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Abstract 25 

The deep cement mixing (DCM) method is widely used for ground improvement, with soils 26 

within DCM columns often subjected to varying curing temperatures (Tc) and curing stresses 27 

(Sc). Their effects on shear stiffness at small strains (0.001% to 1%), crucial for analyzing the 28 

serviceability limit state of DCM columns, have not been studied. In this study, a temperature 29 

and stress-controlled curing apparatus was newly developed and used to prepare cemented 30 

marine clay at three Tc (20, 30, and 40℃) and three Sc levels (0, 150, and 300 kPa). After 28 31 

days of curing, unconfined compression tests with local strain measurements were conducted. 32 

Thermogravimetric (TG) analysis, scanning electron microscopy (SEM), and mercury 33 

intrusion porosimetry (MIP) tests were performed to analyze the composition and 34 

microstructure of cemented marine clay. Test results reveal that an increase in Tc and Sc can 35 

improve strength and stiffness, decrease the elastic threshold strain, and increase the rate of 36 

stiffness degradation within the small strain range. These findings are attributed to the fact 37 

that higher Tc can accelerate the cement hydration reaction, enhance the pozzolanic reaction, 38 

and alter the pore size distribution. While Sc has minimal impact on cement hydration, it leads 39 

to more effective cementitious bonding. The findings suggest that taking into account the 40 

effects of Tc and Sc can lead to more cost-effective designs. Based on the test results, a 41 

nonlinear equation was proposed to enhance the accuracy of calculating the secant Young’s 42 

modulus, an important parameter in the DCM designs. 43 

Keywords: cemented clay, curing temperature, curing stress, small strain stiffness 44 

  45 



Introduction 46 

DCM method has garnered great interest in recent decades. It is widely used in land 47 

reclamation for its short construction period and environmental sustainability (Cheung et al. 48 

2022; Yin et al. 2022; Yin et al. 2023). Many studies have investigated the properties of 49 

cemented soils, such as their strength and stiffness. Most of these studies cured specimens at 50 

room temperature (usually 20-25°C) and without external loading. However, during in-site 51 

curing, DCM columns are subjected to various temperatures and stresses. According to the 52 

field data from Japan (Van Nguyen et al. 2021) and Norway (Bache et al. 2022), the 53 

temperature inside DCM columns can reach 40℃ due to cement hydration and last for a 54 

month. Furthermore, the length of DCM columns typically exceeds 10 meters, and the 55 

effective confining pressure from surrounding soils can vary widely, ranging from 0 to 56 

approximately 200-300 kPa (El Kamash et al. 2014; Jamsawang et al. 2016; Phutthananon et 57 

al. 2023; Zhao et al. 2023). Ignoring the distinctions between laboratory and field curing 58 

conditions may result in inaccurate parameters and improper designs. Therefore, it is crucial 59 

to investigate the impact of curing temperature and stress on the properties of cemented soils. 60 

Furthermore, the performance of geostructures in DCM-stabilised ground at working 61 

conditions, such as retaining walls and tunnels, is greatly affected by ground movement. 62 

According to data from field monitoring, the typical strains encountered in DCM columns 63 

(Bergado and Lorenzo 2005; Liu et al. 2012; Melentijevic et al. 2013; Pongsivasathit et al. 64 

2021) are generally in the small strain range (0.001% to 1%) at working conditions. A good 65 

understanding of cemented soil behaviour at small strains (Ng et al., 2024) is thus essential 66 

for analyzing the serviceability limit state of geostructures in DCM-stabilized ground. 67 

So far, as far as the authors are aware, no research has studied the effect of curing 68 

temperature on the stiffness degradation of cemented soil within small strains. The effects of 69 

curing stress on stiffness within small strains have been studied by only a few studies and 70 



have not been fully understood due to limited data. Consoli et al. (2000) and Marques et al. 71 

(2021) explored the effects of curing stress on the small strain stiffness of cemented sand 72 

using an external linear variable differential transformer (LVDT). Due to the low accuracy of 73 

external LVDTs, data in the strain range of less than 0.01% were not captured. Subramaniam 74 

and Banerjee (2020) investigated the influence of curing stress on the shear modulus 75 

degradation of cemented marine clay through resonant column tests. They found that at a 76 

confining pressure of 100 kPa, the shear modulus degradation rate was faster with a curing 77 

stress of 90 kPa compared to curing stresses of 30 and 60 kPa. However, the effects of curing 78 

stress were negligible at higher confining pressures (200 and 300 kPa). Therefore, more 79 

research is required to fully understand the influence of curing temperature and stress on the 80 

strain-dependent stiffness of cemented clay, particularly at small strains. 81 

The objectives of this study are to investigate the effects of curing temperature and 82 

curing stress and their coupling effects on the behaviour of cemented marine clay, focusing 83 

on the small strain stiffness. A comprehensive experimental programme for curing and 84 

testing the specimens was designed. In addition, the mechanism of curing temperature and 85 

stress effect was explained by conducting microscopic experiments, including SEM test, MIP 86 

test, and TG analysis. Based on the new data, a new and simple method was proposed to 87 

improve the accuracy of the E50 calculation, which is the secant modulus at 50% of the 88 

unconfined compressive strength (UCS). Detailed information on the experimental setup, 89 

specimen preparation and testing, and result analysis are given below. 90 

Materials and methods 91 

Test programme 92 

A comprehensive experimental program was designed and is summarized in Table 1, 93 

taking into account the effects of three factors: curing temperature, curing stress, and cement 94 

content. As aforementioned, the temperature inside DCM columns can reach 40℃ due to 95 



cement hydration. Therefore, this study selected three curing temperatures (i.e., 20, 30, and 96 

