe was higher than 

317 that at 10 cm distance; b) the temperature of the upper soil layer was higher than that of the 

318 middle soil layer; c) the maximum temperature was the same under similar conditions (such 

319 as the same site and initial water content), but the maximum temperature was relatively small 

320 at Zone C, indicating that a high water content hindered CO2 migration and carbonation to a 

321 great degree; and d) the higher the CO2 ventilation pressure was, the faster the temperature 

322 rose, showing that the high ventilation pressure could accelerate the CO2 migration. The 

323 relatively low temperature near the PVC pipe was mainly owing to the absorption of large 

324 amounts of heat during the releasing process of compressed CO2 from the high-pressure tank. 

325 Moreover, both CO2 gas and heat had an upward migration trend, resulting in the higher 

326 temperature of the upper soil layer compared to the middle layer.

327 MgO (s) + H2O (l) → Mg(OH)2 (s)    ΔH=-81 kJ/mol             (5)

328 Mg(OH)2 (s) + CO2 (g) → MgCO3 (s) + H2O (l)    ΔH=-37 kJ/mol        (6)

329 Dynamic resilient modulus
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330 Figure 9 shows the dynamic resilient moduli of treated soil layers in different zones 

331 before and after carbonation. It can be seen from Fig. 9 that the average values of dynamic 

332 resilient moduli ranged from 4.0 to 10 MPa for MgO-treated soil layers before carbonation, 

333 while the moduli significantly increased to 10-25 MPa after 4.5-6 hours’ carbonation. Besides, 

334 the moduli after carbonation were about three times higher than those before carbonation, and 

335 the moduli of four zones had a decreasing trend of A>B>C>D. The moduli of 

336 MgO-carbonated soil layers had relatively higher standard deviations compared to 

337 MgO-admixed soils, indicating that there was relatively low carbonation homogeneity to 

338 some degree. As described by the site conditions, muddy soil layers were too weak (shear 

339 strength < 5 kPa) to be tested for the dynamic modulus and dynamic cone penetrometer 

340 before treatment, even though the water content was reduced to the liquid limit. Among the 

341 reasons for the above results, the hydration of MgO facilitated the further reduction in the 

342 water content of muddy soils, and the hydration product formed could generate some 

343 cementation under proper compaction effect. In addition, the carbonation products formed 

344 after carbonation would generate stronger cementation and compactness, leading to a 

345 significant growth of the dynamic resilient modulus which was affected by the initial water 

346 content.

347 Dynamic cone penetrometer test

348 Figure 10 presents the variations in blow counts of dynamic cone penetrometer with the 

349 penetration depth. Since the average thickness of mud in the ditch pond was about 1.0 m, the 

350 subsequent calculation of DCPI was only in accordance with the thinnest depth (~60 cm). As 

351 shown in Fig. 10, the blow counts increased with the penetration depth, and the increment rate 
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352 after carbonation was significantly larger than that before carbonation. Figure 11 shows the 

353 variations in DCPI of treated soil layers in different zones. It can be seen from Fig. 11 that the 

354 DCPI values ranged from 2.5 to 5 mm/blow for treated soil layers before carbonation, while 

355 they decreased to 1.0-2.0 mm/blow after several hours’ carbonation. These results were 

356 consistent with the variations in temperatures and dynamic resilient moduli reported in the 

357 above section.

358 In addition to DCPI, the soil resistance was also obtained from dynamic cone 

359 penetrometer tests to evaluate the strength and bearing capacity of treated muddy soil layers. 

