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Abstract: Calcium carbide residue (CCR) is an industrial by-product, stockpiles of which are 30 

rapidly accumulating worldwide. Highway embankment construction has been identified as an 31 

avenue to consume huge quantities of CCR as an economical, less energy intensive and 32 

environmental-friendly chemical additive for soil stabilization. Previous studies have investigated 33 

the mechanical behavior of soils stabilized by CCR or blends of CCR with other additives; however, 34 

interpretation of the macro-scale geomechanical behavior of CCR stabilized soft soils from a 35 

systematically microstructural observation and analysis is relatively unknown. This paper presents a 36 

multi-scale laboratory investigation on the physical, mechanical and microstructural properties of 37 

CCR stabilized clayey soils with comparison to quicklime stabilized soils. Several series of tests 38 

were conducted to examine the Atterberg limits, particle size distribution, compaction 39 

characteristics, unconfined compressive strength, California-Bearing-Ratio and resilient modulus of 40 

the CCR stabilized clayey soils. The influences of binder content, curing time, and initial 41 

compaction state on the physical and mechanical properties of treated soils are interpreted with the 42 

aids of physicochemical and microstructural observations including soil pH, soil mineralogy 43 

obtained from X-ray diffraction and thermogravimetric analysis, and pore size distribution obtained 44 

from mercury intrusion porosimetry. Soil particle flocculation and agglomeration at the early stage 45 

and pozzolanic reactions during the entire curing time, which originate from the finer particle size, 46 

greater specific surface area and higher pH value of calcium carbide residue, are the controlling 47 

mechanisms for the superior mechanical performance of CCR stabilized soils. The outcomes of this 48 

research will contribute to the usage of CCR as a sustainable and alternative stabilizer to quicklime 49 

in highway embankment applications. 50 

 51 

Key Words: calcium carbide residue; multi-scale; pozzolanic reaction; soil stabilization 52 

53 
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Introduction 54 

Calcium carbide residue (CCR) is a by-product of polyvinyl chloride (PVC), polyvinyl alcohol 55 

and acetylene production. CCR is formed through the hydrolysis of calcium carbide, as shown by 56 

the following equation (Jaturapitakkul and Roongreung 2003): 57 

(1)                         CaC2+2H2O = C2H2+Ca(OH)2                58 

The dominant component of CCR is Ca(OH)2, with limited amounts of calcium carbonate 59 

(CaCO3), SiO2, and trace components of sulfide, metal oxide and organic matters (Kampala and 60 

Horpibulsuk 2013). CCR is presently widespread in developing and developed countries alike 61 

(Sharma and Reddy 2004; Du et al. 2011, 2015a; Horpibulsuk et al. 2013b; Phetchuay et al. 2014). 62 

CCR usually appears as high-alkaline and high-moisture-content slurry. If not handled properly, 63 

CCR becomes a source of pollution to surface and underground water (Krammart and 64 

Tangtermsirikul 2004; Sharma and Reddy 2004). In recent years, the increasingly large production 65 

quantity of CCR due to growing demand has often resulted in serious environmental pollution with 66 

stockpile areas (Du et al. 2011). Reuse applications for CCR, particularly in large civil engineering 67 

infrastructure applications that can rapidly deplete these growing stockpiles, are urgently being 68 

sought. The usage of CCR as a sustainable cementitious binder for soil stabilization has been 69 

identified as a low-carbon and less energy intensive means to reuse this by-product and furthermore 70 

eliminate negative environmental connotations associated with stockpiling this by-product. Similar 71 

approaches have been successfully attempted in recent years for other geomaterials including 72 

geopolymer, phosphate-rich materials and demolition aggregates (Du et al. 2011, 2014b; 73 

Horpibulsuk et al. 2013b, 2014; Sukmak et al. 2013a, b, 2015; Arulrajah et al. 2014; Cai et al. 74 

2015).  75 

Soft clay deposits, which are widely distributed in East China regions, impose great challenges 76 

in the construction of infrastructure projects such as highway embankments (Liu et al. 2011; 77 
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Horpibulsuk et al. 2013b). These soft clay deposits are typically of low strength, low stiffness and 78 

low permeability, making them difficult to improve and compact. These difficulties often result in 79 

the highway embankments having low bearing capacity and furthermore susceptible to excessive 80 

settlements (Kodikara and Chakrabarti 2005; Chakrabarti and Kodikara 2007; Han et al. 2007; 81 

Gnanendran and Piratheepan 2010). Chemical stabilization is an effective method to improve the 82 

engineering properties of soft clayey soils (Shen et al. 2013). Huge amount of chemical additives 83 

are needed to stabilize the soft soils in-situ, given that the geometries of typical embankments are of 84 

large lengths and widths. The large-scale quantities of CCR by-products generated in Eastern China, 85 

creates the opportunity for the recycling of this industrial by-product in the construction of highway 86 

embankment (Du et al. 2011), particularly as soft soil deposits are largely prevalent in this region. 87 

The reuse of CCR in highway embankment construction is cost-economic and has no extra 88 

associated embedded energy consumption compared to conventional cement-based binders, making 89 

it an attracting alternative for project contractors and constructors (Horpibulsuk et al. 2012, 2013a; 90 

Du et al. 2015a). Similar to other chemical additives (e.g., Portland cement, fly ash and slag) for 91 

soft clay stabilization (Jin and Al-Tabbaa 2014; Du et al. 2015b), CCR is mixed with the parent soft 92 

clayey soil and reacts with clay minerals and water to improve the strength, stiffness and durability 93 

of the stabilized soil (Kampala and Horpibulsuk 2013; Du et al. 2011).  94 

Previous studies focused on the use of CCR alone or the blend of CCR and other chemical 95 

additives in soft soils stabilization. For example, Kampala and Horpibulsuk (2013) examined the 96 

physical and engineering properties of a problematic silty clay stabilized with CCR and stated that 97 