40°C) ranging from room temperature to 40℃. The effective confining pressure from 97 

surrounding soils to DCM can reach several hundred kPa, depending on several factors, such 98 

as the DCM length, the unit weight, and the lateral stress coefficient of surrounding soils. The 99 

maximum stress in a typical DCM is approximately 200-300 kPa (El Kamash et al. 2014; 100 

Jamsawang et al. 2016; Phutthananon et al. 2023; Zhao et al. 2023), so three curing stress 101 

levels (i.e., 0, 150, and 300 kPa) were selected for the planned tests. The detailed test 102 

program is summarized in Table 1. Cement content (Cc) in Table 1 refers to the mass ratio of 103 

cement powder to dry soil. 104 

Test materials  105 

The binder used is Type I Ordinary Portland Cement (OPC), and its chemical 106 

composition is summarized in Table 2. The marine clay was sampled from Lamma Island, 107 

Hong Kong. To ensure that the largest particle size is less than one-fifth of the specimen 108 

diameter (50 mm in this study), particles larger than 5 mm in diameter were removed using 109 

wet sieving without a dispersant, following the Geospec 3 (2001) guidelines. The physical 110 

properties of the marine clay are summarized in Table 3, and the particle size distribution 111 

curve is shown in Figure 1. According to the Unified Soil Classification System of ASTM 112 

(2020) standard D2487, it is classified as a fat clay (CH). In addition, the loss on ignition 113 

(LOI) value for the marine clay is 4.31%, classifying it as a mineral soil with a certain 114 

amount of organic matter (Huang et al., 2008).  115 

It has been well-recognized that clay content can affect the cementation effects. For 116 

example, Woo (1971) found that an increase in clay content and plasticity index would 117 

reduce the bonding effects. Subramanian et al. (2020) demonstrated that the ratio of 118 

compressional wave to shear wave increases with the increase in clay content for cemented 119 

soils. The current study does not specifically investigate the effects of clay content on 120 



cemented marine clay, and the tested marine clay is found to have a clay content of 22%. 121 

Specimen preparation 122 

The specimen preparation involves five major steps, including clay slurry preparation, 123 

cement slurry preparation, soil-cement mixing, specimen moulding and curing. The total time 124 

required for specimen preparation is approximately 30 minutes, which is shorter than the 125 

initial setting time of Type I OPC (45 minutes). The specimen preparation details are as 126 

follows:  127 

1. A specific amount of sieved marine clay was taken from a sealed container after being 128 

mixed with a portable mixer. The initial water content was controlled at 65%, with 129 

reference to the typical in-situ water contents of the tested marine clay. 130 

2. The required amounts of cement powder and water were weighed and mixed in a 1:1 131 

mass ratio to form a cement slurry (Wang et al., 2019), as shown in Figure 2a. 132 

3. A mixer was used to blend the marine clay and cement (see Figure 2b) at low speed 133 

(e.g., 135 RPM) for 2 minutes and then at high speed (e.g., 220 RPM) for 3 minutes, 134 

refer to the procedure outlined in GEO (2023). The mixer was stopped for 60 seconds, 135 

and a spatula was used to scrape the mixture from the sides of the mixing bowl and 136 

the mixer attachment, pushing it back to the center of the bowl. Mixing continues at 137 

high speed (e.g., 220 RPM) for 5 minutes. 138 

4. Once thoroughly mixed, the marine clay-cement mixture was immediately placed into 139 

moulds lubricated with petroleum jelly. Each mould was filled in three layers of 140 

approximately equal thickness. A vibrating table (60 Hz) was used to eliminate air 141 

bubbles, following the methods in ASTM (2013) standard C192. 142 

5. The mould containing the cement-soil mixture was set up in a curing apparatus, as 143 

shown in Figure 2d. This curing apparatus was newly developed in this study, and its 144 

details are shown in Figure 3. It is able to control the curing temperature and stress. 145 



To maintain temperature stability during the curing process, a temperature-controlled 146 

water bath was employed. A heater was installed at the bottom of the water bath, and 147 

its heating rate was regulated based on the reading of a thermocouple with an 148 

accuracy of 0.1°C, which was positioned at the mid-height of the water bath. In 149 

addition, to ensure uniform temperature distribution within the water tank, a water 150 

turbine was used to keep the water in motion. When the temperature reached 151 

equilibrium, the two thermocouples at different positions showed almost identical 152 

measurements and fluctuated by less than 0.1°C. On the other hand, the vertical 153 

curing stress was applied using pneumatic cylinders. The air pressure inside each 154 

pneumatic cylinder was maintained constant throughout the curing process to ensure 155 

the desired curing stress. Before specimen curing, the friction of the cylinder 156 

telescopic rod was measured using a load cell. The results showed that the friction of 157 

the cylinder was negligible (less than 5 N).  158 

Unconfined compression tests 159 

After 28 days of curing, the specimen underwent checks for flatness, perpendicularity, 160 

and parallelism before unconfined compression tests. The unconfined compression (UC) tests 161 

were conducted using the TRI-SCAN 100 device. The loading rate was set to 0.2 mm/min, 162 

consistent with the rate used by Ribeiro et al. (2016) and Cardoso et al. (2017) in their 163 

unconfined compression tests on cemented soil. The vertical strain of specimens was 164 

measured using a combination of strain gauges and local and global LVDTs, as depicted in 165 

