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ABSTRACT: This article presents an innovative use of X-ray tomography to study the effect of a curing stress on specimens of silt 
stabilized with lime and hydraulic binder. This method is used in conjunction with one of the mercury intrusion porosimetry tests which 
allow the investigation of finer pores but in a destructive way. The interest of applying these curing conditions to specimens in the 
laboratory is to simulate their presence in an embankment higher than 10 meters. Indeed, stabilized soils are beginning to be used for 
such works but knowledge of the effect of pressure on their microstructure remains almost not investigated even though the 
microstructure of materials is one of the key parameters in the study of their durability. The originality of the approach lies mainly in 
the possibility of scanning the 10 cm high by 5 cm diameter specimen under a curing pressure of 300 kPa in a triaxial cell. The images 
obtained from this non-destructive imaging device are composed of pixels with a size of 30 μm. The advanced analysis of these 
tomographic data makes it possible to obtain pore distributions of the soil which are complementary to those obtained by mercury 
intrusion porosimetry. The coupled results show that a refinement of the porosity is measured as soon as the pressure is applied after 
soil stabilization. X-ray tomography also allows us to see in 3D the evolution of the shape of the pores according to their volume. The 
development of cement shells linked to the addition of lime and hydraulic binder can also be observed. Moreover, the decrease in the 
volume of lime grains between 0 and 28 days of curing under stress could be monitored. These observations do not appear to have 
previously been presented in the litterature. 
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1 INTRODUCTION 

The addition of lime and low-carbon cement to a mechanically 
weak fine soil alters its internal structure. Lime first promotes 
flocculation, transforming the soil into agglomerated clusters 
via particle bonding. Cement then surrounds these clusters, 
forming cementitious shells through cation exchange and 
pozzolanic reactions during curing. This process, observable 
via SEM and chemical mapping, leads to a smoother material 
texture (Cabane, 2004). 

After stabilization, the mixture is compacted to a target 
density, influencing pore morphology and distribution 
(Cuisinier et al., 2011). Mercury Intrusion Porosimetry (MIP) 
is commonly used to assess the evolving pore structure, which 
typically shows progressive refinement. In Cemented Paste 
Backfill (CPB) studies, MIP revealed that higher curing stress 
reduces mercury intrusion, suggesting finer porosity (Shunman 
et al., 2021). A novel aspect of this study is the use of MIP on 
silt specimens subjected to curing pressure. 

To visualize the entire specimen and simulate in situ stress, 
X-ray tomography can be employed. This non-destructive 
method distinguishes solids, pores, and unreacted binders 
(Nguyen et al., 2019), and tracks microstructural changes over 
time (Poirier et al., 2022). Combined with MIP, it offers 

multiscale insights into porosity and particle distribution. The 
experimental findings are detailed in the following sections. 

2 EXPERIMENTAL PROGRAM 

2.1 Materials characterization 

This study focuses on treated soil specimens prepared from a 
mixture of soil, lime, and cement. The soil was excavated in 
northern France and analyzed using laser diffraction particle 
size analysis on the fraction passing the 0.2 mm sieve. The 
results indicated that 80% of the particles were finer than 0.08 
mm, with a maximum grain size (Dmax) of 0.145 mm. The soil 
composition was found to be 81.41% silt, 11.03% clay, and 
7.55% sand. Based on its physical properties, the soil was 
classified as ML (silt with low plasticity) according to the 
Unified Soil Classification System (USCS). 