CCR was more effective than lime in soft soil stabilization in terms of engineering, economic, and 98 

environmental perspectives. Horpibulsuk et al. (2013a) investigated the strength characteristics of a 99 

silty soil treated by the blend of CCR and fly ash and proposed a controlling strength development 100 
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mechanism based on different strength improvement zones. Vichan and Rachan (2013) 101 

systematically investigated the strength development patterns of the soft Bangkok clay stabilized by 102 

blends of CCR and biomass ash, and reported that the properties of both materials significantly 103 

affected the strength gains. Phetchuay et al. (2014) used CCR- alkali activated stabilized clay 104 

geopolymer as a sustainable pavement subgrade material and examined the influential factors for 105 

strength development. Most of these existing studies focused on the examination of engineering 106 

properties and associated influential factors affecting the strength of soils stabilized by CCR alone 107 

or with blends of CCR and other additives. The interpretation of macro-scale geomechanical 108 

behaviors of CCR stabilized soft soils from a systematically microstructural observation and 109 

analysis is however relatively unknown. Microstructural analytical methods in geotechnical 110 

engineering typically include X-ray diffraction (XRD), scanning electron microscopy (SEM), 111 

mercury intrusion porosimetry (MIP) and thermogravimetric analysis (TGA) (Mitchell and Soga 112 

2005). These methods have been extensively employed to produce explicit microstructural 113 

supporting evidences for the hypothesis explaining geomechanical behaviors of soft soils or 114 

aggregates stabilized by conventional chemical additives (e.g., Portland cement and lime) (Locat et 115 

al. 1996; Al-Mukhtar et al. 2010; Stoltz et al. 2012; Du et al. 2014a; Mohammadinia et al. 2014;). 116 

For example, Wild et al. (1993) employed the XRD, SEM-EDAX and thermal analysis to 117 

investigate the chemical, morphological and microstructural changes occurring during moist curing 118 

and soaking of lime stabilized kaolinite. Lemaire et al. (2013) carried out a multi-scale studies of 119 

the cement-lime stabilized plastic silty soil and interpreted the mechanical properties from the 120 

physicochemical and microstructural perspective using SEM, XRD, and MIP. Similarly, multi-scale 121 

observations and analysis would be helpful to understanding the controlling mechanisms of soft 122 

clay stabilization by CCR.   123 
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This paper presents a multi-scale laboratory evaluation of the physical, mechanical and 124 

microstructural properties of CCR stabilized soft clayey soil. Several macro-scale series of tests 125 

were conducted to examine the Atterberg limits, particle size distribution (PSD), compaction 126 

characteristics, unconfined compressive strength (qu), California-Bearing-Ratio (CBR) and resilient 127 

modulus (Mr) of the CCR stabilized clayey soils. Quicklime, which is used extensively in 128 

stabilizing highway subgrade materials, is selected as a control chemical additive for comparison 129 

purposes. The influences of binder content, curing time, and initial compaction state on the physical 130 

and mechanical properties of stabilized soils are interpreted with the aids of physicochemical and 131 

microstructural observations including the soil pH, soil mineralogy obtained from XRD and 132 

thermogravimetric analysis (TGA), and pore size distribution obtained from mercury intrusion 133 

porosimetry (MIP) analysis.  134 

 135 

Materials and Methods 136 

Soils and binders 137 

The soil used in this study was excavated from the site of West Changzhou Ring Expressway 138 

located in Changzhou City, Jiangsu Province, China. The basic physical and engineering properties 139 

of the soil are listed in Table 1. The soil is classified as a low plasticity clay (CL) based on ASTM 140 

D2487 (ASTM 2011a). The result of X-ray fluorescence (XRF) analysis of the parent soil indicates 141 

that it contains 67.9% of silicon dioxide (SiO2), 14.1% of aluminum oxide (Al2O3), 5% of ferric 142 

oxide (Fe2O3), 2.5% of magnesium oxide (MgO), and 1.3% of calcium oxide (CaO) (see Table 2). 143 

The particle size distribution curve of the parent soil is shown in Fig. 1.  144 

CCR used in this study was collected from Jiangsu Changzhou Changfei Acetylene 145 

Manufacturing Co. Ltd. Its basic physical and chemical characteristics are listed in Table 3 and its 146 

major chemical constituents are shown in Table 2. The CCR was air-dried prior to the specimen 147 
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preparation for various laboratory-scale tests due to its natural moisture content up to 60.9%. 148 

Quicklime used in this laboratory test was produced by Liyang Shanghuang Yangzhu Tianfu Lime 149 

Manufacturing Station. Basic physical and chemical characteristics of the quicklime are listed in 150 

Table 3 and its major chemical constituents are presented in Table 2. This quicklime is classified as 151 

High-Calcium Lime based on ASTM C51-11 (ASTM 2011b). The particle size distribution curves 152 

of the CCR and quicklime are shown in Fig. 1. 153 

 154 

Sample preparation 155 

Prior to the series of test in this study, the standard Proctor compaction test were conducted to 156 

obtain the maximum dry density (ρdmax) and optimum water content (wopt) of binder-amended soils 157 

right after mixture. For Atterberg limits and particle size distribution (PSD) tests, collected soils 158 

were air-dried before they were passed through the sieve with 0.5 mm opening size. Then, the 159 

air-dried soils were thoroughly mixed with predetermined amount of binders (i.e. CCR or quicklime) 160 

and water (approximately wopt). The binder-amended soils were then cured in sealed vinyl bags at 161 

20°C and relative humidity of 95% for 28 d before subjected to the Atterberg limits and PSD tests. 162 

For other tests in this study, the air-dried soils were firstly prepared with predetermined amount 163 

of binders (i.e. CCR or quicklime) and water (approximately wopt) in cylindrical iron molds (Ф152 164 

