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A B S T R A C T   

The carbonated reactive magnesia (CRM) method is superior in energy conservation, carbon 
capture, and rapid solidification in soil improvement. It has been revealed that CRM method 
could cause apparent volumetric expansion during carbonation, which may cause apparent 
compaction impact on the surrounding soils when used for soft foundation improvement. How-
ever, this expansion hasn’t been discussed systematically. In this study, the evolutions of 
expansion stress (σEx) and volumetric expansion (ΔV) during carbonation process were success-
fully monitored. Two factors, including reactive MgO content (Cm) and net confining pressure 
(Pnc), were investigated. The internal relations between σEx, ΔV, and unconfined compressive 
strength (UCS) together with the influences of Cm and Pnc on them were discussed. Besides, the 
intrinsic mechanisms were discussed based on density variations, pore structures, and micro-
structures. According to the findings, σEx and ΔV invariably exhibited a three-stage behavior 
consisting of stability-rapid increase-stability. By increasing Cm or Pnc, the σEx, UCS, and density 
were all significantly increased, while the volume increment was obviously reduced. For the 
completely confined specimen, the σEx and UCS were found to approach 3 MPa and 9 MPa, 
respectively. The increase in Cm promoted the crystallization of hydrated magnesium carbonates 
(HMCs), leading to lower porosity in solidified soils. Increasing Pnc also improved the crystalli-
zation of HMCs and modified pore structures, causing further increases in σEx and UCS.   

1. Introduction 

In order to maintain the navigability of harbors and waterways and to protect the water ecosystems, vast sediments are dredged 
regularly [1]. These sediments widely exist around the world [2], especially in the Tai Lake basin of China [2–4]. They are always 
classified as soft soils with very poor engineering properties such as high compressibility, large void ratio and low structural strength 
[3]. Thus, these soft soils are usually unable to be used directly. Nevertheless, after suitable solidifications, they are potential to be 
utilized as backfilling, embankments, dikes, municipal waste barriers and et al. Well solidification techniques for soft soil stabilization 
benefit the environment, engineering and economy. 
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Over the last few decades, Portland cement (PC) has been widely used in soft soil improvement [5,6]. While increasing concerns 
about energy conservation and carbon reduction have provoked greater interest in alternative greener cement binders [7]. The reactive 
magnesia, which is manufactured at a lower calcination temperature (<750 ℃) than PC (>1400 ℃) [8], has aroused wide interest in 
engineering constructions for its sustainability [9,10] in recent years. This material has been widely used as the primary binder or vital 
promotor in the fields of soil improvement [11–13], cement [14–16], and concrete [17] due to its efficient hydration ability and 
successive carbon-capture potential. 

It is also utilized as the main raw material in the carbonated reactive magnesia (CRM) method, which is considered a substantial 
solidifying method in soft soil improvement [8,18,19]. The reactive MgO in this method can rapidly transform to brucite, as presented 
in Eq. (1), due to its high hydration efficiency. Under the appropriate conditions, the resulting brucite can absorb CO2 and produce a 
variety of hydrated magnesium carbonates (HMCs), as shown in Eq. (2-5) [8]. These carbonate crystals can serve as skeletons, fill 
pores, and bond soil particles together, causing satisfactory solidification strength. The CRM method is superior for rapidly solidifying 
soils. It has been proven that CRM solidified samples can reach ideal strengths in few hours, comparable to PC solidified samples cured 
for 28 days [8]. CRM-treated soils also had sufficient resistance to sulfate attack to fully retain strength after immersion in Na2SO4 
solution for 28 days [20]. Cai et al. [21] indicated that the soil strength of CRM-stabilized silt showed a slight decrease after several 
wetting-drying cycles, and the residual strength ratio was found to be 0.88 ~ 1. 

MgO+H2O → Mg(OH)2⋯Brucite (1)  

Mg(OH)2 +CO2 + 2H2O → MgCO3 · 3H2O⋯Nesquehonite (2)  

5Mg(OH)2 + 4CO2 +H2O → 4MgCO3 ·Mg(OH)2 · 5H2O⋯Dypingite (3)  

5Mg(OH)2 + 4CO2 → 4MgCO3 ·Mg(OH)2 · 4H2O⋯Hydromagnesite (4)  

2Mg(OH)2 +CO2 + 2H2O → MgCO3 ·Mg(OH)2 · 3H2O⋯Artinite (5) 