360 Figure 12 shows the variations in soil resistance with the penetration depth in four zones. It 

361 can be observed from Fig.12 (a) that there were some variations in soil resistance among the 

362 four zones. The soil resistance along the penetration depth was greatly impacted by the CO2 

363 carbonation. The soil resistance of MgO-treated soil layers after carbonation (30-40 J/cm) was 

364 obviously higher than that before carbonation (< 20 J/cm), and the soil resistances along the 

365 penetration depth were identical for most of testing points in the same zones. The 

366 discrepancies in soil resistances of different zones principally resulted from the different 

367 initial water contents and carbonation conditions. The average values of soil resistances were 

368 provided to address the effects of initial water contents and carbonation conditions on soil 

369 resistances. It can be seen that owing to the high initial water content and slight compaction, 

370 the average values of soil resistances in zones A and B were larger than those in zones C and 

371 D.

372 Direct shear test

373 Direct shear tests were implemented on raw soils and carbonated/uncarbonated 
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374 MgO-admixed soil samples in different zones. Table 4 shows the fitting relationship between 

375 the shear strength and normal stress, as well as shear strength parameters (internal friction 

376 angle and cohesion) for different soils. According to Table 4, it can be observed that the 

377 internal friction angle and cohesion for MgO-admixed soils were slightly higher than those of 

378 raw soils, which may be attributed to the effects of hydration products. After carbonation, the 

379 internal friction angle and cohesion had significant increments compared to raw soils and 

380 MgO-admixed soils. The reason for this result was that the hydration and carbonation 

381 products yielded very large internal friction angles and high cohesion due to various angular 

382 particle shapes and rough surfaces. The increase in dry density together with the interlocking 

383 between particles resulted in significant increments in the internal friction angle and the 

384 resistance to shear deformation. Furthermore, these differences for four zones might result 

385 from the uniformity of tested samples.

386 Physical and chemical properties

387 Table 5 shows the comparisons of physical properties including water content, specific 

388 gravity, Atterberg limits and pH value for raw soils, MgO-admixed soils and MgO-carbonated 

389 soils. It can be found from Table 5 that the water content, specific gravity, liquid limit, 

390 plasticity index, LOI value and clay particle content of raw soils had significant reductions 

391 while both pH value and sandy particle content had considerable increments after admixing 

392 with MgO. Similarly, the corresponding physical indexes and pH values continued to drop for 

393 MgO-admixed soils in different zones when subjected to carbonation. The above results were 

394 basically consistent with previous laboratory studies (Liu et al. 2020). These findings were 

395 ascribed to the following reasons: a) the alkaline oxide of MgO consumed large amounts of 
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396 water through the hydration reaction, facilitating the granulation of soft soils, and resulting in 

397 the reduction of water content, specific gravity, liquid limit and plasticity index, as well as the 

398 increase of the pH values; b) under the CO2 ventilation and carbonation, the water vapor was 

399 expelled by the gaseous CO2, and the MgO-stabilized soils tended to generate hydrated 

400 magnesium carbonates, leading to the agglomeration of soil particles and the continual 

401 reduction of water content, liquid limit and plasticity index; and c) some OH- ions were 

402 consumed during the CO2 carbonation, causing a significant reduction of pH values (Cai et al. 

403 2015). The change scopes of physical and chemical indexes in zones A and B were much 

404 larger than those in zones C and D, which were mainly caused by the difference of their initial 

405 water content. Moreover, the combination with high initial water content and fine-particle soil 

406 greatly influenced the migration and infiltration of CO2, weakening the carbonation degree for 

407 zones C and D to some degree (Cai et al. 2015, 2020; Liu et al. 2020). As a result, the 

408 incomplete carbonation would further yield a relatively small change in water content, 

409 specific gravity, liquid limit, plasticity index, pH value as well as silt and sandy contents 

410 compared to MgO-admixed soils.

411 Mechanism analysis

412 Figure 14 exhibits the X-ray diffractogram of raw soils as well as uncarbonated and 

413 carbonated MgO-admixed soils in zones A and C. To scrutinize the evolution of main 

414 products, the intensity of XRD results was set on the semi-logarithmic scale. Evidently, there 

415 were some strong peaks of quartz at two theta of 26.59° (3.35 Å), 20.83° (4.26 Å) and 50.05° 

416 (1.82 Å) in all samples, indicating that quartz was still the main component of soils in spite of 

417 admixing with MgO. A weak MgO peak at two theta of 42.87° (2.11 Å) was detected in the 
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418 tested samples, showing the existence of little unhydrated MgO. The peaks of brucite were 

419 also detected at two theta of 38.04° (3.63 Å), 18.60° (4.76 Å) and 19.86° (4.73 Å) in other 