Figure 4. The working range of the sensors is divided into 3 intervals: 0.001% - 0.1% (strain 166 

gauge with a strain accuracy of 0.0001%), 0.1% - 1% (local LVDT with a strain accuracy of 167 

0.01%), and > 1% (global LVDT with a strain accuracy of 0.1%).  168 

Microstructural analysis 169 

To prepare specimens for the TG analysis, cemented specimens were frozen by 170 



immersion in liquid nitrogen (-195°C) for 5 minutes. Subsequently, the frozen specimens 171 

were freeze-dried (− 85C, 0.133 mbar) in a freeze-drier (Labconco Freezone 2.5 Plus) for 48 172 

hours. Some freeze-dried specimens were then ground into fine powder (about 10 mg) for TG 173 

analysis (Netzsch STA 449F3). The testing temperature was increased from 30 to 1000°C 174 

with a heating rate of 10°C/min. During the heating process, nitrogen gas at a flow rate of 50 175 

mL/min was used to prevent carbonation of the samples. Further details of the test method 176 

can be found in Scrivener et al. (2018). 177 

The specimens for SEM and MIP tests were prepared using a method similar to that of 178 

the TG analysis, with one major difference. In contrast to the specimen preparation for TG 179 

analysis, the specimen preparation procedures for SEM and MIP testing require the exchange 180 

of water with ethanol (immersed in ethanol for 3 days) before freezing in liquid nitrogen, 181 

following the method of Han et al. (2014). The main purpose of this step was to prevent the 182 

volume expansion of pore water during liquid nitrogen freezing from damaging the 183 

cementation structure. After the liquid nitrogen treatment, the parallel specimens were freeze-184 

dried in the freeze-drier. The morphologies were analyzed using an SEM (TESCAN VEGA 3) 185 

to investigate the micro-topography of cemented specimens. The pore size distribution was 186 

determined through MIP (Micromeritics Autopore V 9600) tests. In the analysis of MIP test 187 

data, a contact angle of 140 and a surface tension of mercury of 0.480 N/m were used. 188 

Repeatability of the test results 189 

In addition to the tests in Table 1, some additional tests were conducted to assess the 190 

repeatability of the results. In certain test conditions, two tests were conducted, as outlined in 191 

Table 4. The comparison between the two test results is shown in Figure 5. When the curing 192 

stress is zero, the largest difference between the two specimens is around 0.4 MPa, with a 193 

percentage difference of around 30%. This discrepancy may be attributed to the 194 

inhomogeneous distribution of cement particles. In contrast, when the curing stress is 150 and 195 



300 kPa, the percentage difference between the specimens is less than 5% due to the 196 

increased uniformity resulting from the application of curing stress. These results suggest a 197 

generally good level of repeatability in the test results. 198 

Results and discussion  199 

Cemented marine clay with different cement contents  200 

Figure 6a shows the stress-strain relationship of cemented marine clay with varying 201 

cement contents obtained from unconfined compression tests. As anticipated, the UCS 202 

increases with an increase in cement content, attributed to the growing cementation bonds as 203 

the cement content rises. The specimens demonstrate a brittle failure mode after reaching the 204 

peak strength, occurring at a strain of approximately 1.5%, due to the inherent brittleness of 205 

the cementitious matrix (Ismail et al., 2002). 206 

Figure 6b illustrates the corresponding stiffness degradation curves. The secant Young’s 207 

modulus is defined as the ratio of vertical stress to vertical strain. It was observed that 208 

specimens with higher cement content exhibit a higher modulus during compression. 209 

Moreover, an important parameter of the stiffness degradation curve is the elastic threshold 210 

strain (𝜀𝑒), which represents the point below which soil behaviour is predominantly elastic 211 

with an almost constant modulus, and the internal structure of the soil remains almost 212 

unchanged. In this study, 𝜀𝑒 was determined as the axial strain corresponding to Esec/E0 = 213 

0.95, following the method used by Clayton and Heymann (2001). The obtained 𝜀𝑒 value is 214 

around 0.01%, and it slightly increased with an increase in cement content.  215 

To gain a better understanding of the macro behaviour of cemented marine clay, Figure 7 216 

shows SEM images of uncemented and cemented marine clay. At a magnification of 1000x 217 

(Figure 7a), the marine clay exhibits a microstructure with exposed inter-aggregate pores. 218 

Figures 7b and 7c are SEM images of uncemented marine clay at magnifications of 5000x 219 

and 8000x, respectively, showing widely distributed clay/silt aggregates in the specimens. 220 



