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ABSTRACT: Lime treatment is considered as an effective method to enhance the mechanical performance and durability of natural 
soils. In this study, the effect of drying on the microstructure evolution of lime-treated silty soils with different salinities was 
investigated through mercury intrusion porosimetry (MIP). Although the overall void ratio of soil specimens remains almost constant 
upon drying, the pore size distribution (PSD) changes significantly. Specifically, the clay fraction coating the soil skeleton was found 
to shrink, leading to the development of nano-fissures. The pore size distribution of the studied lime-treated silty soil transitions from 
a bi-modal to a tri-modal pattern as the water content decreases to approximately 8% and eventually reverts to a bi-modal distribution 
upon further drying to a water content of 3%. This evolution is due to the combined effects of nano-fissures formation and pores 
enlargement throughout the drying process. It can be inferred that soils with higher salinity exhibit greater microstructure stability 
likely due to the enhanced formation of cementitious compounds under higher ion concentration. By categorizing the pores into inter-
aggregate pores and intra-aggregate pores, it is observed that drying process induces an increase of the proportions of inter-aggregate 
pores. These findings contribute to a deeper understanding of the microstructural evolution of lime-treated soils servicing in saline 
environments. 
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1 INTRODUCTION 

Saline soils are widely distributed in marine areas and arid 
regions, and show undesirable engineering properties and 
complex geotechnical behaviors (Li et al. 2016a; Liu et al. 
2016). The presence of salt ions enhances the electrostatic 
screening effect of the clay particle’s negative charge. This 
expels the diffused layer water and induces the compression of 
diffused double layer in clay minerals, leading to the decrease 
of repulsive force between soil particles and promoting particle 
aggregation and flocculation (Mitchell & Soga 2005; Ying et al. 
2021a). These microstructure variations, in turn, influence the 
macroscopic behaviors of saline soils. With increasing salinity, 
the liquid limit and optimum water content of highly plastic 
soils decrease due to both a compression of diffused double 
layer and a more oriented face-to-face clay particles 
arrangement (Sridharan et al. 2002; Horpibulsuk et al. 2011; 
Durotoye et al. 2016; Cui et al. 2025). Numerous studies 
reported geotechnical failures in saline soil constructions, 
including differential settlement, salt swelling, and salt-induced 
erosion (Rajasekaran & Rao, 2002; Feng et al., 2022). 

Lime treatment is a widely adopted technique to improve 
soil mechanical performance and durability through a series of 
physico-chemical reactions (Locat et al. 1990; Vitale et al. 2017; 
Wang et al. 2017). After lime addition, hydration and cation 
exchange happened rapidly, leading to particles flocculation 
and thus resulting in the early improvement of soil strength 
(Bell, 1996). Subsequently, the pozzolanic reaction occurred, 
forming the cementitious compounds and enhancing the bonds 
between soil particles (Al-Mukhtar et al. 2012; Tang et al. 
2011). Ying et al. (2021a, 2022) reported that lime-treated 
saline soils exhibited higher small strain shear modulus and 
compressive modulus than untreated soils. It is widely admitted 
that lime treatment technique effectively enhances the 
unconfined compressive strength and shear strength of soils by 
cementing soil aggregates and reinforcing soil structures (Al-
Mukhtar et al. 2010; Wang et al. 2020).  

Exposure to atmospheric conditions inevitably leads to soil 
drying, which causes clay shrinkage, fissures development and 

soil structure degradation (Tang et al., 2012). For lime treated 
soils, Nabil et al. (2018) pointed out that the soils showed 
reduced shrinkage potential during the drying process, in 
contrast to the widely observed volume shrinkage in untreated 
soils (Romero, 2013). The formed cementitious compounds 
connect the adjacent soil particles and enhance the structural 
stability of soil aggregates, limiting the clay shrinkage and 
fissures development (Poncelet & François 2019). However, 
Stoltz et al. (2012) observed obvious volumetric changes in 
lime-treated soils during drying, characterized by shrinkage in 
both macro-pores and micro-pores. These contrasting 
observations highlight the importance to clarify the 
microstructure evolution of lime-treated soils during drying for 
the long-term assessment of constructions.  

In this study, the microstructure evolution of lime-treated 
saline soils during drying was investigated using mercury 
intrusion porosimetry (MIP) technique. Three salinities levels, 
0.00‰, 2.10‰, and 6.76‰, were selected to prepare specimens, 
corresponding to non-salted soil, soil salinity on site and 
seawater salinity, respectively. The experimental results 
obtained were analyzed to clarify the pore structure variations 
of lime-treated saline soils occurring during the drying process. 