The CRM method has also been practically applied in the composite pipe pile [22] and soft foundation improvement [23]. Through 
using this method, the soil strength was significantly improved [22–25], and the soil permeability was apparently reduced [22]. 
However, due to the successive crystallizations of brucite and HMCs as presented in Eq. (1-5), it has been demonstrated by previous 
investigations that the CRM method can cause apparent volumetric expansion in treated specimens [13,24]. In practical engineering 
applications, the CRM process may cause apparent compaction impact on the surrounding soils, and the surrounding soils could also 
exert lateral confining pressure on the solidified soils. While to the best of the authors’ knowledge, relevant expansion has not yet been 
systematically discussed. To fully comprehend and implement this carbonation method, it’s necessary to clarify the magnitudes and 
the evolutions of expansion stress and the related volumetric expansion. Besides that, the horizontal compaction effect caused by this 
expansion on the surrounding soils was barely noticed, and the effect of lateral soil pressure on the CRM method’s expansion also 
necessitates further investigation. 

In the current study, clay specimens with 25% initial moisture content (w0) and five different reactive magnesia contents (Cm) were 
prepared. A monitoring apparatus was specially prepared to record the evolutions of expansion stress and volumetric expansion. To 
further investigate the effect of lateral stress on the CRM method, six different net confining pressures (Pnc) were separately applied to 
the specimens with a Cm of 25%. After carbonation, properties including mass variations and unconfined compressive strength (UCS) 
were measured. The effects of Cm and Pnc were systematically discussed in relation to the results in expansion stress, volumetric 
expansion, UCS, mass, and density variation. The intrinsic influences of Cm and Pnc were revealed on a micromechanical scale via the 
SEM, XRD, and MIP tests. 

Nomenclature 

Cm Content of reactive magnesia (%). 
w0 Initial moisture content (%). 
γ Compactness (%). 
σEx Expansion stress (kPa). 
Pnc Net confining pressure (kPa). 
Pac Applied confining pressure (kPa). 
Pc Carbonation pressure (kPa). 
qu Unconfined compressive strength (kPa). 
ΔV Volume variation after carbonation (cm3). 
Δρ Density variation after carbonation (g/cm3).  
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2. Materials and methods 

2.1. Materials 

The utilized clay was collected from Baimao Bay near Tai Lake in Wuxi, China. Properties of this clayey soil detected according to 
the Chinese geotechnical testing standard GB/T 50123–2019 [26] are listed in Table 1. Tests to determine the properties of the soil 
were carried out after the soil had been sufficiently air-dried, crushed, and sieved (≤ 2 mm). The Atterberg limits were determined by a 
fall cone test as per GB/T 50123–2019 [26], the soil was classified as lean clay (CL) according to GB/T 50145–2007 [27]. A Proctor 
compaction test was conducted to determine the maximum dry density (ρd,max) and optimum moisture content (wop). The specific 
gravity (Gs) measurements were performed by a pycnometer method, and the soil pH was measured by a pH-meter. 

The CO2 gas used in the experimental study (99.9% in purity) was supplied by Wuxi Taihu gas CO., Ltd. The light-brown reactive 
magnesia powder was acquired from Yingkou, Liaoning, China, and the activity index (CA) determined by Eq. (6) according to a 
hydration method [28] is 73.24%. 

CA =
m2 − m1

0.45m1
(6)  

where m1 and m2 represent the dry weight of MgO before and after hydration, respectively, and 0.45 is the molecular weight ratio of 
H2O to MgO. 

The grain sizes of clay and magnesia determined via a laser particle size analyzer (BT-2003) are presented in Fig. 1. Especially the 
detection of magnesia was performed by using absolute alcohol as the dispersant to prevent hydration. Table 2 presents the chemical 
compositions of these two solid materials detected by X-ray fluorescence (PANalytical Axios). 

2.2. Specimen preparations 

Specimen preparations started with pre-mixing a predetermined amount of powdered clay and reactive MgO. Subsequently, a 
certain amount of water was poured into the mixture, and the mixing procedure was continued. To avoid excessive evaporation, the 
entire mixture was sealed in a plastic bag. The specimens were then prepared by a compaction method using a mold which had an 
internal diameter of 39.1 mm and a height of 80 mm. All the specimens were compacted in 3 equal layers, and the total mass (Mt) of 
each specimen was determined by Eq. (7). 

Mt = ρd, max · γ ·V ·(1+w0) (7)  

where ρd,max depicts the maximum dry density, V is the specimen volume, and γ presents the compactness of specimens. In this study, 
the γ values were controlled at 85%. 