420 tested samples except for raw soils. The peak intensities of brucite in carbonated 

421 MgO-admixed soils were obviously lower than those in uncarbonated MgO-admixed soils, 

422 and the peak intensities in zone C were higher than those in zone A, revealing the relatively 

423 less brucite and consequent higher carbonation degree in zone A. Furthermore, there were 

424 newly detected peaks of nesquehonite and dypingite/hydromagnesite in carbonated 

425 MgO-admixed soils of zones A and C, and these hydrated magnesium carbonates were 

426 consistent with those detected in MgO-carbonated soils of previous studies (Cai et al. 2015; 

427 Yi et al. 2013a, 2013b; Liu et al. 2020). It was difficult to distinguish some specific 

428 carbonation products of dypingite and hydromagnesite through XRD analyses due to some 

429 overlap peaks.

430 Figure 15 shows the morphology-structure changes of raw soil, MgO-admixed soils and 

431 carbonated MgO-admixed soils occurring in four zones based on SEM analyses. There were 

432 big pores or distinct boundaries in the micro structure of parent soil, and no binding was 

433 observed between clay soil particles (see Fig. 15(a)). After admixing MgO with raw soil, the 

434 large pores between soil particles were gradually filled to form small pores some of which 

435 might even disappear. It could also be detected from high-magnification micrograph that the 

436 clay particles were coated and slightly bonded by the flocculation blobs of brucite (see Fig. 

437 15(b)). This finding also explained why the mechanical strength had not significantly 

438 improved for uncarbonated MgO-admixed soils (Yi et al. 2013a; Cai et al. 2015; Liu et al. 

439 2020). When CO2 gas was transferred into the MgO-admixed soil layers, abundant 
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440 magnesium carbonates such as elongated prismatic nesquehonite and rosette-like 

441 dypingite/hydromagesite were observed in Figs. 15(c–f). Specifically speaking, the prismatic 

442 nesquehonite was mainly found in MgO-carbonated soils in the upper layer of zone A, and the 

443 clay particles were almost coated and strongly bonded by dense crystals (Fig. 15(c)). And in 

444 other zones, the massive crystals of dypingite/hydromagesite were found in carbonated 

445 MgO-admixed soils and they were mainly responsible for filling of pores and coating of clay 

446 particles (Figs. 15(d–f)). However, the SEM images from Figs. 15(c–f) displayed that the 

447 microstructural characteristics of carbonated soils in the upper layers were quite different 

448 from those in the lower layers. The amounts of carbonation products in the upper layers were 

449 more than those in the lower layers, and the flocculation blobs of brucite were mainly shown 

450 in the bottom layers, indicating the less efficiency of ventilation and carbonation in the 

451 bottom layers. In addition, the bonding effects of hydration and carbonation products were 

452 very weak for the bottom layers, which explained why the strength in the bottom layer was 

453 relatively low. 

454 Figure 16 shows the typical EDS results of raw soil, MgO-admixed soil and carbonated 

455 MgO-admixed soils. As shown in Fig. 16(a), the native soil had a discontinuous porous 

456 structure with visible voids and its essential components should be aluminum oxide and 

457 silicon dioxide according to high elemental content of oxygen, aluminum, silicon and carbon. 

458 Figure 16 also demonstrates three different morphologies of flocculation blobs of brucite, 

459 prismatic nesquehonite and rosette-like dypingite/hydromagesite, respectively. The EDS 

460 elemental analyses of three locations in Figs. 16(a, b, c) revealed the presence of Si, Mg, O, 

461 Al, C and Ca elements in the carbonated soils, suggesting the variations of (Mg+Ca)/O and 
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462 (Si+Al)/O ratios. Obviously, the (Si+Al)/O ratios of carbonated MgO-admixed soils 

463 decreased while the (Mg+Ca)/O ratios increased compared to uncarbonated MgO-admixed 

464 soils. These microstructural results were accountable for the changes of physical, chemical 

465 and mechanical properties of the raw, MgO-admixed and MgO-carbonated soils.