Figure 7d displays the SEM results of cemented marine clay at a magnification of 1000x, 221 

where the inter-aggregate pores are filled with cement hydration products. In comparison to 222 

the SEM image of uncemented marine clay, the structure of cemented marine clay appears 223 

more compacted, and the inter-aggregate pore size is significantly reduced. Figures 7e and 7f 224 

show SEM results of cemented soil after magnifications of 5000x and 8000x, revealing that 225 

the clay particles and silt grains are covered with reticulated morphology (Calcium silicate 226 

hydrate) and prismatic crystals (ettringite). 227 

Influence of curing temperature on the mechanical behaviour of cemented marine clay  228 

Figure 8 illustrates the UCS and E50 of specimens at different curing temperatures. As the 229 

curing temperature increased from 20 to 40°C, the UCS nearly doubled, and the E50 increased 230 

by approximately 50%. The increase in strength and stiffness with rising curing temperature 231 

can be attributed to the accelerated rate of cement hydration at elevated temperatures, leading 232 

to the production of more hydration products. Furthermore, higher temperatures promote 233 

pozzolanic reactions, which generate additional strength-enhancing hydration products. These 234 

hydration products fill the pores, effectively linking soil particles and aggregates, thereby 235 

increasing the contact stiffness and contact area between the soil particles. Consequently, 236 

both the strength and modulus were significantly improved. These observations are further 237 

elucidated later based on the results of TG analysis and MIP tests. 238 

Figure 9 depicts the degradation curves of secant Young’s modulus within a small strain 239 

range. When the axial strain is below approximately 0.01%, the soil behaviour is essentially 240 

elastic, and the shear stiffness remains almost constant at each curing temperature. However, 241 

when the strain exceeds 0.01%, the modulus degrades rapidly with increasing axial strain. 242 

Specimens cured at higher temperatures consistently exhibit a higher secant modulus, 243 

regardless of the strain amplitude. 244 

To examine the potential influence of curing temperature on the stiffness degradation rate, the 245 



secant Young’s modulus E is normalized by E0. Figure 10 shows the degradation curve of 246 

E/E0, with the results from the specimens with 15% cement content as an example. The 247 

change in curing temperature slightly affects the degradation curve. Firstly, the elastic 248 

threshold strain decreases with increasing curing temperature. Secondly, the degradation 249 

curves for different curing temperatures intersect within the small strain range. Compared 250 

with specimens cured at a lower temperature, the stiffness degradation rate for specimens 251 

cured at a higher temperature is initially larger and subsequently becomes smaller (see Fig. 7). 252 

This difference in stiffness degradation rates may be due to the fact that the stiffness 253 

degradation is affected by different mechanisms. When the strain is relatively small, the 254 

primary cause of stiffness degradation is the breakage of inter-particle bonds. Specimens 255 

cured at higher temperatures have more cementation bonds, a more uniform pore size 256 

distribution, and fewer large pores, as confirmed by the TG analysis and MIP test results 257 

presented later. Consequently, as the strain increases, the cementation structure of these 258 

specimens is easier to damage, resulting in a smaller elastic threshold and higher degradation 259 

rate when the strain is relatively small. When the strain is relatively large, the rearrangement 260 

of soil particles becomes the major reason for the stiffness degradation. As explained before, 261 

the stiffness degradation induced by particle rearrangement is comparable, so the normalized 262 

stiffness degradation rate with large E0 is smaller. 263 

To further analyze the stiffness degradation characteristics of uncemented marine clay, 264 

predictions by the equation of Vardanega and Bolton (2013) are incorporated in Figure 10 for 265 

comparison. Vardanega and Bolton (2013) summarized the shear modulus-strain response 266 

data of 21 uncemented fine-grained soils, including clay and silt, and proposed a hyperbolic 267 

model to model the shear modulus degradation curve of fine-grained soils. Their study 268 

demonstrated that using the plasticity index (PI) of uncemented fine-grained soil as a model 269 

parameter yields sufficiently accurate predictions of shear modulus degradation. Assuming 270 



the degradation of shear modulus aligns with the degradation of Young's modulus, the 271 

degradation of Young's modulus of the test marine clay can be estimated. The PI of the 272 

marine clay is 35, and its degradation curve is shown in Figure 10. Compared to the 273 

uncemented marine clay, the E/E0 values of the cemented specimens are generally higher. 274 

However, the difference between cemented and uncemented specimens reduces with 275 

increasing strain. The primary reason is that cement hydration products bond soil particles 276 

together, significantly enhancing soil stiffness (Clough et al. 1981). At smaller strains (strain 277 

< 0.01%), the specimen retains considerable cementation strength. For example, at a strain of 278 

0.01%, the reduction in modulus is less than 10%, indicating a relatively lower rate of 279 

modulus degradation compared to uncemented clay. However, as the strain increases, the 280 

generation of plastic volumetric and deviatoric strain (Suebsuk et al. 2010; Jiao and Zhou 281 

2024) leads to the deterioration of the cemented structure. Consequently, with increasing 282 

strain, the rate of modulus degradation progressively rises, eventually reaching a level 283 

comparable to that of clay.” 284 

Mechanisms for the influence of curing temperature 285 

Figure 11 shows an in-depth investigation of the mechanism of curing temperature, in 286 

which TG and differential thermogravimetry (DTG) curves of the cemented marine clay at 287 

different curing temperatures are presented, with the mass loss of various components. 288 