Specimens with an initial moisture content (w0) of 25% (denoted as “W25′′), and five reactive MgO content (Cm) including 15%, 
20%, 25%, 30%, and 35% (denoted as “M15, M20, M25, M30, M35′′, respectively) were prepared individually. Both w0 and Cm were 
determined based on the dry weight of the soil. In order to ensure the test result reliability, three specimens were prepared for each test, 
and the average was reported. 

2.3. Carbonation apparatus and methods 

Fig. 2 illustrates the carbonation apparatus used in the experimental study. The confining cabin, the expansion stress monitor 
system, and the volume variation indicator are the main components of the apparatus. A pressure sensor (0.3 t) with an accuracy of 
0.001 kN and a sealed water level indicator tube (50 ml) was used to monitor the change of expansion stress and volumetric expansion, 
respectively. 

The prepared specimens were weighed before being placed at the base of the confining cabin. The bottom and top of the tested 
specimens were first covered with filter paper and then with a porous stone. The specimen with all attached objects were then covered 
with a latex film and a loading cap. After specimen preparation was completed, the cabin was installed, and the lifting platform was 

Table 1 
Basic properties of clay used in this study.  

Index Value 

Plastic limit (wP, %) 25.7 
Liquid limit (wL, %) 39.9 
Plastic index (IP, %) 14.2 
Maximum dry density (ρd,max, g/cm3) 1.76 
Optimum moisture content (wop, %) 17.6 
Specific gravity (Gs) 2.71 
pH 7.98 
Grain size (μm) D30 9.4 

D60 21.7  
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manually lifted to guarantee an accomplished vertical contact between the specimen, porous stone, loading cap, loading rod, and the 
pressure sensor. At the last stage, air-free water was infused by adjusting Valve 1 and Valve 2 to extrude the trapped air bubbles, fill the 
cabin and hold a moderate level in the indicator tube. 

After installation, the water supply was stopped when it reached a sufficient level, and the confining pressure and carbonation 
pressure were applied separately. The applied confining pressure (Pac) was transmitted from the water level indicator to the confining 
cabin and was loaded on the specimen. The applied confining pressure was determined by Eq. (8). 

Pac = Pnc +Pc (8)  

where the Pnc is arranged net confining pressure, and the Pc is carbonation pressure. 
The applied CO2 was transmitted through Valve 4 to the bottom of the specimen. Valve 3 was opened for 2 mins before each 

carbonation process to eliminate the trapped air by the CO2. Afterward, Valve 3 was closed, and the specimen was subjected to 
accelerated carbonation. Owing to the adequate vertical contact, the vertical expansion stress (σEx) can be monitored by the data 
acquisition system. Due to the hermetic condition, the volumetric changes of the specimens during the carbonation process were 
clearly measured by the change in the water level in the indicator tube. For all specimens, the σEx was monitored per 10 s, and the 
volume variation was recorded per 15 mins. The accelerated carbonation period and the monitoring period were determined as 12 h, 
as it has been found that both the volume variation and σEx tended to be stable after treating for 12 h in the preliminary experiments. 

2.4. Experiment setups 

As presented in Table 3, all specimens in this study were carbonated in a CO2 environment with a gas pressure (inside the latex film) 
of 200 kPa, as has often been adopted in previous studies [13,29]. Besides, specimens with Cm ranging from 15% to 35% were 
separately carbonated with an identical confining pressure (Pac) of 200 kPa (net confining pressure of 0 kPa) to investigate the effect of 
Cm. 

In order to examine the effect of lateral soil stress at different depths on the CRM method, the effect of lateral confining pressure 
which can reflect the lateral soil stress in the field on the carbonation process has been investigated. In this study, six different net 
confining pressure (Pnc), including 0 kPa (Pnc-0), 50 kPa (Pnc-50), 100 kPa (Pnc-100), 200 kPa (Pnc-200), 300 kPa (Pnc-300) and 

Fig. 1. Grain size distributions of used clay and reactive MgO.  

Table 2 
Chemical compositions of used clay and reactive MgO.  

Oxide chemistry Clay (%) Reactive MgO (%) 

MgO  5.22 88.33 
SiO2  61.62 6.49 
CaO  2.68 1.94 
Al2O3  17.99 1.66 
Fe2O3  6.71 0.71 
K2O  2.11 0.07 
Na2O  1.46 – 
P2O5  0.34 0.08 
Other oxides  1.87 0.72  
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completely confined (Pnc-CC), were separately applied to specimen W25M25 to investigate the effect of lateral pressure on the 
carbonation process. Especially, to create a Pnc-CC condition, a set of special molds and two locking hoops were used to restrict 
specimens’ horizontal expansion adequately. 