466 Discussion

467 Previous laboratory studies mainly revealed the improvement mechanism of carbonated 

468 MgO-stabilized soils and analyzed the influence of different initial conditions on the physical, 

469 mechanical and microstructural properties of treated soils. Concretely speaking, the strength 

470 of carbonated MgO-treated soils decreased with the increase in the liquid limit or initial water 

471 content of soils, and the reasonably long-time and high-pressure carbonation could 

472 significantly facilitate the strength improvement (Yi. et al. 2013a, 2013b; Cai et al. 2015, 

473 2019a, 2019b; Liu et al. 2020). The results of the present field study were basically consistent 

474 with those of previous researches in terms of the influencing laws of initial conditions. What 

475 was different was that the field study tried to apply this MgO carbonation technology to the 

476 engineering practice of soft soil treatment.

477 The mass carbonation technology of MgO included the successive processes, viz., the 

478 homogeneous mixing of MgO powders, gaseous CO2 injection and subsequent carbonization 

479 under a sealed environment. The field studies demonstrated good feasibility of the MgO mass 

480 carbonation technique in improving soft soil layers. Different from an Allu agitator, the 

481 mixing machine used in this study mainly included a large-diameter double-shaft mixer head 

482 which could mix soft soils evenly and efficiently, avoiding the agglomeration of ultra-soft 

483 soils in shallow foundations. After even mixing and slight compaction of MgO-admixed soils, 
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484 the perforated pipes were inserted into the compacted shallow ground, and the CO2 ventilation 

485 was achieved through the method of intubation and injection under the sealing condition. 

486 Subsequently, the dynamic cone penetrometer and dynamic deformation modulus were 

487 measured respectively. The dynamic cone penetrometer test clearly reflected the physical and 

488 mechanical properties of different-depth soil layers and quantitatively determined the 

489 compaction degree of these soil layers through observing the variations in penetration 

490 resistance with depth. Moreover, different types of deflectometers classified according to load 

491 characteristics and number of deflection sensors were commonly available around the world 

492 but were very similar in principle. The LWD was a portable device with a small load (10 kN) 

493 and a small number of deflection sensors (1−3) compared to falling weight deflectometer with 

494 a load of 7−150 kN and 1−18 deflection sensors (Beaulieu et al. 2014). The dynamic 

495 deformation modulus measured by LWD was an effective index to reflect the overall bearing 

496 capacity of stabilized-soil foundation. There were remarkable variations in penetration 

497 resistance with depth in these four zones, indicating that the improvement was not uniform at 

498 different depths owing to the high initial water content as well as inhomogeneous ventilation 

499 and carbonation of CO2. However, from the view of dynamic deformation modulus, the 

500 foundation of carbonated MgO-admixed soils had a better mechanical strength and structural 

501 integrity compared to uncarbonated MgO-admixed soils.

502 Based on the results of mechanical and microstructural characteristics, the improvement 

503 mechanism of MgO mass carbonation can be concluded as follows: (i) when admixed into 

504 wet soils, MgO powders were easily adsorbed on the surface of soil particles under the effect 

505 of water films; (ii) MgO powders would have hydration reactions with pore water to form 
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506 expansive brucite (Eq. (5)), reducing the water content of soft soils; (iii) similar to 

507 lime-stabilized soils, the magnesium ions (i.e., Mg2+) from the hydrolysis of brucite would 

508 have the cation-exchange reactions with other cations of clay particles (i.e., Na+, K+), 

509 resulting in a substantial reduction in the thickness of diffuse double layers as well as the 

510 formation of coarser flocculation blobs between clay particles (Thyagaraj and Zodinsanga 

511 2015); and (iv) when the CO2 gas was injected and diffused into MgO-admixed soft soils, a 

512 series of hydrated magnesium carbonates were formed through carbonation reactions (Eqs. (7) 

513 and (8)). In addition, the dissolved silica and alumina from clay lattices might slowly have the 

514 similar pozzolanic reactions with magnesium available in the high alkaline soil. The 

515 cementitious compounds such as hydrated magnesium silicate and hydrated magnesium 

516 aluminate could also increase the strength of soft soils (Fasihnikoutalab et al. 2017). However, 

517 these products from the pozzolanic reactions were not clearly detected in this study owing to 

518 the shorter curing time and lower alkalinity. Therefore, the synergistic effects of MgO and 

519 CO2 facilitated the binding of soil particles and filling of pores, and the corresponding 

520 carbonates and denser microstructure were the major contributors to the significant and rapid 

521 improvement in the mechanical performance of soft-soil subgrades.