× H170 mm for CBR and Mr tests, and Ф50 × H50 mm for unconfined compression test; soils for 165 

pH, TGA and MIP tests were sampled from the Ф50 × H50 mm sample) via the static compaction 166 

method to achieve degree of compaction of 93%, 94% and 96%. All inner walls of molds were 167 

lubricated with Vaseline to reduce friction. All samples were subsequently cured at 20°C and 168 

relative humidity of 95% for 7 and 28 d, respectively, before testing. Table 4 presents the binder 169 

dosage, curing time, degree of compaction, and the number of identical samples for different tests in 170 
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this study. For unconfined compression, CBR, resilient modulus, and TGA tests, three identical 171 

samples were tested. The coefficient of variation (COV) for the results of unconfined compression 172 

test, CBR and resilient modulus tests are less than 8% and COV for TGA test is less than 4%, 173 

indicating excellent repeatability of the test results. 174 

 175 

Testing methods 176 

Atterberg limits were conducted according to ASTM D 4318 (ASTM 2010). PSD tests for the 177 

parent soil, CCR, quicklime, and CCR and quicklime stabilized soils were conducted using a 178 

Mastersizer 2000 laser particle size analyzer (Malvern Inc., U.K.). Prior to PSD analysis, both 179 

stabilized and unstabilized soil specimens were air-dried and grinded through a 0.3 mm sieve. Then, 180 

15 g grinded specimen was mixed with sufficient distilled water and subjected to the PSD analysis. 181 

Standard Proctor compaction test was conducted with a standard compaction effect of 600 kN-m/m3 182 

as per ASTM D 698 (ASTM 2012). The unconfined compression test was performed based on 183 

ASTM D4219 (ASTM 2008). The rate of vertical load remained 1mm/min until the failure of the 184 

specimen. It should be noted that the specimen size in this study (Ф50 × H50 mm) is slightly 185 

difference from the length-to-diameter ratio (2.5) recommended by ASTM D 4219. The CBR test 186 

was conducted according to ASTM D 1883 (ASTM 2014). A circular piston was used to intrude 187 

stabilized soils in a mold at a constant rate of penetration. The CBR was determined as the ratio of 188 

the unit load on the piston required to penetrate 2.5 mm or 5 mm of the test soil to the unit load 189 

required to penetrate a standard material of well-graded crushed stone. Resilient modulus test was 190 

conducted as per AASHTO T307 (AASHTO 2007), which was also previously adopted by Tastan et 191 

al. (2011). The specimen size in this study (Ф152 × H170 mm) is modified from that in AASHTO 192 

T307 (Ф102 × H203 mm). Mr was calculated based on the ratio of deviator stress and the 193 
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recoverable strain. Different confining and deviator stresses were applied on the specimens to cover 194 

the range of expected stresses in the field. 195 

Physicochemical and microstructural observational tests conducted in this study include soil 196 

pH, XRD, TGA and MIP. Soil pH measurement was carried out using a HORIBA pH/COND 197 

METER D-54 as per ASTM D4972 (ASTM 2013). Both stabilized and unstabilized soils were 198 

grinded through a sieve with 2 mm opening size. The liquid to solid ratio of 1.0 was used to mix the 199 

soil and distilled water. The pH of the slurry was then measured after 1 hr of retention. In order to 200 

examine the chemical and mineralogical compositions of CCR and quicklime stabilized soils, XRD 201 

test was conducted for stabilized soils with 6% binder content at 180 d. As a reference, unstabilized 202 

soil was also subjected to the XRD test. The XRD tests were performed using a Rigaku 203 

D/Max-2500 X-ray diffractometer. Cu-Kα (λ = 1.540538Å) X-ray tube with an input voltage of 40 204 

kV and a current of 200 mA was utilized. Prior to the test, both stabilized and unstabilized soil 205 

specimens were freeze-dried and then grinded into a sieve with 0.038 mm opening size. The tests 206 

were carried out between two-theta values of 5 to 60° with a step length of 0.02° and a scanning 207 

rate of 2°/min.  208 

Thermogravimetric analyses (TGA) was conducted by heating a test specimen continuously 209 

from room temperature to 750°C at a heating rate of 20°C/min in a nitrogen environment. In this 210 

study, TGA was performed using a differential scanning calorimeter (Perkin-Elmer Pyris 1). After 211 

designated curing periods of 28 and 120 d, 3 identical cubic samples (1 cm × 1 cm) were extracted 212 

and soaked in absolute ethyl alcohol for 96 hr to terminate the hydration. The specimens were then 213 

dried at 30 °C and grinded through a 200-mesh sieve. Approximate 30 ± 0.5 mg sieved specimens 214 

were used for the TGA test. The results of TGA are presented as a curve of the mass loss versus 215 

temperature. The first derivative of the mass loss curve is recorded as a function of time, which is 216 
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known as derivative thermogravimetric analysis (DTG).  217 

The MIP test is based on the fact that mercury is a non-wetting fluid that has to be pressurized 218 

in order to penetrate a porous medium (Diamond 1970). In this method, all pores are considered to 219 

be of cylindrical shape and therefore the Jurin’s equation which calculates capillary pressure can be 220 

applied in MIP method: 221 

(2)
 

                              
p

d
θτ cos4

−=                              

                

222 

where d is the diameter of the pore intruded, τ is the surface tension of intruded liquid (i.e. mercury), 223 

θ is the contact angle, and p is the applied pressure. In this study, MIP test was carried out using an 224 

AutoPore IV 9510 mercury intrusion porosimeter (Micromeritics Co. Ltd. USA). The maximum 225 

applied pressure is 6×104 psi (i.e. 413 MPa) and the surface tension of mercury is 4.84×10-4 226 

N/mm at 25°C (Mitchell and Soga 2005). The contact angle is taken as 135°. After curing periods, 227 

stabilized soil specimens were broken up to about 1 cm × 1 cm cubes in a careful manner to 228 

eliminate disturbance. Liquid nitrogen was used to freeze the soil specimens, after which the 229 

specimens were placed in a freezing unit with a vacuum chamber, and were dried by sublimation of 230 

the frozen water at a temperature of –80 °C. (Penumadu and Dean 2000; Li and Zhang 2009).  231 