2.5. Mechanical and microstructure test methods 

After carbonation, the specimens were weighed, and the unconfined compressive strength (UCS) were determined with an auto-
matic triaxial apparatus. Followed by the Chinese geotechnical testing standard GB/T 50123–2019 [26], the UCS tests were performed 
with a loading rate of 1 mm min− 1. Notably, the diameters of specimens (D2) after carbonation were revised by Eq. (9) before every 
test. 

D2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔV + Vs) · 4
Hs · π

√

(9)  

where the ΔV depicts the specimens’ volume variation after carbonation, which is defined as positive in this paper. The Vs is the 
volume of specimen before carbonation (i.e., 96 cm3). The Hs presents the height of the specimen after carbonation, which remains 
constant, i.e., 80 mm. 

Following the UCS tests, the specimens were collected and adequately air-dried at 40 ◦C to prevent thermal decomposition of the 
HMCs [30]. The adequately air-dried specimens were selected for mercury intrusion porosimetry (MIP) tests, scanning electron 

Fig. 2. Schematic diagram of the expansion stress and volume change monitoring system during the carbonation process.  

Table 3 
Pressure conditions and experiment setups.  

Pnc (kPa) Specimen Pc (kPa) Pac (kPa) 

0 W25M15,W25M20,W25M25 
W25M30, W25M35  

200  200 

50 W25M25  200  250 
100  200  300 
200  200  400 
300  200  500 
CC  200  200  
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microscope (SEM) tests, and X-ray diffraction (XRD) tests. The specimens for MIP tests were carefully cut to be smaller than 
15 mm × 15 mm × 15 mm. SEM test specimens were carefully exfoliated and attached to the observation platform, then the complete 
rough observing surface was gold-sprayed, and observed on a SEM (Zeiss Evo 18). The specimens for XRD tests were crushed and 
sieved (≤ 0.075 mm), and then scanned from 5◦ to 65◦ (2-theta) at a rate of 5◦/min. 

3. Results and discussions 

3.1. Expansion evolutions and unconfined compressive strength 

Fig. 3 shows the appearance variations of carbonated specimens. As illustrated in Fig. 3, the smooth surface of specimens turned to 
be rough after carbonating treatment. Besides, the Pn-CC specimen barely varied in volume due to the complete lateral confinement, 
while the normal specimens presented apparent lateral expansion after carbonation. 

To discuss the expansion phenomena more precisely, the evolutions of expansion during the carbonating process are expressed as 
the development of expansion stress (σEx) and volumetric expansion (ΔV). Fig. 4a and Fig. 4b present the effects of Cm on σEx and ΔV, 
respectively. As seen in Fig. 4a, the expansion stresses of all specimens barely increased during the first 2 h. With continued 
carbonation, expansion stresses showed a rapid increasing trend, and after approximately 8 h of carbonation, all specimens tended to 
be stable or slightly decreasing in expansion stress. The crystallization process can account for these phenomena. Crystals generated by 
the hydration and carbonation processes filled the pores in the soil during the early stage of carbonation; however, the amount of 
crystallization at this stage was insufficient to cause apparent expansion stress or volumetric expansion, resulting in a slight increase in 
σEx during the first 2 h. The majority of the pores in soils were well filled by the successive carbonation process, and the remaining 
pores could not accommodate further HMC growth; thus, rapid increases for σEk were noted in the carbonation process. However, as 
the carbon supply continued, the carbonation process almost completed, and the σEx tended to be stable after 8 h of carbonation. 

Additionally, as demonstrated by Fig. 4a, the increase in Cm could promote the expansion stress; in other words, the higher the Cm, 
the larger the σEx. This behavior might be due to the fact that as the Cm increased, more HMCs were generated, which led to a sig-
nificant increase in σEx. As shown in Fig. 4b, during the carbonation process, the volume of all specimens barely increased, then 
increased rapidly after approximately 2 h, and finally tended to be stable, which was consistent with the overall trend of expansion 
stress. This result is also consistent with that found by Yi et al. [13], who found the volume of carbonated specimens barely changed 
when only carbonated for 1.5 h. It can be seen that the volume increment decreased with the increase in Cm, which was converse to the 
effect of Cm on σEx. The main reason behind this might be the differences in the amount of HMCs crystals resulting from increased Cm. 
The increase in Cm led to the formation of a larger amount of HMCs; the soil particles were cemented to form a soil skeleton, resulting in 
an enhanced resistance of specimen to expansion deformation. 