522 Mg(OH)2 + CO2 + H2O → MgCO3·3H2O                  (7)

523 Mg(OH)2 + CO2 + H2O → Mg5(CO3)4(OH)2·(3 or 4)H2O            (8)

524 As to the chemically stabilized methods mentioned in the “Introduction” section, their 

525 stabilization mechanisms varied with curing agents including PC, lime, geopolymers, MgO 

526 and so forth. Unlike the carbonation of MgO, the stabilization of PC and lime was achieved 

527 through the slow hydration and pozzolanic reactions, and the stabilization of geopolymers 
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528 was realized through the slow recombination of silicon-oxygen and aluminum-oxygen bonds 

529 under the alkali-activated action. According to the stabilization mechanism, various 

530 geopolymers in existing studies were made based on the feasibility of industrial wastes 

531 including fly ash, slag, carbide slag and metakaolin to a large extent (Mozumder and Laskar 

532 2015). Compared to the treatment efficacy and environmental benefits of these binders, the 

533 MgO carbonation had significant advantages in the improvement of weak soils such as rapid 

534 development of strength (several hours) and potential environmental benefits (CO2 absorption 

535 of 0.88-1.1 times MgO). Besides, the treatment efficiency of MgO-admixed soils was affected 

536 by such conditions as MgO activity, initial water content, permeability and CO2 pressure. 

537 Previous laboratory studies revealed that the cost of MgO was close to that of PC for reaching 

538 the same strength of stabilized soils in spite that the price of MgO would greatly increase with 

539 its activity (Yi et al. 2016; Cai et al. 2019a). In this field trial, the cost of MgO with high 

540 impurity and low activity was slightly lower than that of PC, and the cost of high-purity CO2 

541 purchased was about half of MgO, leading to the slightly higher project cost of the MgO mass 

542 carbonation compared to conventional PC stabilization. Therefore, the overall cost for MgO 

543 carbonation would be similar to (or slightly lower than) that of PC stabilization if waste CO2 

544 captured from industries or atmosphere could be used for free in carbonation.

545 The field tests as the first attempt encountered some construction difficulties and 

546 application limitations though relatively satisfying mechanical properties could be gained for 

547 the soft soil foundation after the MgO mass carbonation treatment. These difficulties and 

548 limitations mainly included: (i) there was occasional powder blockage due to a small amount 

549 of MgO caking caused by long-time stacking and humid environment outside the feed tank 
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550 (Fig. 2(a) and Fig. 3(b)); (ii) when the thickness of the soft soil layer was less than 1.0 m, 

551 there was obvious powder leakage and waste of MgO during the mixing process (Fig. 5(a)); 

552 (iii) the CO2 discharged from high-pressure tanks easily caused the pipes to freeze; and (iv) 

553 the CO2 gas migration and diffusion as well as subsequent carbonation were still uneven from 

554 the top to the bottom of soil layers through intubation, owing to the moist-vapor redistribution 

555 and the unevenness of compaction degree. Moreover, the present field study was limited to 

556 the muddy soil with high water content, high liquid limit as well as low permeability, which 

557 made the abovementioned shortages more prominent. Consequently, it is necessary to 

558 elaborately refine the construction equipment and operation conditions for the real-life 

559 applications of MgO mass carbonation in soft-soil fields. Future endeavors should be made in 

560 the following aspects: (i) a fine sieve should be placed onto the feed tank to filter out the 

561 fragments or particles of MgO, and the powder spraying mouth needs to be improved to avoid 

562 the dust leakage of MgO; (ii) the CO2 pipes should be kept through the electric heater to 

563 prevent the pipes from freezing; (iii) this mass carbonation technique might be more suitable 

564 for soils with low water content, low liquid limit, large void ratio (e.g., silty and sandy soils) 

565 under a non-freezing environment; (iv) the in-situ ectopic mixing method can also be used in 

566 the mixing of shallow soft soils; and (v) the collection of waste CO2 needs to be studied to 

567 further save the project cost. Overall, the outcomes of this field investigation will contribute 

568 to the utilization of the combined stabilizer of MgO and CO2 and the mass carbonation 

569 technology in subgrade improvement.