Specifically, the mass losses correspond to calcium silicate hydrate (C-S-H) (40-600°C), 289 

ettringite (AFt) (80-180°C), Friedel's salt (F's salt) (200-300°C) (Shen et al., 2017; Sun et al., 290 

2023), calcium hydroxide (CH) (400-500°C), and calcite (600-800°C). Part of the data from 291 

the TG test shown in Figure 11 are summarized in Table 5. Based on the weight loss data in 292 

Table 5, it is evident that specimens cured at higher temperatures exhibit greater total weight 293 

loss in the TG test. Specifically, the total weight loss is 12.4% for specimens cured at 20°C, 294 

while it is 14.5% for specimens cured at 30°C, suggesting that more hydration products are 295 



generated at higher curing temperatures. 296 

The amount of CH, which is an important parameter for analysing the cementation 297 

effects, can be calculated following the approach of Scrivener et al. (2018) and Sun et al. 298 

(2024a):  299 

𝐶𝐻(%) =
74

18
(𝑊𝑙(400−500) − 0.8 ∗ 𝑊𝑙𝑀𝐷(400−500))                     (1) 300 

where 𝐶𝐻(%) represents the content of CH, 𝑊𝑙(400−500)  and 𝑊𝑙𝑀𝐷(400−500)  represent the 301 

total mass loss percentage of the cemented specimens and pure marine clay between 400-302 

500°C, respectively. According to this equation, the CH content can be estimated as the total 303 

weight loss of cemented specimenss between 400-500°C minus the weight loss of 304 

uncemented specimens in the same temperature range. The coefficient of 0.8 accounts for the 305 

mass percentage of marine clay in cemented specimens (Sun et al., 2023). 306 

The CH content of specimens cured at two different temperatures, calculated using Equation 307 

(1), is nearly identical, with values of 2.97% at 20℃ and 2.96% at 30℃. However, the results 308 

in Figure 11 indicate that the weight loss in the TGA test resulting from cement hydration for 309 

specimens cured at 20℃ is 3.27% (12.38%-9.11%), while for those cured at 30℃, it is 310 

approximately 5.37% (14.48%-9.11%). This suggests a 60% increase in cement hydration 311 

products. Theoretically, as one of the hydration products, CH content should increase with 312 

the total hydration products, meaning the CH content at 30℃ should be 1.6 times that at 20℃. 313 

The discrepancy between the experimental results and theoretical expectations indicates that 314 

the additional CH produced at 30℃ is consumed by other reactions. Given that CH is only 315 

consumed in pozzolanic reactions (Zhang et al. 2014), increasing the curing temperature can 316 

promote pozzolanic reactions, thereby generating more strength-enhancing products. The 317 

elevated curing temperatures promote pozzolanic reactions may be attributed to two reasons: 318 

(1) with an increase in the curing temperature, the rate of hydration increases, producing 319 

more calcium hydroxide that raises the pH value of the environment; (2) at a higher 320 



temperature, silicates and aluminates are easier to dissociate to participate in pozzolanic 321 

reactions (Maltais and Marchand 1997; Zhang et al. 2014). 322 

It is acknowledged that some minerals in the marine clay may participate in the cement 323 

hydration reaction, resulting in an underestimation of the CH content. Given that clay 324 

contains minerals with distinct decomposition temperatures, the weight loss observed 325 

between 400-500°C in uncemented marine clay is primarily attributed to the dehydroxylation 326 

of kaolinite, which decomposes between 450-650°C, while illite decomposes between 500-327 

800°C and montmorillonite between 500-700°C. Since kaolinite is an inert component in clay 328 

that contributes negligibly to the cement hydration reaction (Mehta and Monteiro 2006; 329 

Talabi et al. 2012; Nawaz et al. 2022), the error due to the cement hydration reaction can be 330 

considered negligible. 331 

Figure 12 shows the MIP test result. The specimen cured at 20℃ showed a bimodal 332 

distribution curve, defining two peaks at pore radius of 180 and 0.14 μm. When the curing 333 

temperature is 30 and 40°C, the pore size distribution changes from bimodal to unimodal. 334 

The transition from a bimodal PSD to an unimodal distribution is largely dependent on the 335 

curing temperature. This phenomenon can be attributed to two primary reasons. Firstly, an 336 

increase in curing temperature enhances the degree of cement hydration, resulting in a greater 337 

production of hydration products. Secondly, elevated curing temperatures promote the 338 

pozzolanic reaction, producing reticulated morphology compounds (calcium silicate and 339 

calcium aluminate) that can effectively improve the pore structure by covering and 340 

connecting the aggregates. As illustrated in the SEM image in Figure 7f, reticulated 341 

morphology compounds more effectively encapsulate the particle aggregates and fill the 342 

inter-aggregate pores. 343 

The pore radius corresponding to the peak value of the density function decreases to 0.11 344 

μm and 0.06 μm at 30 and 40°C, respectively. Generally, the density function for a pore 345 



diameter smaller than 0.1 μm increases with higher curing temperatures, while the density 346 

function for a pore diameter larger than 0.1 μm decreases, indicating the growth of 347 

cementitious products fills the larger pores, consistent with the conclusions of (Horpibulsuk 348 

et al. 2009). The higher the curing temperature, the smaller the total infiltration volume. The 349 

experimental results show that the void ratio of cemented marine clay only decreases by 2% 350 

when the curing temperature increases from 20 to 40℃. 351 

Influence of curing stress on the mechanical behaviour of cemented marine clay  352 