Fig. 5a and Fig. 5b depict the influences of Pnc on σEx and ΔV, respectively. Fig. 5a demonstrated that higher Pnc caused greater 
increment in the σEx. Particularly, the completely confined specimens exhibited a long-period steady increase in σEx, with a maximum 
value of σEx approaching to 3 MPa at 12 h. Besides, as presented in Fig. 5b, the increase in net confining pressure apparently reduced 
the total volume expansion. This demonstrated that the lateral confining pressure could apparently restrict the expansion of 
carbonated specimens and result in higher expansion stress and lower volume expansion. As presented in Fig. 5a and Fig. 5b, compared 
to the specimen under a Pnc of 0 kPa, a confining pressure of 50 kPa caused a slight increase in expansion stress while obvious reduction 
in the total volumetric expansion. This indicated that a small confining pressure could significantly reduce volume increase and 
slightly improve expansion stress. 

Fig. 6a illustrates the relationships between unconfined compressive strength (UCS, qu), expansion stress (σEx), and reactive 
magnesia content (Cm), whereas Fig. 6b illustrates the relationship between UCS, expansion stress (σEx) and net confining pressure 
(Pnc). The σEx steadily increased with the increase in Cm or Pnc, according to Fig. 6a and Fig. 6b. Furthermore, the UCS increased 
exponentially with the increase of Cm, and it increased nearly linearly with the increase in Pnc. It can be referred to that both the 
increase in Cm and Pnc could improve the cementation ability of the CRM method, thus providing significant improvements in σEx and 
UCS. The increase in Cm might improve the amount and the morphologies of HMCs crystals, which showed improvement in the 
expansion potential and cementation ability of solidified soils. As the expansion potential improved, the expansion stress obviously 

Fig. 3. Appearance variations of carbonated specimens after carbonation treatment.  
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Fig. 4. a Effect of Cm on the expansion stress, Effect of Cm on the volumetric expansion.  

Fig. 5. a Effect of Pnc on the expansion stress, Effect of Pnc on volumetric expansion.  

Fig. 6. a Relation between UCS, σEx, and Cm, Relation between UCS, σEx, and Pnc.  
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improved. Also, as the cementation ability improved, denser cementation structures occurred in the treated soils; thus, the UCS and σEx 
increased. While the increase in Pnc might restrict the expansion of specimens which caused the generation of denser structures in soils 
and resulted in higher σEx and qu. Especially for the completely confined specimen, extremely high expansion stress and UCS occurred 
under this condition. This could be attributed to the completely confined state, which strictly limited the volumetric expansion so that 
the formation of crystals during processing could only form cementation; however, it did not cause expansion damage between soil 
particles, which ultimately led to a long-term steady increase in expansion stress and extremely high strength. 

The aforementioned exponential relation between UCS (qu) and w0/Cm is expressed by a modified Abrams’ law as presented in Eq. 
(10), which was utilized to present the UCS of PC-solidified soft soil [31]. The obtained relation of qu and w0/Cm in this study is also 
well expressed based on the modified Abrams’ law, as shown in Eq. (11). The relation between qu and Pnc is well expressed by a linear 
fit as shown in Eq. (12). 

qu = A × (w0/Cm)
B (10)  

where A and B are dimensionless constants effected by factors like carbonating time, etc. 

qu = 2.56 × (w0/Cm)
− 1.77⋯ R2 = 0.996 (11)  

qu = 11.40 × Pnc + 2.70⋯ R2 = 0.998 (12) 

Best fits based on the data were performed to elucidate the numerical relationships between the σEx, ΔV, and UCS. The results are 
presented in Fig. 7. The relation between the expansion stress (σEx) and the volume increment (ΔV) is shown in Fig. 7a. The σEx 
decreased gradually as the ΔV increased. It might be inferred that as Cm or Pnc increased, the ΔV was decreased, and both the 
cementation ability and expansion potential of CRM were improved, resulting in the apparent increase in σEx. To clarify the relation 
between σEx and ΔV, a linear fit of the obtained results is conducted as presented in Eq. (13). 