 232 

Results and Analysis 233 

Atterberg limits 234 

The results of Atterberg limits tests are shown in Table 5. It is found that both liquid limit (wL) 235 

and plastic limit (wp) of CCR and quicklime stabilized soils are higher than those of unstabilized 236 

soils, regardless of binder dosage. In contrast, plastic index (Ip = wL-wp) values of both CCR and 237 

quicklime stabilized soils decrease by approximate 15% as compared to those of unstabilized soils. 238 

Kinuthia (1999) and Du et al. (2014a) indicated that formations of flocculate and agglomerate 239 
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(short-term), and pozzolanic reactions (long-term) in lime stabilized soils were able to remarkably 240 

modify wL and wp. Due to the similarity in chemical components between CCR and quicklime, the 241 

mechanism proposed by Kinuthia (1999) can explain the variations of Atterberg limits of both CCR 242 

and quicklime stabilized soil with binder content and curing time in this study. The decrease in Ip 243 

values with amendment of CCR or quicklime observed in this study is consistent with those 244 

examined by previous studies (Locat et al. 1996; Du et al. 1999) which found that the addition of 245 

chemical additives (such as lime) could result in an increase in both wL and wp but a reduction in Ip. 246 

 247 

Particle size distribution (PSD) 248 

The results of PSD test is shown in Table 6. After 28 d curing time, the addition of 4% and 6% 249 

CCR leads to reduction of clay-sized particle percentage from 13.6% to 7.0% and to 3.8%, 250 

respectively, which are higher than the cases of quicklime addition (from 13.6% to 10.0% and to 251 

8.2%, respectively). The sand-sized particle percentage of CCR and quicklime stabilized soils 252 

increase substantially from 2.5% to 37.8% and to 60.7 for 4% and 6% CCR, as well as from 2.5% 253 

to 26.4% and to 26.7% for 4% and 6% quicklime, respectively. The changes in clay- and sand-sized 254 

particle percentages in the stabilized soils are dominantly attributed to both short-term flocculation 255 

formation and long-term pozzolanic reactions (Nalbantoglu and Tuncer 2001; Tran et al. 2014). The 256 

flocculation contributes to agglomeration of fine particles (Nalbantoglu and Tuncer 2001; Kampala 257 

et al. 2013) and the synthesized pozzolanic products would coat the surface of soil particles (Tran et 258 

al. 2014), both making relatively high fraction of coarse-grained particles.   259 

In comparison with quicklime, CCR stabilized soils exhibit 143% to 228% higher sand-sized 260 

particle percentage after curing for 28 d. The clay-sized particle percentages of CCR stabilized soils 261 

are 29% to 54% less than quicklime stabilized soils at 28 d, respectively. The observations suggest 262 
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that CCR yields a superior capability for modifying particle size distribution of the soils as 263 

compared to the quicklime. 264 

 265 

Compaction characteristics 266 

The results of standard compaction test show that when the binder content increases from 4 to 267 

6%, wop slightly changes from 13.4 to 14.1% for CCR and from 13.2 to 13.4% for quicklime, 268 

respectively. In contrast, ρdmax reduces from 1.78 to 1.74 g/cm3 and from 1.73 to 1.70 g/cm3 for 269 

CCR and quicklime stabilized soils, respectively, as a consequence of increase in the binder content 270 

from 4 to 6%. The phenomena are consistent with those reported by Fahoum et al. (1996), who also 271 

observed the reduction of ρdmax with increasing lime content for cohesive soils, and Kampala and 272 

Horpibulsuk (2013), who reported the reduction of ρdmax with increasing CCR content for silty clay. 273 

The reason of the phenomena is predominantly attributed to the flocculation and agglomeration, as 274 

a consequence of cation exchange, resulting in material bulking (Kinuthia et al. 1999). The ρdmax 275 

values of the CCR stabilized soil are always higher than those of quicklime stabilized soils at the 276 

binder contents of 4 and 6%, indicating that CCR stabilized soil can achieve a better compaction 277 

performance relative to the quicklime with the same dosage. 278 

 279 

Unconfined compressive strength 280 

Figure 2 shows the effects of curing time, degree of compaction and binder content on the qu 281 

of CCR and quicklime stabilized soils. The qu of unstabilized soils is also marked in Fig. 2 for 282 

comparison. It can be noticed that qu keeps increasing steadily with curing time, irrespective of the 283 

degree of compaction and binder content for both stabilized soils. More specifically, the CCR 284 

stabilized soil exhibits notable strength development at the initial 60 d than the subsequent 60 d, 285 
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regardless of the degree of compaction. However, the quicklime stabilized soil gains predominant 286 

strength at the initial 30 d with 94 and 96% degree of compaction. With 93% degree of compaction, 287 

the predominant strength development occurs at the initial 60 d. Moreover, it is evident that higher 288 

content of CCR or quicklime results in higher qu values for all the curing times tested. At the same 289 

binder content, the qu values of CCR stabilized soil are higher than those of the quicklime stabilized 290 

soil regardless of the curing time and degree of compaction. The strength development for CCR and 291 

quicklime stabilized soft clayey soils in this study is consistent with that reported by Kampala and 292 

Horpibulsuk (2013). The strength growth at early stage is attributable to the flocculation and 293 

agglomeration of the soil particles (Kinuthia et al. 1999) while the long-term strength development 294 

is determined by the pozzolanic reactions (Wild et al., 1993).  295 

CCR and quicklime stabilized soils have a discrepancy in the effect of degree of compaction 296 

on the strength development. The qu values at 120 d for CCR stabilized soils are around 2250 kPa 297 

regardless of the degree of compaction. In contrast, dependence of qu on the initial compaction state 298 

is noticeable for quicklime stabilized soils cured for 120 d. For example, in the case of 6% 299 

amendment, the qu values at 120 d are 1600 and 2200 kPa for 93% and 96% degree of compaction, 300 

respectively. Le Runigo et al. (2009) stated that the impact of compaction energy on the pore size 301 

distribution of quicklime stabilized silty soil is margin, indicating a similar soil fabric even under 302 

different degree of compaction conditions. However, Osinubi (1998) showed that higher 303 

compaction energy was related to higher qu values for lime stabilized soils, which is consistent with 304 

the results of quicklime stabilized soil tested in this study. Since the binder contents adopted in this 305 

study are not higher than 6%, the CCR stabilized soils are in the active zone, as suggested by 306 