Figure 13 illustrates the variation of UCS and E50 with curing stress. Both UCS and E50 353 

show a significant increase with the rise in curing stress. As the curing stress increases from 0 354 

to 300 kPa, the UCS nearly doubles, and the E50 increases by approximately 50%. The 355 

increase in UCS and E50 is attributed to the reduction in void ratio and the enhanced 356 

cementation bonds during curing, which have the most significant influence on the stability 357 

of the soil skeleton (Fernandez and Santamarina 2001), as demonstrated by the TG analysis 358 

and MIP test results detailed later. Moreover, the data indicates that with a curing temperature 359 

of 30°C, as the curing stress increases from 0 to 150 and 300 kPa, the UCS increases by 29% 360 

and 92%, respectively. With a curing temperature of 40°C, the UCS increases are 70% and 361 

115% for the same increments in curing stress. These comparisons suggest that an increase in 362 

curing temperature magnifies the effects of curing stress. The higher the curing temperature, 363 

the more hydration products are produced, contributing to the effective bonding between soil 364 

particles. This, in turn, amplifies the effect of curing stress on the cementation bonds. 365 

Figure 14 illustrates the stiffness degradation curves of specimens subjected to different 366 

curing stresses. As the strain increases, the Young's modulus of the specimens rapidly 367 

decreases, reaching approximately 25% of its maximum value when the strain reaches 1%. 368 

Specimens subjected to higher curing stresses consistently exhibit higher modulus. For 369 

example, the elastic Young’s modulus of specimens cured at 300 kPa is 1.7 times that of 370 



specimens cured at 0 kPa.  371 

Figure 15 presents the normalized Young's modulus decay curve, demonstrating that as 372 

the curing stress increases, the elastic threshold strain decreases and the rate of stiffness 373 

degradation increases. The difference is minor for specimens cured at 150  and 300 kPa. 374 

Compared to pure clay, the stiffness of cemented marine clay exhibits a slower degradation 375 

rate within a smaller strain range. At 1% strain, the normalized modulus degradation curve of 376 

the cemented marine clay converges with that of pure marine clay. This trend is consistent 377 

with the results of Subramaniam and Banerjee (2020) for specimens under low confining 378 

pressure. The results suggest that the bonding between soil particles influences the 379 

nonlinearity of stiffness. The elastic threshold strain decreases with increasing curing stress 380 

because the higher curing stress leads to a refined pore structure of the specimens, as 381 

confirmed by the subsequent MIP test results. For the specimens with a refined pore structure, 382 

the cementation structure is more susceptible to damage as the strain increases. It may be 383 

because stiffness degradation is affected by both the destruction of the cementation structure 384 

and the rearrangement of soil particles. At relatively small strains, the destruction of the 385 

cementation structure is the major reason for stiffness degradation. When the strain is 386 

relatively large, the rearrangement of soil particles becomes the major reason for the stiffness 387 

degradation. As explained before, the stiffness degradation induced by particle rearrangement 388 

is comparable, so the normalized stiffness degradation rate with large E0 decreases gradually. 389 

Mechanisms for the influence of curing stress 390 

TG analysis was conducted on the specimens under different curing stresses. In each test 391 

condition, this study conducted two TG analysis experiments, as shown in Figure 16. The TG 392 

curves for the first and second tests exhibit consistent trends, and the difference in the total 393 

weight loss is relatively small, with a maximum error of 2%. As shown in the figure, the TG 394 

test results of specimens cured with and without confinement are basically consistent. It 395 



means there is no significant difference in the total amount and composition of the hydration 396 

product. The data shown in Table 5 indicates that the difference in the total amount of 397 

hydration products is less than 0.8% for specimens cured at stresses of 0 and 300 kPa, which 398 

suggests that curing stress has no obvious effects on the cement hydration reaction. Some 399 

studies (Cui and Fall 2016; Chen et al. 2021) pointed out that curing stress can facilitate 400 

cement hydration reactions. They explain that the increased curing stress squeezes out more 401 

free water in the specimen, which allows more contact between cement particles, thereby 402 

facilitating the cement hydration reaction. However, TG analysis results in Fig. 12 show that 403 

the curing stress effects on cement hydration differ from the findings of Cui and Fall (2016) 404 

and Chen et al. (2021). The reason for this difference may be due to different curing 405 

conditions. In the current study, the specimens were cured underwater, while Cui and Fall 406 

(2016) and Chen et al. (2021) cured specimens in the air.  Compared to specimens cured in 407 

air, those cured underwater have sufficient free water to sustain the progress of the cement 408 

hydration reaction.  409 

Figure 17 shows the MIP test results. As the curing stress increases, the pores are 410 

significantly compressed. The maximum pore diameter is less than 200 μm for the specimens 411 

curing with confinement, while the maximum pore diameter is greater than 200 μm for the 412 

specimens without confinement. The pore size density function exhibits an unimodal curve, 413 

and the pore size distribution is mainly concentrated in the range of 0.01 μm to 1 μm. When 414 

the curing stress increases from 0 to 300 kPa, the pore size density decreases with the 415 

increase of curing stress. The population pores diameters at 0, 150 and 300 kPa are 0.11 μm, 416 