Fig. 7. a Relation between σEx and ΔV, b Relation between UCS and σEx, c Relation between UCS and ΔV.  
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σEx = 2.78 − 0.11 × ΔV⋯R2 = 0.924 (13) 

The relation between UCS and expansion stress is shown in Fig. 7b. The UCS suffers a nonlinear increase with the increase of 
expansion stress within the investigated ranges of Cm, and this relation can be expressed by Eq. (14). 

qu = − 15.15 × e(− σEx/2.28) + 12.93⋯R2 = 0.975 (14) 

The relation between UCS and volume expansion is shown in Fig. 7c. As the volume increment diminishes, the UCS gradually rises, 
and this relationship is expressed by a linear fit, as shown in Eq. (15). 

qu = 8.91 − 0.36 × ΔV⋯R2 = 0.962 (15)  

3.2. Volume, mass, and density 

After the accelerated carbonation process, specimens all experienced apparent increases in both mass and volume, which were 
caused by the crystallization of HMCs [13,24]. The mass increment and volume increment under different Cm or Pnc are depicted in  
Fig. 8a and Fig. 8b, respectively. As seen in Fig. 8a, the mass increment rose gradually as Cm rose; this phenomenon might be explained 
by the fact that increased Cm enhanced specimens’ capacity to trap carbon and, as a result, increased the quantity of HMCs. The large 
amount of HMCs led to better cementation between soil particles and enhanced the resistance of specimen to expansion deformation, 
resulting in a decrease in the volume increment with the increase in Cm, as shown in Fig. 8a. While referring to Fig. 8b, with the 
increase of Pnc, the volume increment first decreased rapidly and then tended to be stable under relatively high confining pressures. 
Besides, as the net confining pressure increased, the mass increment increased and then tended to reach a plateau. These phenomena 
demonstrated that the lateral confining pressure could restrict the volumetric expansion, which was also beneficial for mass increment. 
With the increase in confining pressure, the mass increment increased, and the volume increment decreased, which was extremely 
apparent under the relatively low confining pressure (≤ 100 kPa). While under relatively high Pnc (i.e., 200kPa and 300kPa), only 
slight variation of the volume or mass increment was observed. It could be concluded that under the relatively high Pnc conditions, the 
large pores between soil particles were almost thoroughly filled with the generated crystals of HMCs and brucite, while the volumetric 
expansion was strictly limited under these conditions. Therefore, further increment in confining pressure might have an insignificant 
effect on reducing the volumetric expansions or promoting the mass increment. 

Based on the test results in Fig. 8, the carbonation-induced density variation (Δρ) is calculated by Eq. (16). 

Δρ =
mc

ΔV + Vs
−

ms

Vs
(16)  

where ms and mc are the specimen’s mass before and after carbonation, respectively, and ΔV is the specimens’ volume variation after 
carbonation. Vs is the volume of the specimen before carbonation (i.e., 96 cm3). 

The changes of Δρ with Cm and Pnc are shown in Fig. 9a and Fig. 9b, respectively. The accelerated carbonation process resulted in a 
slight decrease in density in most specimens, which might be mainly due to the volumetric expansion caused by the crystallization of 
HMCs. However, as either Cm or Pnc increased, the density raised, especially for specimens under relatively higher confining pressure 
(i.e., specimens W25Pnc-200, W25Pnc-300, and W25Pnc-CC), their densities were even slightly increased after the carbonation. This 
could mainly be explained by the reduction in volumetric expansion and the increase in mass increment resulting from the increase in 
Cm or Pnc that finally led to the increase in density. Besides, as depicted in Fig. 9a, Δρ increased exponentially with the increase of Cm. 

Fig. 8. a Mass and volume increment under different Cm, Mass and volume increment under different Pnc.  
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This indicated that the density of solidified soils could be clearly improved by increasing the reactive magnesia content. A small net 
confining pressure could improve the density of solidified soils, as depicted in Fig. 9b. With the successive increase in net confining 
pressure, the density increment gradually reached a plateau because the volume increment and the mass increment were both varied 
slightly under high confining pressure conditions, as shown in Fig. 8b. 

Fig. 10a depicts the relation between expansion stress and density variation under different Cm or Pnc, while Fig. 10b presents the 
relation between UCS and density variation under different Cm or Pnc. It was seen that both σEx and UCS increased markedly as the 
density increased, and both expressed in exponential relationships, as shown in Eq. (17) and Eq (18). 