Horpibulsuk et al. (2013). In contrast, the quicklime stabilized soils are in the inert or deterioration 307 

zone as suggested by Bell (1996). In the active zone, the long-term qu of the CCR stabilized soil 308 
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increases with increasing binder content, which is due to the fact that all input portlandite is 309 

consumed through pozzolanic reactions (Horpibulsuk et al. 2013). However, in the inert or 310 

deterioration zone, the qu of the quicklime stabilized soil ceases to increase or decrease with 311 

increasing binder content, which is caused by internal-structure damage due to presence of 312 

excessive free lime (Horpibulsuk et al. 2013). Therefore, when the stabilized soils are in different 313 

zones (i.e., active zone and inert or deterioration zone), the effect of degree of compaction on their 314 

qu would be different. This may explain the discrepancy between CCR and stabilized soils in terms 315 

of the effect of degree of compaction on the qu. 316 

 317 

California Bearing Ratio (CBR) 318 

Figure 3 presents the effects of curing time, binder content on CBR values with various degree 319 

of compaction. The CBR values of both CCR and quicklime stabilized soils are dramatically higher 320 

than that of the unstabilized soil, and they increase steadily with increasing curing time, due to the 321 

flocculation and agglomeration of soil particles at early stage and pozzolanic reactions at long term 322 

(Kinuthia et al. 1999). The CBR values of both CCR and quicklime stabilized soils increase with 323 

increasing degree of compaction, which is consistent with that reported by Osinubi (1998). In 324 

contrast, the binder content affects CBR values in a different manner for CCR and quicklime 325 

stabilized soils. The CBR values of CCR stabilized soils at two binder contents (4 and 6%) are 326 

practically the same, while the quicklime stabilized soil exhibits approximate 30% increase in the 327 

CBR when the binder content increases from 4% to 6%.  328 

Similar to the unconfined compression test results, the CCR stabilized soils possess much 329 

higher CBR values relative to the quicklime stabilized soils, regardless of the binder content, curing 330 

time and degree of compaction within the considered range. This result is consistent with that 331 
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obtained from the full-scale field trial tests (Du et al. 2015a), confirming that the CCR stabilization 332 

brings higher bearing capacity for the highway soft clayey soils relative to the quicklime. In 333 

addition, the measured CBR values also satisfies the requirement specified by the China highway 334 

construction standard (CBR ≥ 8%) (China MOT 2004).  335 

 336 

Resilient modulus (Mr) 337 

Figure 4 illustrates the development of Mr for CCR and quicklime stabilized soils with curing 338 

time and degree of compaction. It is evident that CCR and quicklime stabilization leads to a 339 

significant increase in Mr, as compared to the unstabilized soil. The Mr values of both CCR and 340 

quicklime stabilized soils at 28 d are approximately two times those at 7 d. Elevation of degree of 341 

compaction from 94% to 96% results in approximate 20% increase in Mr for the CCR stabilized soil, 342 

whereas only marginal increase in Mr for the quicklime stabilized soil. The change of Mr with 343 

curing time and degree of compaction is similar to that of qu (see Fig. 2) and CBR (see Fig. 3).  344 

The Mr values of the CCR stabilized soils are found to be remarkably larger than those of 345 

quicklime stabilized soils. At 7 d, the Mr values of CCR stabilized soils with degree of compaction 346 

of 94% and 96% are 15% and 29%, respectively, higher than those of quicklime stabilized soils. 347 

This difference increases  to 31% and 44% at 28 d for the degrees of compaction of 94% and 96%, 348 

respectively.  349 

 350 

Soil pH 351 

Figure 5 shows the changes in measured soil pH values of CCR and quicklime stabilized soils 352 

with the curing time. It is found that pH values of both CCR and quicklime stabilized soils decrease 353 

gradually with increasing curing time, which is attributed to the pozzolanic reactions between 354 
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portlandite (Ca(OH)2) and reactive SiO2/Al2O3 in the soil matrix expressed by the following 355 

equation (Kinuthia et al. 1999): 356 

(3)                         Ca(OH)2+SiO2+H2O→C-S-H                     357 

(4)                        Ca(OH)2+Al2O3+H2O→C-A-S-H         358 

 During the pozzolanic reactions, alkaline portlandite is gradually consumed and transformed to 359 

less alkaline secondary cementitious products (e.g., C-S-H and C-A-S-H), leading to reduction in 360 

soil pH (Kinuthia et al. 1999; Al-Mukhtar et al. 2010; Du et al. 2014a). It is noted that when pH of 361 

stabilized soils is higher than 10 to 11, the reactive SiO2/Al2O3 in soil matrix would keep dissolving 362 

(Saride et al. 2010) while the formed secondary cementitious products are still thermodynamically 363 

stable (Stronach and Glasser 1997). Moreover, the pH of the CCR stabilized soil is higher than that 364 

of the quicklime stabilized one during the entire curing period. This is mainly due to the higher pH 365 

of CCR (12.84) than that of quicklime (12.74), as shown in Table 3.  366 

 367 

X-Ray diffraction (XRD) 368 

Figure 6 presents the XRD diffractograms of the stabilized and unstabilized soils. The minerals 369 

in the unstabilized soil are predominantly quartz, kaolinite and illite with trace montmorillonite. For 370 

the CCR stabilized soil, formation of C-S-H is detected at 2θ of 27.5°, 28.3°, 52.9° and 54.5°, 371 

respectively. In contrast, no distinct peaks for portlandite are identified in the CCR stabilized soil. 372 