2.2 Test specimens’ preparation 

To determine the appropriate density and moisture content for 
compaction, a Standard Proctor test was conducted. This test 
establishes the Optimum Moisture Content (OMC) [%] 
corresponding to the Maximum Dry Density [Mg/m³] for a silty 
mixture containing 1% lime and 5% cement. The measured 
maximum dry density was 1.75 Mg/m³, with an OMC of 17.5%. 
The specimens, measuring 5 cm in diameter and 10 cm in 

Proceedings of the 21st ICSMGE, Vienna, Austria, 14 – 19 June 2026. Pistrol, Adam & Schweiger (eds.)
Published by: ÖGG, Austrian Society for Geomechanics, Salzburg, Austria, ISBN 978-3-9503898-4-5

https://doi.org/10.53243/ICSMGE2026-834

1681

https://doi.org/10.53243/ICSMGE2026-834


height, were statically compacted in a single layer (Pigeot et al., 
2024) at a moisture content of OMC + 1%, achieving 96% of 
the maximum dry density (approximately 19.70 kN/m³). This 
compaction method ensures good reproducibility of the soil 
specimens, making it possible to reliably compare them after 
curing. Consequently, it is assumed that any observed 
differences are attributable solely to curing duration and 
conditions. 

2.3 Curing and testing conditions 

After compaction, the specimens were subjected either to 
standardized curing (N) or to isotropic curing under a confining 
stress of 300 kPa (CS). As shown in Table 1, the curing 
durations examined in this study were 28, 90, and 300 days.  

Table 1. Specimen curing and testing conditions                                      
(UNT: Untreated, N: Normalized, CS: Curing stress, MIP: Mercury 
intrusion porosimetry, XRT: X-ray tomography, 
 Atm press.: Atmospheric pressure). 

 

Specimen Tests 
Curing stress 

(kPa) 
Curing time 

(days) 
UNT MIP  Atm press. - 

N-28 MIP  Atm press. 28 

N-90 MIP Atm press. 90 

N-300 MIP  Atm press. 300 

CS-28 MIP  300 28 

CS-90 MIP  300 90 

CS-300 MIP  300 300 

N-Tx XRT Atm press. 28 

CS-Tx XRT 300 28 

 
For standardized curing, the specimens were hermetically 

sealed and stored in a controlled environment at 20 °C and 
atmospheric pressure. Under curing stress conditions, the 
specimens were placed in a triaxial cell with open drainage 
lines, saturated filter papers, and porous stones to ensure 
moisture exchange. A reference specimen, labeled UNT, 
consisted of untreated silt compacted to the same dry density as 
the treated specimens. Mercury Intrusion Porosimetry (MIP) 
tests were performed on small cubes extracted from the 
specimens to assess the pore size distribution. Additionally, X-
ray tomography was used to analyze mineralogy and 
microstructural changes. These tomography tests were 
conducted on two full specimens after 0 and 28 days of curing 
as part of feasibility assessments, which explains why they were 
not extended beyond 28 days. 

3 EXPERIMENTAL METHODS 

3.1 Mercury intrusion porosimetry (MIP) 

The evolution of pore size distribution was assessed using 
mercury intrusion porosimetry (MIP) with the AUTOPORE IV 
9500 (Micromeritics Instrument Corporation), available at the 
GeM DeMoS platform, École Centrale de Nantes. MIP involves 
injecting mercury into a porous material under progressively 
increasing pressure, enabling the characterization of fine pore 
structures. The relationship between applied pressure and pore 
diameter (D) is defined by Washburn’s equation (Washburn, 
1921) (Equation 1) : 

 
𝐷=−4𝛾𝑐𝑜𝑠𝜃𝑚𝑃 (1) 

where P is the mercury injection pressure [MPa], γ is the surface 
tension of mercury in vacuum (0.485 N/m), and θ is the contact 

angle between mercury and the solid surface (assumed to be 
130°). This method allows for the detection of pore sizes 
ranging from 3 nanometers to 100 micrometers. The outputs 
include pore size distribution curves and cumulative porosity of 
the tested soil samples. 

3.2 Tomography scanning and reconstruction 

X-ray tomography is a non-invasive imaging technique that 
reconstructs a three-dimensional (3D) representation of an 
object from a series of two-dimensional (2D) X-ray radiographs 
acquired over a 360° rotation. This method relies on measuring 
the attenuation of X-rays as they pass through the material, 
some are scattered, some absorbed, and the remainder 
transmitted, depending on the internal density and composition. 
In this study, X-ray tomography was employed to visualize 
cemented soil specimens under curing stress. To achieve this, a 
dedicated experimental setup was developed, allowing the 
imaging of specimens with dimensions identical to those used 
in mechanical testing of stabilized soils under curing stress (50 
mm in diameter and 100 mm in height, as described by Pigeot 
et al., 2024), while also enabling observation under applied 
pressure. 