570 Conclusions

571 This study presents a field investigation of the shallow soft-soil highway subgrade 
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572 treated by the mass carbonation technology. The MgO and CO2 were used as the combined 

573 curing binders, and the physical and mechanical properties of the soft ground before and after 

574 carbonation were compared in four different zones. Based on the research results, the main 

575 findings can be summarized as follows:

576 (1) During the CO2 ventilation periods, the temperature of the MgO-stabilized soil, far 

577 higher than the average ambient temperature, firstly increased to reach the maxima before 3 

578 hours and then began to decrease after remaining stable temporarily.

579 (2) The average values of dynamic resilient moduli were 4.0-10 MPa for treated soil 

580 layers before carbonation, while the moduli had a great increase and reached 10-25 MPa after 

581 carbonation of 4.5-6 hours. The moduli after carbonation were about three times higher than 

582 those before carbonation, and the moduli of several zones had a decreasing trend of 

583 A>B>C>D.

584 (3) DCPI values ranged from 2.5-5 mm/blow and 1.0-2.0 mm/blow for MgO-admixed 

585 soil layers before and after carbonation, respectively. The soil resistance of treated soil layers 

586 after carbonation (30-40 J/cm) was obviously higher than that before carbonation (< 20 J/cm), 

587 and the soil resistance along penetration depth was identical for most of the testing points at 

588 the same zones.

589 (4) The friction angle and cohesion of MgO-admixed soils slightly increased compared 

590 to the raw soil while the two parameters had a significant increase after carbonation. Besides, 

591 the water content, specific gravity, liquid limit, plasticity index, LOI value and clay particle 

592 content of the raw soil had some decrease while both the pH value and sandy particle content 

593 had a great increase after admixing with the MgO powder. The above physical indexes as well 
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594 as pH values continued to drop significantly in different zones after CO2 carbonation, and the 

595 changed scopes of physical and chemical indexes in zones A and B were much larger than 

596 those in zones C and D.

597 (5) The stabilization mechanism of the MgO mass carbonation was discussed through 

598 XRD, SEM and EDS analyses. The improvement of engineering properties could be 

599 attributed to the cementation effects of hydrated carbonates and filling of pores. It is 

600 beneficial for further understanding the potential of the MgO mass carbonation technology in 

601 soft ground reinforcement.

602
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837 Table 1  Physical and chemical properties of experimental materials.

Index value

Property

Mud soil MgO

Natural water content, w (%) 56~64

Liquid limit, wL (%) 46

Plastic limit, wP (%) 20

Plasticity index 26

Specific gravity, Gs 2.70 2.45

pH (soil: water=1:1) a 7.4

Specific surface area (m2/g) b 7.21

Activity content (%) 62

Grain size distribution (%)c

Clay (< 0.002 mm) 15.6 28.9

Silt (0.002-0.074 mm) 83.3 71.1

Sand (0.074-20 mm) 1.1 0

838 Note: a Based on ASTM D4972 (ASTM, 2013);

839 b Measured using the BET method via a physisorption analyzer;

840 c Measured using a laser particle-size analyzer “Mastersizer 2000” (Malvern, USA).

841
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Table 2  Chemical compositions of experimental materials.