As C-S-H is the secondary cementitious products (see Eqs. (3) and (4)) formed in the pozzolanic 373 

reactions, the identified peaks of C-S-H and absence of portlandite in the CCR stabilized soil at 180 374 

d confirms the completed progress of prozzolanic reactions. The XRD diffractogram of the 375 

quicklime stabilized soil reveals the formation of both C-S-H (27.5° and 52.9°) and calcite (13.1°, 376 

29.4° and 36.0°). The formation of calcite is attributed to the air exposure of soil during the curing 377 
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period and subsequent carbonation of quicklime and hydrated products (Verbrugge et al. 2011). The 378 

vulnerability of the quicklime stabilized soil to the carbonation, as compared to the CCR stabilized 379 

soil, primarily occurs at the early stage (Hunter 1988; Al-Mukhtar et al. 2012), during which 380 

quicklime stabilized soils develop relatively high porosity (which is demonstrated from the MIP test 381 

presented in the later section) and hence relatively large exposure area to carbon dioxide (CO2) in 382 

the air. 383 

 384 

Thermogravimetric analysis 385 

Figure 7 shows the TGA and DTG results for the CCR and quicklime stabilized soils with 6% 386 

content at 28 and 180 d. The results of TGA are presented as a curve of the mass loss/first derivative 387 

of the mass loss versus temperature. Significant mass losses can be observed at a temperature of 50 388 

to 200°C and 200 to 300°C from peaks in the DTG curves. The peaks in DTG curves (or mass losses 389 

in TGA curves) correspond to the presence of pozzolanic reaction products (C-S-H, C-A-H and 390 

C-A-S-H) during their thermal decompositions (HaHa et al. 2011). In addition, a sharp peak can be 391 

identified at the temperature of 425°C, which is confirmed to be portlandite (HaHa et al. 2011). 392 

Since the pozzolanic reaction products (viz. C-S-H, C-A-H and C-A-S-H) have relatively low 393 

degree of crystallinity, their contents could not be calculated by the stoichiometric relation. In this 394 

study, the loss of hydroscopic water corresponding to the temperature of 50 to 200°C and 200 to 395 

300°C was arbitrarily used to represent the content of C-S-H, and summed content of C-A-H and 396 

C-A-S-H, respectively. Table 7 shows the content of C-S-H and summed content of C-A-H and 397 

C-A-S-H in the soils tested. As seen in Table 7, the content of C-S-H and summed content of 398 

C-A-H and C-A-S-H increase with the increase in curing time. At both 28 and 120 d, the content of 399 

C-S-H (1.861% and 2.108% for 28 and 120 d, respectively) and summed content of C-A-H and 400 
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C-A-S-H in the CCR stabilized soil (0.95% and 1.01% for 28 and 120 d, respectively) are higher 401 

than those in the quicklime stabilized soil (1.804% and 1.98% (C-S-H), 0.86% and 0.864% (sum of 402 

C-A-H and C-A-S-H) for 28 and 120 d, respectively). Figure 8 illustrates the correlations between 403 

qu and summed content of C-S-H, C-A-H and C-A-S-H of the soils with 6% binder content. It is 404 

evident that higher summed content of C-S-H, C-A-H and C-A-S-H corresponds to higher qu of the 405 

soils.  406 

 407 

Mercury intrusion porosimetry (MIP) 408 

Figure 9 presents the MIP results for the CCR and quicklime stabilized soils with 6% binder 409 

content, which are illustrated by the relations between cumulative pore volume and pore size. It is 410 

found that the total pore volumes decrease steadily with elapsed curing time for both CCR and 411 

quicklime stabilized soils. When the curing time increases from 28 d to 60 d, the reductions of total 412 

pore volumes are 0.03 mL/g and 0.08 mL/g for CCR and quicklime stabilized samples, respectively. 413 

The total pore volume for both CCR and quicklime stabilized soils, however, changes marginally 414 

from 60 d to 120 d. Therefore, pore-filling by the pozzolanic products occurs primarily at the initial 415 

60 d curing. 416 

The CCR stabilized soil has a significantly smaller cumulative pore volume in all ranges of 417 

measured pore sizes (Fig. 9). Particularly, the total pore volume of the CCR stabilized soil is 418 

approximately 0.054 mL/g lower than that of quicklime (0.23 mL/g) at 28 d. Nevertheless, the total 419 

pore volume is almost identical for both soils at 60 d. At 120 d curing, the pore size distribution 420 

curves of both stabilized soils are well overlapped, indicating they have similar long-term 421 

porosimetry characteristics.  422 

Figure 10 shows the pore volumes of different types of pores in the CCR and quicklime 423 
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stabilized soils at different curing time. Horpibulsuk et al. (2009) reported that for the cement and 424 

fly-ash stabilized silty clays, pore diameters of 0.01 and 10 µm are thresholds between 425 

intra-aggregate and inter-aggregate pores, and inter-aggregate and large air pores, respectively. It is 426 

found that the volumetric reduction in the large air pores with curing time, primarily, contributes to 427 

the reduction in the total pore volume for CCR and quicklime stabilized soils. The quicklime 428 

stabilized soil possesses greater volume of large air pores relative to the CCR stabilized soil 429 

regardless of the curing time. This coincides with the higher qu value of the CCR stabilized soil over 430 

the quicklime stabilized soil. Previous studies also reported the similar relation between strength 431 

and volume of large pores in the soils. For example, Munkholm et al. (2002) found that tensile 432 

strength was conversely linearly correlated to the volume of pores with diameter > 30 �m for sandy 433 

loam. Locat et al. (1996) found that the mechanical properties of lime stabilized inorganic clay were 434 

mainly controlled by the volume of pores with diameter > 0.01 �m.  435 

 436 

Discussion 437 

The results of this laboratory evaluation study demonstrate that the CCR stabilized clayey soil 438 

has superior mechanical performances than the quicklime stabilized soil. This advantage in 439 

mechanical performance can be interpreted from the physicochemical and microstructural points of 440 

view. At the early stage of curing, the binder-soil interaction is dominated by cation exchange 441 