0.06 μm, and 0.05 μm, respectively, indicating that curing stress alters the pore structure 417 

inside the cemented marine clay. As shown in Figure 17, the pore size density corresponding 418 

to a pore diameter of 0.05-2 μm significantly decreases, while the density corresponding to a 419 

pore diameter of 0.005-0.05 μm slightly increases. According to the study of Sun et al. 420 



(2024b), pores in the 5-50 nm range mainly represent inner-aggregate pores, while pores with 421 

diameters from 50 nm to 2 μm include inter-aggregate pores in kaolinite and C-S-H, as well 422 

as capillary pores (Zeng et al., 2012; Yu et al., 2016; Dewitte et al., 2022). Hence, the MIP 423 

results here suggest that increased curing stress compresses the aggregate pores, potentially 424 

contributing to the formation of a more stable cemented structure. 425 

Calculation of the secant modulus of DCM materials  426 

Different aspects of the small strain behaviour of cemented marine clay have been 427 

discussed in detail. The results can provide useful insights and data for theoretical modelling. 428 

From the perspective of engineering designs following current design methods, the stiffness 429 

of cemented soil is usually assumed to be constant with the use of E50 (Kitazume and Terashi 430 

2013).  431 

On the one hand, the test data shows that the corresponding strain for E50 typically falls 432 

in the strain range of 0.3% to 0.5%. When the strain increases to this range, the modulus 433 

decreases to about 30% of its initial value. This simplified approach of using E50 is not 434 

always appropriate. For example, E50 may be too conservative for DCM-supported 435 

embankment projects in which the encountered strains are mainly located within smaller 436 

strains (Phutthananon et al. 2023). In contrast, for deep excavation in DCM-treated ground 437 

(Meepon, et al. 2016), the strain could be much greater than 0.5%. The use of E50 could 438 

overestimate soil stiffness and underestimate the ground deformation. Therefore, the selection 439 

of modulus needs to be determined based on the expected strain values. If E50 is used, a 440 

correction factor should be applied.   441 

On the other hand, it is crucial to estimate E50 accurately in the current engineering 442 

practices. Two approaches for determining the E50 value are described below. Approach 1 443 

utilizes the empirical linear relationship between UCS and E50 from current design guidelines. 444 

For instance, both Bruce et al. (2013) and the SCDOT (2022) suggested that for the wet 445 



mixing method, the E50 should be 300 times the UCS, whereas, for the dry mixing method, it 446 

should be 150 times the UCS. Based on these design guideline recommendations, Equation (2) 447 

was proposed: 448 

𝐸50 = 𝑘𝑞𝑢                                                                 (2) 449 

where k is the coefficient representing the linear relationship between E50 and the unconfined 450 

compressive strength (qu), which can be determined by curve fitting. To evaluate the 451 

performance of Equation (2), previously published data (Swasdi et al. 2007, Bushra and 452 

Robinson 2013, Mansour et al. 2015) were utilized, with a primary focus on studies of 453 

cemented clay. 454 

Figures 18a and 18b compare the test results with the calculated results using Equation 455 

(2). The maximum discrepancy between the test data from this study and the calculated 456 

results from Equation (2) is around 40%. For data from the literature, the maximum error is 457 

approximately 100%. It is worth noting that in current engineering practice, the input 458 

parameters are mostly determined without considering the influence of curing temperature 459 

and stress (Bruce et al. 2013; SCDOT 2022). For cemented marine clay in the current study, 460 

the ratio of E50 to UCS is 280, which is close to the value recommended by guidelines (Bruce 461 

et al. 2013; SCDOT 2022) for the wet mix method. Therefore, Equation (2) could still be 462 

used as long as the increase in strength with curing temperature and stress is properly 463 

considered.  464 

The above approach may be used in engineering practice to estimate E50. However, the 465 

coefficient of determination R2 between the calculated and measured results is low for some 466 

cemented soils. Hence, an alternative approach has been proposed in this study. The test 467 

results show that the stiffness of cemented soil is not only controlled by cementation but also 468 

affected by other factors, such as void ratio. So far, many formulas have been proposed to 469 

calculate the elastic shear modulus incorporating density, stress, and cementation effects. One 470 



such equation was proposed by Jiao and Zhou (2024), as shown in equation (3): 471 

𝐺0 = 𝐴(1 + 𝑒)−1.3 ((
𝑝′+𝑝𝑏

𝑝𝑟
)
0.5

+ 𝑛𝑐 (
𝑝𝑏

𝑝𝑟
)
0.5

)                                (3) 472 

where A and nc are model parameters, e is the void ratio, p’ is the effective mean stress, pb is 473 

the bonding strength, and pr is a reference pressure taken as 100 kPa here. Using a similar 474 

mathematic form and considering the mean effective stress corresponding to E50 is qu/6 in 475 

UC tests, the following equation is proposed for E50: 476 

𝐸50 = 𝐴(1 + 𝑒)−1.3 (
𝑞𝑢

𝑝𝑟
)
0.5

                                                 (4) 477 

This alternative method can be used when accurate analysis is desired and more data is 478 

available. The comparison between the measured and predicted E50 using Equation (4) is 479 

shown in Figure 18. The parameters used are also included in the figures. Compared to 480 