σEx = 1.62 × e(Δρ/0.25) − 0.06⋯R2 = 0.966 (17)  

qu = 15.19 × e(Δρ/0.74) − 9.96⋯R2 = 0.952 (18) 

The increase in density indicated that denser structures were formed in soils, which led to a significant improvement in UCS and 
σEx, and might be the intrinsic mechanism of the improvement in UCS and σEx by increasing Cm or Pnc. Furthermore, as discussed 
above, the cementation ability of CRM was well improved by the increase of Cm, and this led to the increase in density, which was also 
considered for the increase in σEx and UCS of solidified specimens. While as the Pnc increased, the specimens experienced an increasing 
inhibition in volumetric expansion. Thus, denser structures were formed in soils, leading to increase in σEx and UCS. As a result, both 
the σEx and UCS increased with the increase of density variation. 

3.3. Pore structures 

M15W25, M25W25Pnc-0, and M25W25Pnc-100 specimens were chosen for the mercury intrusion porosimetry (MIP) tests to 

Fig. 9. a Relation between density variation and Cm, Relation between density variation and Pnc.  

Fig. 10. a Relation between σEx and Δρ, b Relation between UCS and Δρ.  
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investigate the intrinsic distinctions in pore structures. The cumulative pore volume and pore size distribution curves are shown in  
Fig. 11a and Fig. 11b, respectively. 

In Fig. 11a, the chosen specimens demonstrated similar relation between cumulative pore volume and pore diameter. It could be 
observed that the porosity of specimen M15Pnc-0 (34.01%) was apparently higher than the other two specimens (31.07% for 
M25W25Pnc-0% and 30.53% for M25W25Pnc-100, respectively); this could be explained by the increase in Cm that promoted the 
crystallization of HMCs, which filled the pores in soils better and resulted in an apparent reduction in porosity. 

The pore-size distribution curves depicted in Fig. 11b were obtained based on the ratio of the cumulative derivatives of pore 
volumes and the derivatives of pore diameter. In previous studies, the pore size of solidified soils was usually divided into four stages 
[6], which were intra-aggregate pores (<0.01 µm), small inter-aggregate pores (0.01–1 µm), large inter-aggregate pores (1–10 µm), 
and macropores (>10 µm), respectively. According to Fig. 11b, three peaks at about 0.1 µm, 3 µm, and 7 µm existed in all the spec-
imens. The M15Pnc-0 specimen had the highest porosity due to its exceptionally high peak, which was present at about 0.1 µm and 
7 µm. Also, it could be inferred that the increase in Cm could modify the pore structures in soils by reducing the large and small 
inter-aggregate pores. When comparing the M25Pnc-0 and M25Pnc-100, apparent differences in peaks occurred at the pore diameter of 
about 0.1 µm and 7 µm. The M25Pnc-100 had lower large inter-aggregate pores while higher small inter-aggregate pores, which is 
reflected by the increase in Pnc, strengthening the connections between soil particles and facilitating the large inter-aggregate pores to 
convert to small inter-aggregate pores. This ultimately led to the lower large inter-aggregate pores while higher small inter-aggregate 
pores. 

3.4. Microstructures 

The scanning electron microscope (SEM) tests and the x-ray diffraction (XRD) tests were conducted on the chosen specimens to 
further investigate the intrinsic effects of Cm and Pnc. 

The images from SEM with a magnification of 5000 times are illustrated in Fig. 12. The solid particles, including clay (flake-like), 
brucite (porous flocculation blobs [32]), and various HMCs were clearly seen in these images. The HMCs usually occur in solidified 
soils in the forms of the rosette flaky dypingite/hydromagnesite (D/H) and the elongated-prismatic or rod-like nesquehonite (N), as 
stated by previous research [13,15,33,34]. The pores in specimen M15Pnc-0 were well filled by massive sprawling petal-like D/H 
crystals, as seen in Fig. 12a. The results above indicated that this specimen had a considerably higher volumetric expansion and 
relatively lower expansion stress and UCS. This might be caused by the crystallization of HMCs that formed not only cementation but 
also expansion damage in soils. The cementation and the expansion stress could be relatively weaker due to the deficiency of reactive 
MgO, resulting in relatively looser structures in soils. While as presented in Fig. 12b and Fig. 12c, the rod-like N, which was typically 
regarded as more advantageous than D/H in terms of strength enhancement, was generally observed with the increase in Cm. In these 
images, the observed N filled the pores and generated dense soil structures. In addition, the N crystals of the specimen presented in 
Fig. 12f were more angular and thicker than the others. They were embedded in the soil particles and formed ideal cementations, thus 
leading to higher expansion stress and solidification strength. Furthermore, as shown in Figs. 12b, 12d, and 12e, the crystal N tended to 
agglomerate with the soil particles, modifying the granular state of clay particles and resulting in an apparent improvement in 
strength. It should be noted that compared to the D/H crystals, N crystals were more frequently observed through the SEM. And this 
might be caused by the continuous carbonation that significantly reduced the pH, and the decreasing pH was usually thought to be 
conductive to the crystallization of N [35]. 