(Hunter 1988). The cation exchange between the calcium ions from the hydration of CCR or 442 

quicklime and the readily exchangeable cations initially adsorbed on the clay particle results in a 443 

reduced thickness of diffusion double layer of clay particles, and formation of flocculation and 444 

agglomeration of soil particles as a consequence (Kinuthia et al. 1999; Saride et al. 2010). Finer 445 

particle size and larger specific surface area of the binder particles are preferable for the formation 446 
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of flocculation and agglomeration (Kinuthia et al. 1999). Since the CCR has higher amount of fine 447 

particles and greater specific surface area relative to the quicklime (Table 3), flocculation and 448 

agglomeration of soil particles would be more notable in the CCR stabilized soil. This mechanism is 449 

substantiated by the analysis of particle size distribution of the stabilized soils, in which the particle 450 

size of the CCR stabilized soil is coarser than that of the quicklime stabilized soil at 28 d (Table 6).  451 

The long-term interaction between the CCR or quicklime and soil is dominated by pozzolanic 452 

reactions (Hunter 1988). Portlandite reacts with the reactive SiO2/Al2O3 in soil matrix and produces 453 

pozzolanic products including C-S-H, C-A-H and C-A-S-H (Kinuthia et al. 1999; Al-Mukhtar et al. 454 

2010). Finer particle size and larger specific surface area of the binder particle are more preferable 455 

for the implementation of reactions between portlandite and reactive SiO2/Al2O3 in the soil matrix. 456 

Therefore, higher amount of pozzolanic products is found to form in the CCR stabilize soil relative 457 

to the quicklime stabilized soil at the same curing time (Table 7).  458 

The pH of the raw binder material also contributes to the different mechanical performances of 459 

the stabilized soils, since the pozzolanic reactions are controlled by the pH of binder–soil system 460 

and higher alkaline environment facilitates the dissolution of reactive SiO2/Al2O3 within clay 461 

minerals (Stronach and Glasser 1997; Saride et al. 2010). As the pH values of the CCR stabilized 462 

soil are higher than those of the quicklime stabilized soil (Fig. 5), the amendment of CCR to the 463 

parent soil would generate a faster dissolution rate of reactive SiO2/Al2O3 in the soil matrix and rate 464 

of pozzolanic reactions as a consequence. Because of the essential role of pozzolanic products in 465 

soil pore filling, soil particle bonding and soil strength development, a superior mechanical 466 

performance of the CCR stabilized soil over the quicklime stabilized soil is expected (Figs. 2 to 4).  467 

 In summary, it can be postulated that the variation in the physical and mechanical properties 468 

(Atterberg limits, particle size distribution, compaction characteristics, qu, CBR, and Mr) of the 469 
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CCR stabilized soil could be identified by resorting to systematic investigations to detect changes in 470 

the physicochemical and microstructural characteristics via soil pH, XRD, TGA and MIP analyses. 471 

The superior mechanical performances for the CCR stabilized soil can be explained fundamentally 472 

from the basic properties of the binders and soil-binder interactions (flocculation/agglomeration and 473 

pozzolanic reactions). Furthermore, environmental impacts of the use of CCR in soil stabilization 474 

including leachability of heavy metals have been evaluated using batch-type leaching tests; the 475 

results demonstrated that CCR is an environmental-friendly binder (Du et al. 2015a). Further study 476 

is recommended for CCR stabilization of soils with entirely different properties (e.g., silty and 477 

sandy soils).   478 

 479 

Conclusions 480 

This study presents a multi-scale laboratory investigation of physical, mechanical and 481 

microstructural properties of CCR stabilized highway soft clayey soils, with a comparison with 482 

quicklime stabilized soils. The following conclusions can be drawn from this research: 483 

(1) The stabilization by CCR or quicklime results in increase in the liquid limit and plastic limit 484 

while decease in the plasticity index. The addition of CCR or quicklime also leads to an 485 

increase in sand-sized particle percentage. Under the same curing period and binder content, 486 

the CCR stabilized soil attains higher sandy-sized particle percentage relative to the 487 

quicklime stabilized soil. The increase in the curing time and binder content facilitates larger 488 

qu, CBR and Mr. Under the same curing period, binder content and degree of compaction, 489 

the CCR stabilized soil exhibits superior mechanical performances relative to the quicklime 490 

stabilized soil. 491 

(2) Both CCR and quicklime stabilized soils display a gradual reduction in soil pH with 492 
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increased curing time, and pH of the CCR stabilized soil is always higher relative to the 493 

quicklime stabilized soil. Pozzolanic products like C-S-H, C-A-H and C-A-S-H are 494 

identified in both CCR and quicklime stabilized soils. The summed content of pozzolanic 495 

products in the CCR stabilized soil is higher than that in the quicklime stabilized soil. The 496 

CCR stabilized soil has a much smaller total pore volume than the quicklime stabilized soil 497 

within the initial 28 d, though the difference is almost eliminated at 120 d. The strength of 498 

the stabilized soil is found conversely correlated with the large pore volume in the soil.  499 

(3) The fundamental mechanisms for the superior mechanical performances of the CCR 500 

stabilized soil over quicklime stabilized soil are the faster and more complete formation of 501 

flocculation and agglomeration of soil particles at the early stage as well as pozzolanic 502 

reactions within soils for the entire curing time. Finer particle size, greater specific area and 503 

higher pH value of CCR than quicklime are the essential contributors to the controlling 504 

mechanisms. 505 

 506 
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Table 1. Properties of soils tested  693 