2 MATERIALS AND METHODS 

Soils used in this study were collected from Les Salins de 
Giraud in southern France, which is classified as sandy silt 
(ASTM D2487-17, 2017) based on the geotechnical properties 
presented in Table 1. The grain size distribution of tested soil is 
shown in Figure 1. Mineralogical analysis showed that the soil 
contained 34% calcite, 29% quartz, 9% feldspar, and 28% clay 
minerals. The clay fraction comprised 14% chlorite, 12% illite 
and 2% kaolinite (Figure 2).  

Table 1. Geotechnical properties of the tested soil. 
Property Value 

Liquid limit, wL (%) 29.7 
Plastic limit, wp (%) 23.2 
Plasticity index, PI 6.5 
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Specific gravity, Gs 2.71 
Specific surface area (m2/g) 24.0 

 

 
Figure 1. Particle size distribution curve of studied soil. 

 

 
Figure 2. X-ray diffraction result of studied soil (Kln: kaolinite; I: 
illite; Chl: chlorite; Qtz: quartz; Fsp: feldspar; Cal: calcite). 

Quicklime with CaO content higher than 90% was used in 
this study. Based on the pH of lime-soil-water mixture solution 
(ASTM D6267-19, 2019), 2% lime dosage was considered as 
the optimum lime content and was used for the experimental 
tests (Figure 3). 

 
Figure 3. pH values of lime-soil-water mixtures with different 
lime dosages. 

To prepare the salted soil specimens, synthetic salty water 
with different salinities was formulated based on the French 
standard (AFNOR NF P 18-837, 1993), which mainly contains 

Cl-, Na+, K+, Ca2+ and Mg2+ (Table 2). A total of 3 different 
salinities were used, namely 0.00‰, 2.10‰ (representing in 
situ soil salinity), and 6.76‰ (equivalent to seawater salinity). 
The preparation of salted soil followed the procedures outlined 
in Ying et al. (2021c).  

Table 2. Salt composition of synthetic sea water. 
Salts Concentration (g/L) 
NaCl 30.0 

MgCl2.6H2O 6.0 
MgSO4.7H2O 5.0 
CaSO4.2H2O 1.5 

KHCO3 0.2 

The soil taken from the site was firstly cleaned by 
removing gravels and roots, then sieved through 0.4 mm sieve. 
Subsequently, the soil was mixed with dry lime and then wet by 
corresponding saline water. According to the Proctor 
compaction curve of the untreated soil (Figure 4), all the 
specimens were statistically compacted to a dry density of 1.63 
Mg/m3, at a water content of 19%. The compacted specimens 
were then cured for 90 days prior to testing.  

 
Figure 4. Normal Proctor curve of studied soil. 

During the test, the specimens were firstly saturated and 
then air-dried under controlled laboratory conditions (20 ± 2℃ 
temperature and 50 ± 5% relative humidity). Once the 
specimens reached the target water content, small samples were 
taken from the central part of the specimen, frozen and 
lyophilized, then used for the MIP tests to investigate the 
microstructure. An Autopore V 9600 mercury intrusion 
porosimeter was used, applying pressure ranging from 3.6 kPa 
to 230 MPa, which corresponds to the pore diameter varied 
from 0.006 μm to 350 μm. 

3 RESULTS 

3.1 Microstructure evolution during saturation 

The pore size density functions curves and cumulative mercury 
intrusion curves of specimens with different salinities are 
presented in Figure 5. It appears from Figure 5(a) that the 
specimens exhibit a similar bi-modal pore distribution after 90-
day of curing. With increasing salinity, the frequency of intra-
aggregate pores increases, while their pore diameter slightly 
decreases. All specimens show similar frequency and diameter 
in inter-aggregate pores. After saturation, although the 
specimens kept a bi-modal pore size distribution, the changes 
in pore structure differed among soils under different salinities.  