4 RESULTS AND DISCUSSIONS 

4.1 Mineralogy evolution 

With X-ray tomograpy imaging, it was possible to identify 
anhydrous lime and cement grains. Since the hydrated phases 
have densities similar to the soil matrix, they cannot be 
distinguished using this method. Therefore, a reduction in 
anhydrous particles number served as an indirect indicator of 
minealogy evolution. It is important to note that the resolution 
of the scans limits the detection of smaller particles; only a 
portion of the anhydrous grains is captured. 

Image analysis was conducted by adjusting brightness 
thresholds, binarization modes, and minimum detectable 
particle sizes. The selected parameters were: brightness range 
between grayscale values 160 and 255, binarization using the 
“minimum” mode (Domander et al., 2021), and a minimum 
particle size of 4 voxels. This configuration provided a good 
balance between detecting a sufficient number of particles and 
minimizing noise. 

With these parameters, no significant change in anhydrous 
grain volume percentage was observed in the specimen cured 
under standard conditions (Figure 1 a). The identified particles 
at t₀ (directly after specimen compaction) and t₂₈ (after 28 days 
of curing) appear to be largely the same, with anhydrous grains 
representing approximately 0,004% of the total scanned 
volume. In contrast, the CS-Tx specimen cured under 300 kPa 
pressure (Figure 1b) showed a marked reduction, with only 
0.002% of the volume attributed to anhydrous grains. 
Additionally, the normalized-cure specimen exhibited larger 
maximum equivalent radii and particle volumes, indicating 
more substantial unhydrated grains remained in the absence of 
curing pressure. 
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Figure 1. Anhydrous granular distribution from X-ray tomography: a) 
N-Tx and b) CS-Tx. 

Figure 1a suggests that anhydrous grains with a volume 
greater than 4 voxels hydrate more during the first two hours 
under curing stress (before the first scan) than during the 28 
days of curing of the specimen in standardized curing (N-Tx t28 
scan). This supports the fact that the application of the curing 
stress is especially important during the first hours of curing: 
even before the first measurement, the quantity of anhydrous 
grains is half as small for the CS-Tx specimen.  

These hypotheses coincide with the results of mechanical 
tests previously carried out by the authors on these materials 
(Pigeot et al., 2024). In this specimen, the number of particles 
detected at t28 is greater than at t0, this probably means that some 
particles have fragmented while hydrating. 

4.2 Micromorphology evolution 

4.2.1 Untreated specimen 

The results of the Mercury Intrusion Porosimetry (MIP) test 
conducted on the natural compacted soil specimen are shown in 
brown on Figure 2 (UNT sample). They reveal a bimodal pore 
size distribution. The first group of pores ranges between 3 and 
10 μm, while the second group falls between 0.1 and 3 μm. 
These findings are consistent with previous studies on similar 
silt materials, where a bimodal distribution and similar pore size 
ranges were observed (Nguyen et al., 2019).  

4.2.2 Pore Distributions After 28 Days of Curing 

After 28 days of curing, the N-28 and CS-28 specimens show 
structural changes due to the addition of lime and cement 
(Figure 2a). A shift toward smaller pore sizes in the micro-
porosity range is observed, along with an increase in the peak 
corresponding to macroporosity. For the CS-28 specimen, in 
addition to the micro-porosity shift, there is a decrease in the 
macroporosity peak and an increase in the volume of 
nanopores. 