The results of XRD for different Cm and different Pnc are illustrated in Fig. 13. Apart from the widely existed peaks of Quartz (e.g., 
4.24 Å, 4.02 Å, 3.34 Å, 2.45 Å), which was one of the main mineral compositions (SiO2) of clay, peaks of the brucite and various HMCs 
were also detected. The detected brucite may be the remainder of the uncarbonated hydrated reactive magnesia. Moreover, the 
detected peaks of brucite were relatively weak, indicating that most brucites converted successfully into the HMCs in the carbonation 
process. Besides, higher peaks of various HMCs crystals, including D, H, N, and A (artinite), were frequently observed. Among all the 
HMCs crystals, the N is usually considered vital in improving the solidification strength [24]. Consistent with the SEM results, the N 
exhibited much higher peaks than the other HMCs, indicating that N was the dominant HMCs in the solidified specimens. With 
comparisons of the N-peaks at a 2θ of about 13.699◦ (6.47 Å), the intensity of N increased with the increase in Cm or Pnc. This behavior 
indicated that the increase in Cm or Pnc could facilitate the crystallization of N, attributing to the higher strength and expansion stress as 
the Cm or Pnc increases. 

4. Conclusion 

The evolutions of expansion stress (σEx) and volumetric expansion (ΔV) of carbonated reactive magnesia (CRM) solidified clay were 
successfully monitored in the current study. The effects of reactive magnesia content (Cm) and net confining pressure (Pnc) on the σEx, 
ΔV, and UCS of the solidified specimens were investigated. Besides, tests including the mercury intrusion porosimetry (MIP), scanning 
electron microscope (SEM), and X-ray diffraction (XRD) were conducted to further investigate the intrinsic effects of Cm and Pnc. Based 
on the obtained results, the following conclusions can be drawn:  

1. The CRM method could cause high expansion stress and volumetric expansion, especially for the completely confined specimen, the 
expansion stress could even reach approximately 3 MPa. The σEx and ΔV significantly increased after carbonating for about 2 h and 
finally tended to be stable after 8 h. Moreover, they were apparently influenced by the Cm and Pnc. In summary, the higher the Pnc or 
Cm, the higher the σEx. While variations in ΔV were exactly the opposite, the higher the Pnc or Cm, the lower the ΔV. 
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Fig. 11. a Cumulative pore volume curves, b Pore size distribution curves.  

Fig. 12. SEM images of a) M15Pnc-0, b) M25Pnc-0, c) M35Pnc-0, d) M25Pnc-100, e) M25Pnc-300 and f) M25Pnc-CC.  
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2. The UCS of solidified specimens had an increment trend along with the increase in σEx or the decrease in ΔV, and especially the 
completely confined specimens had extremely high UCS of 9 MPa. The main reason behind this was the density variations caused 
by carbonation. In general, apart from the specimens under high confining pressure and the completely confined cases, the density 
slightly decreased after carbonation. At the same time, the increase in Cm or Pnc promoted the final density of the solidified 
specimens. Moreover, increase in the final density caused the σEx, and UCS to be increased.  

3. The increase of Cm could significantly reduce the porosity, and the increase in Pnc might facilitate the large inter-aggregate pores to 
transform into the small inter-aggregate pores leading to the increase in σEx and cementation strength. Plentiful hydrated mag-
nesium carbonate crystals (HMCs) and minor brucite were detected by the SEM and XRD tests. The nesquehonite crystals was the 
dominate HMCs which can agglomerate with the extremely fine soil particles to form coarse granules and improve the strength of 
CRM solidified specimens.  

4. The special expansion effect of the CRM method has the potential to improve the interaction between treated soils and surrounding 
soils. The lateral confining pressure can improve the expansion stress and solidification strength, indicating that the lateral soil 
stress exerted by the surrounding soils can also improve the solidification efficiency. Further investigations on the application of in- 
situ carbonation technologies are needed in future, and this would be of great interest and significance. 
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