For the non-saline soil (0.00‰), a distinct contraction 
trend between the two pore peaks was observed after saturation 
(Figure 5(b)). The diameter of inter-aggregate pores decreased 
from approximately 10.1 μm to 7.0 μm, while that of intra-
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aggregate pores increased from 1.1 μm to 1.9 μm. A similar 
contraction trend was also observed in soils with 2.1‰ and 6.76‰ 
salinity, while the variation range decreased with increasing 
salinity. Moreover, the frequency of inter-aggregate pores is 
decreased after saturation, with the most pronounced reduction 
observed in the soil with 6.76‰ salinity. The cumulative 
mercury intrusion curves in Fig. 5(c) shows that the non-saline 
specimens exhibited the highest mercury intrusion void ratio 
among all specimens after curing. After saturation, the total 
void ratio of all specimens decreased and reached a similar 
value. 

 
(a) 

 
(b) 

 
(c) 

Figure 5. Pore size density (PSD) curves and cumulative mercury 
intrusion curves of specimens with different salinities: (a) PSD 
curves (as curing); (b) PSD curves (saturated); (c) cumulative 
mercury intrusion curves (as curing and saturated). 

3.2 Microstructure evolution during drying 

Figures 6 and 7 depict the pore size density function curves and 
cumulative mercury intrusion curves for specimens at five 

water contents: around 22% (saturated), 17%, 11%, 8%, and 3%. 
At the beginning of drying (22% water content), all specimens 
show a bi-modal pore size distribution, with two populations of 
inter-aggregate pores and intra-aggregate pores.  

For the soil with 0.00‰ salinity, the diameter and 
frequency of inter-aggregate pores gradually increase, while the 
diameter of intra-aggregate pores gradually decreases as the 
water content decreases from 22.3% to 10.9%. Similar variation 
is observed for the soil with 2.10‰ salinity. In contrast, for the 
soil with 6.76‰ salinity, only the frequency of inter-aggregate 
pores increases while their pore size keeps almost constant 
during drying. When the water content decreased to around 8%, 
the pore distribution of all specimens changed from bi-modal to 
tri-modal distribution, with an appearance of a nano-pores peak. 
With further drying to 3% water content, this tri-modal 
distribution changed to bi-modal pattern. As the water content 
decreased from 11% to 3%, the size of inter-aggregate pores 
almost kept constant at around 10 μm, with a slight increase in 
the frequency. A slightly size decreasing for the soils with 6.76‰ 
salinity can be observed from 8% to 3% water content, which 
may be attributed to the salt crystallization. It should be noted 
that the initial void ratio shows negligible variation during the 
drying process. The slight differences in intruded mercury ratio 
may be attributed to heterogeneity of the specimens (Delage et 
al., 1996).  

 
(a) 

 
(b) 
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(c) 

Figure 6. Pore size density curves of specimens during drying: (a) 
r’ = 0.00‰; (b) r’ = 2.10‰; (c) r’ = 6.76‰. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 7. Cumulative mercury intrusion curves of specimens 
during drying: (a) r’ = 0.00‰; (b) r’ = 2.10‰; (c) r’ = 6.76‰. 

The proportions of inter-aggregate pores and intra-
aggregate pores were calculated based on the intruded mercury 
volume data from MIP tests and are shown in Figure 8. A 
threshold pore diameter to distinguish these two kinds of pores 
is set as 5.0 μm. Overall, the proportion of inter-aggregate pores 
increases while that of intra-aggregate pores decreases during 
the drying process. At the saturation stage, the proportion of 
inter-aggregate pores is obviously higher than that of intra-
aggregate pores, with around 70% intra-aggregate pores and 30% 
inter-aggregate pores. As drying progresses, the difference 
between the proportions of inter-aggregate pores and intra-
aggregate pores decreases. By the time the water content 
decreases to 3%, the proportion of inter-aggregate pores 
exceeds 40% for all salinities. For the soils with 0.00‰ and 
2.10‰ salinities, a reduction of inter-aggregate pores occurred 
between 11% to 8% water content, which may be attributed to 
the formation of large quantities of dry-induced fissures (nano-
pores).  

 
(a) 
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(b) 

Figure 8. Proportions of inter-aggregate pores and intra-aggregate 
pores during drying: (a) inter-aggregate pores; (b) intra-aggregate 
pores. 