The rise in macroporosity can be attributed to the 
formation of soil aggregates caused by the lime addition, which 
creates inter-aggregate pore spaces. The reduction of this 
porosity after curing under applied stress suggests that some of 
these pores are closed due to the compaction and rearrangement 
of aggregates. On the other hand, the development of nanopores 
is associated with the formation of hydration products, 
particularly gel phases that grow around aggregates, leading to 
a general refinement of the pore structure (Wild et al., 1987). 

4.2.3 Pore Distributions After 90 Days of Curing 

The Figure 2b comparing the results after 90 days of curing 
shows a substantial decrease in microporosity in favor of 
increased nanoporosity in the specimens cured under 
standardized conditions. Nanoporosity increases from 3% to 
11%, while microporosity drops from 17% to 10%. 
Macroporosity also increases.  

4.2.4 Pore Distributions After 300 Days of Curing 
After 300 days of curing, the macroporosity peak in the 

standardized cured sample increases again compared to that at 
90 days (Figure 2c). Apart from this, the pore distributions for 
nano- and microporosity are relatively similar in both N-300 
and CS-300 specimens. The nanoporosity volumes reach 
approximately 16% and 17%, and the microporosity 12% and 
14%, respectively. 

4.2.5 Micromorphology evolution from X-Ray tomography 

Porosity analysis using X-ray tomography was conducted with 
a specific focus on the voxels corresponding to the lowest 
density values. The Region of Interest (ROI) was analyzed by 
adjusting the threshold values for binarization and the minimum 
size of particles to be identified. The results presented below 
are based on the following optimized parameters: a threshold 
between grayscale values 0 and 160, and a Gaussian filter with 
a radius of 1 pixel. These settings provided the most consistent 
graphical comparison of the outcomes. A minimum pore 
volume threshold of 4 voxels was applied. 

Figure 3 illustrates the pore size distribution for both 
specimens. It reveals a general refinement of porosity in both 
specimens between scans t0 and t28, indicated by reduced 
maximum and average pore volumes and radii. For the N-Tx 
specimen, porosity decreased from 1.66% at t0 to 1.31% at t28. 
In the CS-Tx specimen, porosity declined from 1.25% to 1.10% 
over the same period. 

In terms of porosity reduction, the N-Tx specimen 
exhibited a 21% decrease between scans t0 and t28, whereas the 
CS-Tx specimen showed a smaller reduction of 12%. This 
suggests that macro-porosity begins to diminish earlier under 
curing stress and evolves more slowly over time. Interestingly, 
the trend reverses when considering the number of pores: after 
28 days, there is a 43% reduction in the number of pores in the 
CS-Tx specimen compared to only a 17% reduction in N-Tx. 
This could indicate that some pores either merged or 
fragmented into pores too small to be detected with the applied 
threshold. 
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Figure 2. Pore distribution analysis from MIP tests on cemented soil 
specimens after a) 28 days, b) 90 days and c) 300 days, compared with 
results on the untreated soil specimen UNT. 

 
Figure 3. Pore distribution between N-Tx and CS-Tx specimens. 

5 CONCLUSIONS 

This study investigated the effect of curing stress on the 
mineralogical and microstructural evolution of soil-lime-

cement specimens over curing times ranging from 0 to 300 
days. X-ray diffraction and X-ray tomography were used to 
monitor mineral transformations linked to hydration, such as 
the formation of hydrates and reduction of anhydrous phases. 
Porosity evolution was assessed using both mercury intrusion 
porosimetry (MIP) and X-ray tomography. Tomography, being 
non-destructive, enabled observation of full specimens at 
various curing stages, including one under a curing stress of 300 
kPa, an original aspect of the study. 

X-ray diffraction detected soil minerals but failed to 
identify lime/cement phases due to their low crystallinity and 
limited volume. Tomographic analysis showed fewer and 
smaller anhydrous particles in the stressed specimen, indicating 
accelerated hydration. Moreover, the results showed curing 
stress reduced macroporosity and promoted nanopore 
formation, suggesting enhanced hydration.  

These findings suggest that curing pressure can enhance 
durability and enable lower cement content in stabilized soils, 
supporting more sustainable soil treatment strategies. 
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