Index Value 
Natural moisture content, wn (%) 29.4 
Specific gravity, Gs 2.73 
Liquid limit, wL (%) a 37.8 
Plastic limit, wP (%) a 19.9 
Maximum dry density, ρd, max (g/cm3) b  1.92 
Optimum moisture content, wopt (%) b 13.5 
Particle size distribution (%) c  
Clay (< 0.002 mm) 13.6 
Silt (0.002 to 0.074 mm) 83.9 
Sand (> 0.074 mm) 2.5 
a Based on ASTM D4318 (ASTM, 2010). 694 
b Based on ASTM D698 (ASTM, 2012). 695 
c Measured using a laser particle size analyzer Mastersizer 2000 696 

 697 

 698 
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Table 2. Major chemical compositions of the parent soil, CCR and quicklime used in this study a 701 

Chemical composition Soil (%) CCR (%) Quicklime (%) 
CaO 1.3 68.99 68.54 
SiO2 67.9 2.84 2.54 

Al2O3 14.1 2.16 1.0 
MgO 2.5 0.12 0.34 
Fe2O3 5.0 0.15 0.62 
SO3 0.01 0.76 0.11 

Loss of ignition 5.19 24.85 26.51 
a Measured using a X-ray Fluorescence Spectrometer. 702 

 703 

 704 

  705 
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Table 3. Basic physical and chemical properties of CCR and quicklime  706 

Index CCR Quicklime 
Specific gravity, Gs 2.32 3.21 
Specific surface area (m2/g) a 24.664 5.020 
pH b 12.84 12.74 
Particle size distribution (%) c   
Clay (< 0.002 mm) 4.2 3.9 
Silt (0.002 to 0.074 mm) 67.6 37.8 
Sand (> 0.074 mm) 28.2 58.3 
a Measured using a Quantachrome Autosorb-iQ-AG automated gas sorption analyzer. 707 
b Based on ASTM 4972 (ASTM, 2013). 708 
c Measured using a laser particle size analyzer Mastersizer 2000.709 
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Table 4. Summary of binder dosage, curing time, degree of compaction and number of 710 

identical samples for different tests in this study 711 

Testing program 
Binder 
dosage  

(%) 

Curing time 
(day) 

Degree of 
compaction  

(%) 

Number of 
identical 
samples 

Atterberg limits 0, 4, 6 28 NA h 1 
PSD a 0, 4, 6 28 NA h 1 

Compaction 0, 4, 6 0 NA h 1 
UCS b 0, 4, 6 7, 28, 60, 120 93, 94, 96 3 
CBR c 0, 4, 6 7, 28 93, 94, 96 3 
Mr 

d 0, 4, 6 7, 28 94, 96 3 
Soil pH 6 7, 28, 60, 120 100 1 
XRD e 0, 6 180 100 1 
TGA f 6 28, 120 100 3 
MIP g 6 28, 60, 120 100 1 

a Particle size distribution 712 
b Unconfined compressive strength (UCS) 713 
c California Bearing ratio (CBR) 714 
d Resilient modulus 715 
e X-ray diffraction (XRD) 716 
f Thermogravimetric analyses (TGA)  717 
g Mercury intrusion porosimetry (MIP) 718 
h Not available 719 

 720 

 721 

 722 

 723 
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Table 5. Results of Atterberg limits tests for CCR and quicklime stabilized and unstabilized 725 

soils 726 

Soil 
Binder 

content (%) 
Curing 
time (d) 

Liquid limit, 
wL (%) 

Plastic limit, 
wp (%) 

Plastic 
index, Ip 

Untreated soil 0 NA a 37.8 19.9 17.9 

CCR stabilized 
soils 

4 28 42.7 29.6 13.1 

6 28 39.8 26.4 13.4 

Quicklime 
stabilized soils 

4 28 41.6 26.8 14.8 

6 28 44.3 28.8 15.5 

a Not available727 
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Table 6. Results of particle size distribution test  728 

Soil 
Binder 
content 

(%) 

Curing 
time (d) 

Clay-sized 
particle (< 2 
�m) (%) 

Silt-sized 
particle (2 to 
74 μm) (%) 

Sand-sized 
particle (74 to 
2000 μm) (%) 

Unstabilized 
soil 

0 
Not 

available  
13.6 83.9 2.5 

CCR stabilized 
soil 

4 28 7.1 55.1 37.8 

6 28 3.8 35.5 60.7 

Quicklime 
stabilized soil 

4 28 10.0 63.6 26.4 

6 28 8.2 65.2 26.6 

 729 

  730 
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Table 7. The relative content of the hydration products 731 

Hydration 
product  

Range of 
water loss 

(°C) 

CCR 
(%) 

Quicklime  
(%) Reference 

28 d 120 d 28 d 120 d 
CSH 50 to 200 1.861 2.108 1.804 1.98 HaHa et al. (2011) 

CAH+CASH 200 to 300 0.95 1.01 0.86 0.864 HaHa et al. (2011) 
 732 

  733 
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List of Figure captions 734 

 735 

Fig. 1 Particle size distributions of unstabilized soil, CCR and quicklime. 736 

Fig. 2 Variations of qu with curing time for soils with various degree of compaction: (a) 93%; 737 

(b) 94%; and (c) 96%. 738 

Fig. 3 Variations of CBR with curing time and binder content for soils with various degree of 739 

compaction: (a) 93%; (b) 94%; and (c) 96%. 740 

Fig. 4 Variations of resilient modulus (Mr) with degree of compaction and curing time for 741 

unstabilized soils and soils of 6% binder.  742 

Fig. 5 Variations of soil pH with curing time. 743 

Fig. 6 XRD diffractograms of unstabilized soil and CCR and quicklime stabilized soils. 744 

Fig. 7 Thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) analysis 745 

of soils stabilized with: (a) CCR at 28 d; (b) quicklime at 28 d; (c) CCR at 120 d; and (d) 746 

quicklime at 120 d. 747 

Fig. 8 Summed content of C-S-H, C-A-H and C-A-S-H versus qu of soils stabilized with CCR 748 

and quicklime (6% binder content). 749 

Fig. 9 MIP test results for CCR and quicklime stabilized soils. 750 

Fig. 10 Distributions of different types of pores in CCR and quicklime stabilized soils. 751 
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