4 DISCUSSIONS 

The PSD curves in Figure 5(a) showed that the frequency of 
intra-aggregate pores increased while their diameter slightly 
decreased with increasing salinity. This trend indicates a more 
complicated and densified pore structure in salted specimens. 
In synthetic seawater, salt ions (Na+, K+, etc.) promote ions 
transfer and ion exchange activities, which facilitates the 
pozzolanic reaction and promotes the formation of cementitious 
compounds (Koslanant et al., 2006). These cementitious 
compounds form at the contact between soil particles, 
strengthening the particle connection and bonding, resulting in 
a larger amount of intra-aggregate pores in salted specimens. 
Compared to the variations in intra-aggregate pores, the inter-
aggregate pores of specimens with different salinities exhibited 
similar frequency and size. Shi and Zhao (2020) pointed out that 
the behavior of soils with low clay fraction was mainly 
governed by the soil skeleton, i.e. silt/sand grains rather than 
the clay content. Since in lime treatment, the main process is 
related to the ions reaction between clay minerals and added 
lime, the inter-aggregate pores distributions, which is 
dominated by silt/sand skeleton, are similar in soils with 
different salinities. During the saturation process, clay particles 
absorbed the water and underwent swelling, leading to a 
decrease in the diameter of inter-aggregate pores. Additionally, 
the reduction of matric suction changes the soil structures, 
resulting in the collapse of initial larger pores and formation of 
more small pores (Li et al., 2016b; Xie et al., 2018). Thus, the 
two peaks observed in pore size distribution curves exhibit a 
contraction trend, especially in non-saline specimens. As more 
formed cementitious compounds in salted environment further 
improve the stability of pore structures, the contraction 
tendency decreased with increasing salinity during saturation.   

The MIP results during the drying process showed that the 
PSD significantly changed while the total void ratio remained 
almost constant across all specimens with different salinities. 
This observation can be attributed to the shrinkage of the clay 
fraction coating on the soil skeleton and the stability of the 
silt/sand skeleton in the tested soil (Ying et al., 2021b). During 
the drying process, clay fraction in the soil shrinks and enlarges 
the pores between soil aggregates. This is evidenced by the 
increase of the frequency and the diameter of inter-aggregate 
pores from 22% to 11% water content, especially in the soils 
with 0.00‰ and 2.10‰ (Figure 6(a)(b)). Meanwhile, the soil 
aggregates contract under the higher matric suction, leading to 

a reduction of the size of intra-aggregate pores (Figure 6). The 
soil shrinkage leads to the occurrence of micro-fissures within 
the clay fraction and at the interface between the clay particles 
and the soil skeleton (Tang et al., 2011; Sun and Cui, 2018). 
Further drying to 8% water content, the nano-fissures 
developed and formed a new nano-pores peak, resulting in the 
increasing proportion of intra-aggregate pores (Figure 8). 
However, it was observed that fewer nano-pores were formed 
in 6.76‰ salinity soils (Figure 6), which may be attributed to 
the reinforcement effect of more cementitious compounds 
formed in that soils. Similar appearance of nano-pores has been 
reported by Sun and Cui (2018) and Ying et al. (2021b) on 
untreated silty soils. Due to the low clay content and activity of 
studied silty soil, the pozzolanic reactions were relatively 
limited, leading to the formation of amorphous cementitious 
phases (Ying et al. 2020), which were less effective in 
controlling fissures development. When the water content 
reached 3%, the PSD of all specimens reverted to a bi-modal 
distribution. The nano-fissures formed previously were further 
enlarged into the intra-aggregate pores, increasing their 
frequency. Meanwhile, the frequency of inter-aggregate pores 
slightly increased due to the enlargement of intra-aggregate 
pores. It can be found that in soil with 6.76‰ salinity, the 
diameter of inter-aggregate pores slightly decreased between 8% 
and 3% water content, which may be attributed to the salt 
crystallization (Espinosa et al., 2008; Xiong et al., 2025).  

5 CONCLUSIONS 

In this study, the drying effect on the microstructure evolution 
of lime-treated saline soils was investigated using MIP 
technique. The results revealed that the total void ratio 
exhibited neglectable variations during the drying process, 
while the pore structure distribution showed significant changes. 
Indeed, the later varied from bi-modal characteristics at 22% 
water content to tri-modal pattern with a new peak of nano-
pores appearance as drying process continued to around 8% 
water content, and finally reverted to bi-modal distribution 
upon further drying to 3% water content for soils with different 
salinities. These variations on PSD could be attributed to the 
shrinkage of the clay fraction, which leads to the occurrence of 
nano-fissures and the further enlargement to intra-aggregate 
pores at 3% water content. The reduced pore structure 
sensitivity at higher salinity suggests improved structural 
stability and potentially lower shrinkage-induced deformation 
in lime-treated saline soils than non-saline soils. These findings 
indicate that salinity facilitates the maintenance of pore 
structure integrity in lime-treated soils during the drying 
process.  
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