Equation (2), Equation (4) provides better modulus prediction results. This significant 481 

improvement is due to the incorporation of the density effect and the use of a nonlinear 482 

equation for E50 calculation. 483 

Summary and conclusions 484 

As the curing temperature rises from 20 to 40°C, the UCS of cemented marine clay 485 

doubles. The strength increase is mainly attributed to the accelerated cement hydration and 486 

enhanced pozzolanic reactions resulting from the elevated curing temperature. In particular, 487 

the pozzolanic reaction produces more Calcium Silicate Hydrate gel, which significantly 488 

contributes to the strength gain. Furthermore, as the curing stress increases from 0 to 300 kPa, 489 

the UCS of cemented marine clay doubles. The increase in curing stress does not affect the 490 

cement hydration reaction. Instead, it primarily contributes to pore compression and the 491 

formation of more effective cementation structures. 492 

E0 increases by about 50% as the curing temperature rises from 20°C to 40°C and by 80% 493 

when the curing stress increases from 0 to 300 kPa. Accompanying the increase in curing 494 

temperature and stress is a decrease in the elastic threshold strain corresponding to the 495 



modulus attenuation curve. The reduction of elastic threshodl strain is because the increase in 496 

curing temperature and stress leads to smaller pore sizes, as demonstrated by MIP test results. 497 

Specimens with smaller pores are more easily damaged with increasing deformation. With 498 

further strain increase, the modulus degradation curve of cemented clay initially maintains a 499 

high decay rate and then gradually slows down. When the strain reaches 1%, the stiffness 500 

converges to approximately 20% of the maximum value. This behaviour may be because, at 501 

larger strains, the cementation structure is significantly damaged, and particle rearrangement 502 

and pore compression may dominate the stiffness degradation. 503 

As the curing temperature and stress increase, both E50 and UCS significantly rise, but 504 

their ratio remains relatively constant. For approximation, the linear equation recommended 505 

by design guidelines (i.e., E50 = 300UCS) can be used in engineering practice. Alternatively, 506 

the newly proposed nonlinear equation from this study can be used to predict E50 with a 507 

higher accuracy. This nonlinear equation incorporates the density effect and can improve 508 

prediction accuracy with a single parameter compared to the linear equation. 509 

Although the effects of curing temperature and curing stress on the stress-strain and 510 

stiffness of cemented marine clay under unconfined compression have been well explored in 511 

this study, further studies are required to investigate the effects of curing stress and curing 512 

temperature on the behaviour of cemented soil under different stress paths, drainage 513 

conditions and different strain rates. 514 
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Table 1. Test program and main properties of each sample 

Curing 

temperature, 

𝑇𝑐 (°C) 

Curing 

stress, 𝑆𝑐 

(kPa) 

Cement 

content, Cc 

(%) 

Void ratio 

(after 

curing), e  

qu  

(MPa) 

E0  

(MPa) 

E50  

(MPa) 

20 0 

15 1.68 1.16 816 478 

25 1.62 1.44 1080 675 

35 1.58 2.36 1292 770 

30 

0 

15 1.67 1.60 1120 595 

25 1.60 2.28 1417 929 

35 1.56 2.78 1600 1037 

150 25 1.44 2.94 1890 1140 

300 25 1.27 4.38 2540 1310 

40 

0 

15 1.65 2.32 1390 755 

25 1.54 2.84 1620 1020 

35 1.53 4.20 1780 1250 

150 25 1.42 4.88 2269 1455 

300 25 1.23 6.12 3081 1530 

 

Table 2. Chemical compositions of the cement binder 

Component SiO2 Fe2O3 Al2O3 CaO MgO SO3 

Percentage (%) 20.00 3.04 5.53 64.30 1.28 4.49 

 

Table 3. Physical properties of the marine clay 

Specific 

gravity 

Liquid 

limit (%) 

Plastic 

limit (%) 

Plasticity 

index 

(%) 

LOI (%) 

Particle size distribution (%) 

Sand 

content 

Silt  

content 

Clay 

content 

2.62 63.9 28.2 35.7 4.31 16.7 61.0 22.3 
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Table 4. Tests to verify repeatability (with comparisons to those in Table 1)  

Curing 

temperature, 

𝑇𝑐 (°C) 

Curing stress, 𝑆𝑐 

(kPa) 

Cement 

content, Cc 

(%) 

Void ratio 

(after curing), 

e  

qu  

(MPa) 

E50  

(MPa) 

20 0 

25 

1.68 1.01 439 

30 

0 1.60 1.86 729 

150 1.42 2.99 857 

300 1.30 4.00 1131 

40 

0 1.53 2.72 911 

150 1.45 4.64 1290 

300 1.28 6.19 1394 

 

 

Table 5. Comparison of the weight loss for different specimens 

Specimen 

Curing 

temperature, 𝑇𝑐 

(°C) 

Curing stress, 𝑆𝑐 

(kPa) 

Weight loss (% of 

original) CH content (%) 

400-500℃ 0-1000℃ 

Pure 

marine clay 
/ / 1.62 9.11 

/ 

Cemented 

marine clay  

20℃ 0 kPa 2.02 12.38 2.97 

30℃ 0 kPa 2.01 14.48 2.96 

30℃ 300 kPa 1.99 14.36 2.86 
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