Value

Oxides contents (%) a

Mud soil MgO

Silicon dioxide (SiO2) 69.79 5.58

Aluminum oxide (Al2O3) 17.84 0.42

Iron oxide (Fe2O3) 5.34 0.22

Potassium oxide (K2O) 2.05 0.01

Calcium oxide (CaO) 1.11 2.46

Magnesium oxide (MgO) 1.04 81.33

Titanium oxide (TiO2) 1.00 ND

Sulfur trioxide (SO3) ND c 0.1

LOI b (%) 4.8 9.88

Note: a Measured using an X-ray fluorescence spectrometry (EDXRF); 

b Value of loss on ignition is referenced to 950°C; 

c ND, Not detected.
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Table 3  Initial water content and ventilation characteristics of all zones.

Zone Initial water content (%) Total ventilation pressure (MPa) Duration time (h)

A 45 1.5 6

B 47 2.5 4.5

C 53 1.5 6

D 56 2.5 4.5
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Table 4  Fitting equations and parameters of shear strength for different soils.

Samples Fitting equations
Internal friction angle, 

Φ (o)

Cohesion, c 

(kPa)

Raw soil τ=0.16σ+14.3  (R2=0.99) 9.34 14.32

MgO-admixed soil τ=0.19σ+15.1  (R2=0.99) 10.65 15.06

MgO-carbonated soil 

(zone A)
τ=0.35σ+55.0  (R2=0.94) 19.10 55.03

MgO-carbonated soil 

(zone B)
τ=0.43σ+47.2  (R2=0.98) 23.17 47.23

MgO-carbonated soil 

(zone C)
τ=0.49σ+46.7  (R2=0.99) 25.98 46.71

MgO-carbonated soil 

(zone D)
τ=0.37σ+47.9  (R2=0.99) 20.33 47.92
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Table 5  Comparison of physical properties for raw soil, MgO-admixed soil and 

MgO-carbonated soil.

Zones of MgO-carbonated soil

Property Raw soil MgO-admixed soil

A B C D

Water content/%
45-47 (Zone A, B)

53-56 (Zone C, D)

34-37(Zone A, B)

42-45 (Zone C, D)
26.8 28.2 34.6 37.4

Specific gravity 2.70 2.69 2.66 2.66 2.68 2.69

Liquid limit, wL/% 46.4 40.5 34.2 34.8 36.6 37.0

Plastic limit, wP /% 20.8 20.4 18.4 18.2 17.8 17.6

Plasticity index 25.6 20.1 15.8 16.6 18.8 19.4

LOI/% 4.6 4.2 3.5 3.5 3.8 4.0

pH value 7.42 10.25 9.31 9.42 9.63 9.86

Particle distribution 

(%)

Clay (< 0.002 mm) 15.6 6.0 3.5 3.9 4.6 4.8

Silt (0.002-0.074 

mm)
83.3 83.5 68.5 71.5 78.9 79.8

Sand (0.074-20 mm) 1.1 10.5 28 24.6 16.5 15.8
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Figure lists

Fig. 1  Location and field view of the test site in Yixing of Jiangsu Province, China: (a) the 

location map from Google Earth; (b) the field scene before treatment.

Fig. 2  In-situ experimental materials: (a) industrial MgO; (b) PE pipe; (c) perforated PVC 

pipe; (d) quick union; (e) high-pressure pipe; and (f) CO2 tank.

Fig. 3  Main apparatus of in-situ construction: (a) mixing system; (b) binder spraying system; 

(c) alternator; (d) air compressor; and (e) assembly drawing of system.

Fig. 4  Flow chart of the construction procedure for the mass carbonation treatment.

Fig. 5  Overview of in-situ construction procedure for mass carbonation treatment: (a) 

mixing MgO powder; (b) secondary mixing; (c) ditching; (d) inserting PVC; (e) connecting 

vent pipe; and (f) sealing and carbonating.

Fig. 6  Arrangement diagram of vent pipes: (a) cross-sectional drawing; and (b) plane 

drawing.

Fig. 7  Layout of field tests: (a) field picture; and (b) diagrammatic figure.

Fig. 8  Variation in temperature of MgO-stabilized soil layers during CO2 ventilation 

process.

Fig. 9  Dynamic resilient modulus of treated soil layers at different zones ground before and 

after carbonation: (a) dynamic resilient modulus; and (b) average dynamic resilient modulus.

Fig. 10  Variations in blow counts of treated soil layers with penetration depth.

Fig. 11  Variations in dynamic cone penetration index (DCPI) of treated soil layer at 

different zones: (a) DCPI; and (b) average DCPI.

Fig. 12  Variations in the soil resistance of treated soil layers with penetration depth: (a) soil 
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resistance; and (b) average soil resistance.

Fig. 13  Variations in bearing capacity of treated soil layers at different zones: (a) bearing 

capacity; and (b) average bearing capacity.

Fig. 14  XRD results of raw soil, MgO-admixed soil and MgO-carbonated soils.

Fig. 15  SEM images of raw soil, MgO-admixed soil and MgO-carbonated soils of different 

treatment zones: (a) raw soil; (b) MgO-admixed soil; (c) MgO-carbonated soil (zone A); (d) 

MgO-carbonated soil (zone B); (e) MgO-carbonated soil (zone C); and (f) MgO-carbonated 

soil (zone D).

Fig. 16  EDS results of raw soil, MgO-admixed soil and MgO-carbonated soils: (a) Raw soil; 

(b) MgO-admixed soil; (c) MgO-carbonated soil (zone A); and (d) MgO-carbonated soil 

(zone C) (Note: the upper part indicates electronic images and the lower part indicates EDS 

results of designated areas).

Page 46 of 62

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

 

Fig. 1  Location and field view of the test site in Yixing of Jiangsu Province, China: (a) the location map from 

Google Earth; (b) the field scene before treatment. 
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Fig. 2. In-situ experimental materials: (a) industrial MgO; (b) PE pipe; (c) perforated PVC pipe; (d) quick 

union; (e) high-pressure pipe; and (f) CO2 tank. 
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Fig. 3. Main apparatus of in-situ construction: (a) mixing system; (b) binder spraying system; (c) alternator; 

(d) air compressor; and (e) assembly drawing of system. 
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Fig. 4. Flow chart of the construction procedure for the mass carbonation treatment. 
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Fig. 5. Overview of in-situ construction procedure for mass carbonation treatment: (a) mixing MgO powder; 

(b) secondary mixing; (c) ditching; (d) inserting PVC; (e) connecting vent pipe; and (f) sealing and 

carbonating. 
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Fig. 6. Arrangement diagram of vent pipes: (a) cross-sectional drawing; and (b) plane drawing. 
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Fig. 7. Layout of field tests: (a) field picture; and (b) diagrammatic figure. 

Page 53 of 62

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

 

Fig. 8. Variation in temperature of MgO-stabilized soil layers during CO2 ventilation process. 
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Fig. 9. Dynamic resilient modulus of treated soil layers at different zones ground before and after 

carbonation: (a) dynamic resilient modulus; and (b) average dynamic resilient modulus. 
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Fig. 10. Variations in blow counts of treated soil layers with penetration depth. 
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Fig. 11. Variations in dynamic cone penetration index (DCPI) of treated soil layer at different zones: (a) 

DCPI; and (b) average DCPI. 
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Fig. 12. Variations in the soil resistance of treated soil layers with penetration depth: (a) soil resistance; and 

(b) average soil resistance. 
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Fig. 13. Variations in bearing capacity of treated soil layers at different zones: (a) bearing capacity; and (b) 

average bearing capacity. 
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Fig. 14. XRD results of raw soil, MgO-admixed soil and MgO-carbonated soils. 
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Fig. 15.  SEM images of raw soil, MgO-admixed soil and MgO-carbonated soils of different treatment zones: 

(a) raw soil; (b) MgO-admixed soil; (c) MgO-carbonated soil (zone A); (d) MgO-carbonated soil (zone B); (e) 

MgO-carbonated soil (zone C); and (f) MgO-carbonated soil (zone D). 
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Fig. 16. EDS results of raw soil, MgO-admixed soil and MgO-carbonated soils: (a) Raw soil; (b) MgO-

admixed soil; (c) MgO-carbonated soil (zone A); and (d) MgO-carbonated soil (zone C) (Note: the upper 

part indicates electronic images and the lower part indicates EDS results of designated areas). 

Page 62 of 62

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal


