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Abstract: This paper assesses the performance of an embankment constructed in 2010 with a stabilised 
expansive soil. Two types of treatment were employed at construction time: 4% lime and a mix of 2% lime and 
3% cement. A sampling campaign was carried out in 2021 to evaluate the long-term performance of the 
stabilised soil properties. To assess the compressibility of the soil, oedometer tests were carried out on samples 
from different parts of the embankment. The results were compared to the compression curve of the untreated 
soil, also sampled in the same embankment. Complementary shrinkage tests were performed to investigate the 
effect of the treatment on swelling and shrinkage. The obtained results showed that the yield stress of the 
material from the outer part was inferior to 100 kPa, similarly to the yield stress of the untreated soil, 
demonstrating strong alteration in the effect of both treatments over time. This alteration was noticeable to a 
distance of approximately two metres from the external surface. Beyond this distance, the performance of the 
soil was comparable to the behaviour of recently treated soil with yield stresses close to 1000 kPa. These 
observations, similar for each treatment dosage, raise questions as to the durability of the treatment on the 
outer part of the backfill. 

Keywords: soil stabilization; durability; expansive soils; compressibility; shrinkage 
 

1. Introduction 

Soil treatment with lime and/or cement is widely used in geotechnical engineering to improve 
low-quality soils for the construction of structures such as pavements, embankments, etc. The 
treatment improves the mechanical characteristics of the material, such as strength and elastic 
modulus, by creating cementitious bonds between the soil particles [1–4]. Soil treatment is also 
widely used to lower the swelling and shrinkage characteristics of expansive soils [5–7]. 

Aside from the short-term benefits of using a treatment, a key issue is the long-term behaviour 
of the treated soil. Numerous laboratory studies have highlighted the detrimental effects of exposure 
to climatic conditions on the long-term characteristics of treated materials. Freezing-thawing cycles 
[8–13], leaching [14–19] and carbonation processes [20–25] are known to alter the beneficial effect of 
treatment on soil properties. Some authors also showed that alternating dry and wet periods induce 
a progressive reduction in the mechanical performance of treated soils [10,26–28]. For instance, Nabil 
et al. (2020) studied the impact of subsequent wetting and drying periods on an expansive soil treated 
with 4% of lime [29]. These hydric cycles induced a decrease of up to 80% of the compressive strength 
in stabilised specimens after 6 cycles. Rosone et al. (2018) showed that multiple wetting and drying 
cycles applied on a lime-treated clay could lead to irreversible changes of its shrinkage and swelling 
behaviour [30]. Other studies [31–33] adapted the experimental procedures for water cycling by 
controlling the suction in the specimens, highlighting that the amplitude of the cycles controls the 
intensity of the degradation effects on the treatment. Thus, several concerns exist regarding the long-
term characteristics of treated soils exposed to climatic conditions. 

The in-situ conditions experienced by soil-treated structures are a combination of natural hydric, 
thermal and/or chemical variations, depending on the type of structure and its location. Despite the 
need to assess the service life of treated earth structures, little is known about the in-situ performance 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 September 2023                   doi:10.20944/preprints202309.0250.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202309.0250.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

of such stabilised materials several years after construction, and very few studies are available, 
especially in the case of stabilised expansive soils [30,34,35]. Existing studies faced various issues due 
to the lack of knowledge about the initial conditions of the stabilised soil at the time of construction, 
making analysis of the performance evolution over time difficult. Previous studies have rarely 
focused on evaluating the performance several years after construction. For instance, only a few 
authors studied the performance of expansive clays treated with lime in the 1970 [36,37]. Akula et al. 
(2020) showed that the amount of treatment product was sufficient to maintain satisfactory 
performance without extensive comparison with initial parameters [37]. Cuisinier et al. (2012) studied 
the temporal evolution of the properties of a treated material for an embankment 7 years after its 
construction [38]. A series of triaxial tests revealed a significant disparity of results between the 
different specimens. The effects of treatment vanished in different samples, while others showed 
significantly higher performance than the untreated soil. This disparity has been attributed to the 
nature of the soils and the weathering of certain areas of the structure, and it has raised questions as 
to the execution method at the time of construction. Therefore, it is difficult to decipher the relative 
impact of initial conditions and the role of climatic conditions to which the tested soil has been 
exposed. 

The main purpose of this paper is to improve understanding of the effect of exposure to realistic 
climatic variations on the performance of stabilised expansive compacted clayey soils. Based on the 
state of the art of in-situ performance of treated soils, it was decided to identify a structure with 
known initial parameters and extensive control of execution during construction. The experimental 
embankment selected in this work was built in Héricourt (France) in 2010 as a part of a French 
research program. The earth structure was constructed with an expansive clayey soil treated with 
lime and with a mixture of lime and cement. The construction was extensively monitored [39], and 
soil parameters such as moisture content, temperature and suction were measured over time until 
this study. Many studies related to the embankment regarding soil‒atmosphere interactions have 
been performed [40–45]. In this paper, the characteristics of the material used and the structural 
characteristics of the earth structure are first detailed. Then, the sampling campaign is explained. 
Next, the results from compression and shrinkage tests are presented and discussed. The effect of the 
exposure to climatic conditions on the hydromechanical behaviour of the soil is then evaluated eleven 
years after completion. 

2. The Experimental Embankment 

2.1. Soil Characterisation 

The embankment was constructed with a clayey soil extracted near the construction site. The 
soil is an inorganic clay of high plasticity (CH group) according to the Unified Soil Classification 
System, and its characteristics are given in Table 1. Smectite and muscovite have been identified as 
the main minerals. The swelling potential of the soil at the optimum moisture content (OMC) was 
measured as 14.1%, while the swelling pressure of the material treated with 1% lime was 0.1% [31]. 
The effect of lime treatment on the hydromechanical behaviour of the soil was also investigated in 
several studies [7,46]. 

Table 1. Main geotechnical properties of the studied clayey soil. 

Parameters Values 

Passing sieve 80 μm (%) 90 
Clay size content (<2 μm) (%) 70 

Specific gravity Gs (-) 2.675 
Liquid limit (%) 71 
Plastic limit (%) 29 

Plasticity index (%) 42 
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2.2. Design of the Embankment 

The embankment is 5 m high with a slope of 1:2, and its width is 25 m at the base and 5 m at the 
top [39]. The embankment was constructed with the clayey soil presented in Section 2.1 and was 
divided into 3 contiguous sections (Figure 1). For each section, the lower part (from 0.40 to 2.50 m of 
height) and the upper part (from 2.50 to 3.70 m of height) were built with different treatment mixes 
(Table 2). The base (from 0 to 0.40 m of height) and the top (from 3.70 to 5.15 m of height) of the 
embankment were not considered in this study. 

 
Figure 1. Structure of the studied embankment. 

Table 2. Treatment dosage for each section of the embankment. 

Section 1 2 3 

Upper part 4% CaO 4% CaO 
2% CaO  

+ 3% CEM II 

Lower part Untreated 4% CaO 
2% CaO  

+ 3% CEM II 

Each layer was treated on-site by spreading quicklime/cement depending on the section [39]. 
Two sections were treated with the same amount of lime to evaluate the repeatability of the 
construction procedures (Table 2). The compacted untreated clay was used as a building material for 
the lower layers of section 1. The third section was treated with lime and cement. The quicklime used 
for the embankment was mainly composed of calcium oxide (97.2%) with a small proportion of 
magnesium oxide (0.96%). The cement selected was mainly composed of clinker (83%) and quicklime 
(14%). The binding agent and the soil were first mixed with a pulvimixer at optimum moisture 
content. Optimum moisture content was measured for each treatment at construction time by 
performing Proctor tests [39]. The addition of treatment was directly controlled by the self-propelled 
spreader thanks to a honeycomb rotor, ensuring a longitudinal variation lower than 5% of the target 
dosage. The soil was then compacted using a sheepsfoot roller. The target dry density during 
construction was 95% of the maximum dry density (given for each treatment in Table 3), according 
to available technical guidelines at the time of construction [47]. 

Table 3. Compaction characteristics under normal Proctor energy of the treated clayey soil used for 
the embankment, compared to compaction characteristics measured at construction time for all 
sections. 

Section 1 1 2 3 

Treatment 0% 4% CaO 4% CaO 
2% CaO +  
3% CEM II 

wOMC (%) 26.5 38.0 38.0 32.5 
qd,Max (mg/m3) 1.45 1.244 1.244 1.338 

ei (-) 0.84 1.15 1.15 1.00 
w (%) 34.0 33.0  35.0 32.8 
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w-wOMC (%) +7.5 −5.0 −3.0 +0.3 
qd (mg/m3) 1.380 1.364 1.319 1.395 
qd/qd,Max (%) 95.2 109.6 106.0 104.3 

The embankment was constructed with an excess width of 1 m beyond the finished structure. 
This excess width was removed at the end of the construction. This method was intended to avoid 
potential compaction heterogeneities at both sides of the backfill. 

An organic topsoil layer of approximately 0.10 m was also added on the edge of the embankment 
at the end of construction. A 0.05 m waterproof layer of asphalt emulsion was applied on the top of 
the structure. 

2.3. Backfill Characteristics at the Time of Construction 

Throughout the construction, multiple tests were performed to determine the actual 
characteristics of each compacted layer, and each section was investigated. The moisture content of 
the material was controlled for each 0.30 m layer of stabilised soil. The dry density of each layer of 
soil was also measured using a gamma-densimeter. The results of these tests are shown in Table 3, 
where they are compared to the target values of water content and dry density. The observed 
moisture contents showed that the soil was compacted on the dry side in the first two sections (33.0% 
for section 1 and 35.0% for section 2, both treated with 4% lime) and at optimum moisture content for 
section 3. For all sections, the compaction factor was higher than 100% with a standard deviation of 
approximately 0.05 mg/m3. 

2.4. Backfill Monitoring 

The studied backfill was extensively monitored during its construction [39]. Volumetric 
moisture content, suction and temperature were recorded every 8 h during the 11 years separating 
construction time and the sampling campaign in 2021. In-situ thermal sensors installed at 0.25 m from 
the surface did not indicate any temperature below 0 °C [40]. In addition, in-situ monitoring showed 
that suction was between 0 and 300 kPa in the first metre of the backfill [48]. Beyond this distance, 
temperature and moisture variations were limited. 

3. Experimental Program 

Samples were retrieved from the three sections of the embankment to assess the hydro-
mechanical performances of the treatment. First, the operation method for sampling is discussed. 
Then, the storage method and sample preparation are presented. Finally, the experimental strategy 
is introduced. 

3.1. Soil Sampling and Specimen Preparation 

The sampling campaign was carried out in November 2021. Figure 1 presents the different zones 
sampled during the operation. Horizontal coring was carried out in the upper part of the three 
sections, approximately 1.80 m above the natural ground level. Vertical coring was also performed 
in the three sections from the top of the embankment to sample the lower part of the embankment. 
Rotational coring with water as the drilling fluid was chosen in order to ensure the quality of the 
samples. A mean recovery rate of 97% was achieved for the cores. 

All cores were stored at 20 ± 5 °C in sealed tubes with an internal diameter of 100 mm and a 
length of 1.50 m before testing. To minimise the effect of sample preparation, soil cores were first cut 
with a dicing saw equipped with a diamond wire. Water was used to cool the wire during cutting. 
The height of the specimens after dicing was 15 ± 3 mm. The diameter of each specimen was then 
adjusted to the desired diameter before testing. 
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3.2. Laboratory Tests 

Gravimetric moisture content was directly determined from the core specimens in the days 
following the sampling campaign. The dry density and the void index were also assessed to evaluate 
the compaction state of the soil 11 years after construction. These compaction parameters were 
compared to the moisture contents and dry densities measured during construction (Table 3). 

One objective of the study was to assess the influence of cementitious bonds on the behaviour 
of quicklime-treated samples. Leroueil and Vaughan (1990) suggested using the compression curve 
of untreated soil as a reference to quantitatively determine the effect of soil structure on its behaviour 
[49]. In this way, the behaviour of a treated soil can be analysed similarly to that of a structured soil. 
Thus, the yield stress could be used to quantify the bonding associated with the treatment. In this 
context, oedometer tests were carried out according to the standard NF EN ISO 17892-5, and the 
untreated soil was employed as a reference to quantify bonding [50]. After preparation and 
installation in the oedometer cell, all specimens were first saturated and then loaded up to a vertical 
stress of 7.0 MPa. The selected approach consists of comparing the compression curves of specimens 
coming from different horizontal distances, as shown in Figure 2. Several tests on the horizontal cores 
(from 0 to 4.50 m of horizontal distance) and one on the vertical core were carried out for each part 
of the embankment (at the same height as the horizontal tests). An oedometer test was also performed 
on a sample from the untreated part of the embankment (lower portion of the first section, as shown 
in Table 2). This test was used as a reference to quantify the effects of the treatment. To further analyse 
the results, the compression curves obtained were compared to the compression curves from treated 
samples prepared in the laboratory by Stoltz et al. (2014) who extensively analysed the effect of lime 
on the compressibility of the same soil [46]. 

 

Figure 2. Core drilled zone in the upper and lower part of the embankment. 

Shrinkage tests were also carried out to assess the shrinkage behaviour of the samples from the 
backfill since lime is known to alter swelling and shrinkage characteristics of expansive soils 
[16,30,46,51]. On each section of the embankment, shrinkage tests were carried out in the inner part 
(0.30 m from the surface) and in the outer part of the embankment (6.50 m from the surface). These 
tests were prepared similarly to the oedometer samples. The shrinkage test was adapted from the 
French standard NF XP P94-060-2 by replacing conventional displacement sensors by laser sensors 
to remotely measure the shrinkages [52]. This modification significantly reduced the effect of the 
measuring device on recording the soil shrinkage. During the drying process, the mass of the soil and 
its volume variation were recorded. At mass stabilisation, the sample was placed in the oven to 
determine the water content of the soil. Thus, the shrinkage curve as well as the shrinkage limit of 
each sample could be assessed. 
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4. Distribution of Water Content and Dry Density 

Identification tests were first carried out along the horizontal axis (Figure 2) to assess the state 
of the embankment at the time of sampling. Figure 3a, 3b and 3c respectively correspond to the 
moisture content and dry density evolution along the horizontal cores for section 1 treated with 4% 
lime, section 2 treated with 4% lime, and section 3 treated with 2% lime and 3% cement. For section 
1, the mean moisture content was 36.1% (Figure 3). The average dry density was found to be 1.266 
mg/m3. In section 2, the average dry density was also 1.266 mg/m3, while the average moisture content 
was 37.5%. The mean value of the moisture content in the section was 33.4%, while the average dry 
density was 1.284 mg/m3. The densities and moisture contents found in section 3 were slightly 
different from those in the other sections, as the optimum moisture content depends on the treatment 
dosage. For all sections, the lowest water content values were found close to the edge of the backfill. 

The 2021 measurements of moisture content and dry density determined in the embankment 
were compared to the state of the backfill at the time of its construction (Table 3). For sections 1 and 
2 of the backfill, the mean values of gravimetric moisture content were slightly higher in 2021 
compared to the initial state of the backfill, with the difference being less than 2%. Both sections 
returned similar moisture contents. The same observation could be made for section 3 treated with 
lime and cement. Even though the cores were retrieved in November, moisture contents from all 
sections were slightly lower at the edge of the embankment. This could result from interactions with 
the atmospheric conditions over the lifetime of the embankment. Thus, it can be concluded that the 
inner part of the backfill exhibited a moisture content of the same order of magnitude as what was 
observed at the time of construction. 
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Figure 3. Moisture content and dry density evolution along the horizontal cores for section 1 treated 
with 4% lime (a), section 2 treated with 4% lime (b), and section 3 treated with 2% lime and 3% cement 
(c), and compared to those measured at construction time. 

5. Compression Behaviour 

Up to 17 oedometer tests were performed for each section. Examples of the compressibility 
results from specimens of each section are plotted in Figure 4. The yield stresses determined in each 
oedometer test are shown versus the horizontal distance from the edge in section 1 (Figure 5a), section 
2 (Figure 5b) and section 3 (Figure 5c). The results of these tests were compared to the curve obtained 
from the specimen taken from the untreated part of the backfill. 
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Figure 4. Compression curves of specimens taken from various horizontal distances of the three 
different sections. 

The results in Figure 4 show that there was a significant difference between the behaviour of the 
samples from the edge of the backfill and the one retrieved from the inner part of the backfill. For 
instance, the compressibility curve of the sample from the edge in section 1 was very similar to that 
obtained from the untreated sample (Figure 4a). The yield stresses determined from both curves were 
of the same order of magnitude, approximately 20 kPa. The swelling indexes CS of the two specimens 
were also very similar. Similar conclusions could be drawn from the results obtained in sections 2 
and 3. The yield stresses from the samples taken at 6.50 m were significantly larger than 1 MPa in 
each of the three sections. The compressibility indexes were also significantly lower than those of the 
untreated soils. The compressibility of the samples taken at 0.90 m from the surface was intermediate 
between what was observed at the edge for all three sections. 
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Figure 5. Yield stress of specimens taken from various horizontal distances of the three different 
sections and compared to the yield stress of the untreated clayey soil, and to the yield stress of 
specimens treated in laboratory at 2% and 5% lime. 

Figure 5 highlights the evolution of the compressibility of the samples from the outer part of the 
backfill towards its central part. The yield stresses increased progressively from approximately a few 
tens of kPa at the edge up to values larger than 1200 kPa more than 2.50 m from the surface. Between 
2.50 and 6.50 m from the surface, the yield stresses remained almost constant. Similar conclusions 
could be drawn from the results obtained from the two other sections. The variability of the yield 
stress values was slightly larger in the case of the section treated with lime plus cement. The results 
showed that the compressibility of the treated soil on the very edge of the sections was equivalent to 
the compressibility of the untreated soil. Towards the inner part, the yield progressively increased 
until it reached a stable value between 2.50 and 3 metres. 

6. Shrinkage of the Specimens 

The shrinkage curves of all samples are displayed in Figure 6 in the plot of void ratio e against 
water ratio ew (water volume over solid volume). For each section, three results are presented: one 
obtained on a reference specimen from the untreated part of the embankment, one specimen from 
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the edge of the embankment (0.30 m of horizontal distance), and one specimen from the inner part of 
the embankment (4.10 m of horizontal distance). The shrinkage potential values PSH and the shrinkage 
limits ew,SL were evaluated for each test and are presented in Table 1. 

 

Figure 6. Shrinkage curves of specimens from the edge and from the inner part of the embankment, 
and compared to the shrinkage of the untreated sample. 

The shrinkage curve of the untreated material started at a low void index of 0.87, in accordance 
with the targeted void index given in Table 3. Along the drying path, the shrinkage limit ew,SL was 
reached at 0.35, corresponding to the end of the volume variation. Final volumetric shrinkage was 
assessed when the moisture content of the soil stabilised at a value of 22.8%. 

The shrinkage curve of the clayey soil taken from section 1 is displayed in Figure 6a, where it 
can be seen that the shrinkage behaviour of the samples differed significantly as a function of the 
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sampling position. When the samples were taken near the surface, the shrinkage potential was 
significantly higher than that determined for samples taken 4.10 m from the edge. For instance, in 
section 1, the shrinkage potential decreased from 19.2% at the edge down to approximately 10.0%. 
Moreover, the shrinkage curves of the samples taken at 4.10 m exhibited a slope significantly smaller 
than that of the samples taken at 0.30 m, the latter being comparable to that of the untreated soil. For 
the three sections, the shrinkage limits of the samples taken at 0.30 m from the surface were very 
similar to the limit of the untreated soil. It was more difficult to determine the shrinkage limit of the 
samples taken at 4.10 m since there was no clear indication of shrinkage stabilisation, even if the rate 
of shrinkage decreased upon drying. Similar tendencies were observed by Stoltz et al. (2014) working 
on the same expansive soil after 90 days of curing [46]. 

7. Discussion 

The performance of the stabilised soil 11 years after its construction was assessed through tests 
performed on the samples retrieved from the embankment. 

For all sections, the three series of oedometer tests showed a progressive increase in yield 
stresses from the surface until approximately 2.50 m towards the inner part of the backfill. Beyond 
2.50 m, the performance of the soil remained stable with yield stress values higher than 1000 kPa. On 
the edge, the behaviour of the specimens was very close to the behaviour of the untreated soil. This 
shows that the treatment no longer significantly impacts the yield stress of the soil and its 
compressibility. The repeatability between sections 1 and 2, both treated with 4% quicklime, was 
noticeable: performances of the treated soil were similar in both cases. The yield stress of the same 
treated clayey soil after 360 days of curing at a constant moisture content was determined in the 
laboratory by Stoltz et al. (2014). It was equal to 3500 kPa with 5% quicklime and 1200 kPa with 2% 
quicklime. These results demonstrated that both the yield stresses of specimens from the inner part 
and those from treated specimens prepared and cured in the laboratory had the same order of 
magnitude. This could indicate that the inner part of the backfill was preserved from significant 
alteration since the time of construction, since the difference was limited to the first 2.50 m from the 
edge. The degradation observed on the outer part of the backfill cannot arguably originate from the 
initial compaction of the soil. The embankment was constructed with an excess width of 1.00 m, 
which was removed at the end of construction. This method is commonly chosen to limit compaction 
heterogeneities on the edge of earth structures. Furthermore, the low dispersion of dry density values 
presented for all sections in Figure 3 indicates that the compaction homogeneity was still preserved 
11 years after construction. 

Lime is known to significantly limit the shrinkage potential of expansive soils [30,51,53]. The 
results of shrinkage tests are presented in Table 4. For all sections, the total shrinkage of the samples 
from the inner part of the embankment was lower than those of the samples from the edge 
(approximately 20% at 0.30 m and approximately 10% at 4.10 m). The volumetric final shrinkage from 
0.30 m was 22.8%. It was also close to the behaviour of the untreated sample. The shrinkage behaviour 
of the samples retrieved from the backfill can be compared to the shrinkage behaviour of this soil as 
determined in previous laboratory studies (Figure 7). The shrinkage of the untreated soil was 
determined by Wange et al. (2020) [7] and Stoltz et al. (2014) [46]. The shrinkage curve of the soil 
sampled in-situ was very similar to the shrinkage curve determined in the laboratory. This highlights 
the quality of the samples retrieved from the site and the limited impact of the sampling protocol. 
The shrinkage behaviour of the samples taken in the central part of the backfill was similar to the 
behaviour of a treated sample cured at a constant moisture content [46]. The behaviour of the samples 
coming from the edge of the backfill was thus intermediate between the untreated soil and the cured 
treated soil. These results indicate that some alteration of the effect of lime stabilisation occurred on 
the edge of the backfill, while the inner part appeared to be protected from deleterious climatic 
actions. 

Table 4. Shrinkage limit water ratio and shrinkage potential measured on specimens from the three 
sections of the embankment. 
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Section 1 1 2 3 

Treatment Untreated 4% CaO 4% CaO 
2% CaO +  
3% CEM II 

Horizontal 
distance 

/ 0.30 m 4.10 m 0.30 m 4.10 m 0.30 m 4.10 m 

ew,SL (-) 0.35 0.27 0.22 0.25 0.22 0.27 0.25 
PSH (%) 22.8 19.2 10.0 16.2 8.6 18.5 10.2 

 

Figure 7. Shrinkage curves from the edge and the inner part of all three sections and compared to 
shrinkage curves obtained in the laboratory by Stoltz et al. (2014) [46] and by Wang et al. (2020) [7]. 

The degradation observed on the outer part of the backfill cannot arguably originate from the 
initial compaction of the soil. The embankment was constructed with an excess width of 1.00 m, 
which was removed at the end of construction. This method is commonly chosen to limit compaction 
heterogeneities on the edge of earth structures. Furthermore, the low dispersion of dry density values 
presented for all sections in Figure 3 indicates that the compaction homogeneity was still preserved 
11 years after construction. 

The alteration process can nonetheless be partly explained by moisture content variations that 
are known to alter the behaviour of stabilised soils [9,26–28]. The moisture contents presented in 
Figure 3 can be compared to those measured at construction time (Table 3). Moisture content values 
from all sections increased slightly since construction time: from 33.0% to 36.1% for section 1, from 
35.0% to 37.5% for section 2 and from 32.8% to 33.4% for section 3. However, the edge of the backfill 
was slightly drier than the inner part of the backfill. These results indicate that the moisture content 
of the inner part of the backfill has not changed significantly since the time of construction. These 
results are in line with the data collected by the in-situ sensors [40,48]. The moisture sensors installed 
at a horizontal distance of 4.50 m from the edge did not detect significant variations in volumetric 
water content. 

Freezing/thawing cycles over the years could not explain the performance degradation [8–13], 
as in-situ thermal sensors installed at 0.25 m from the surface did not indicate any temperature below 
0 °C [40,48]. Other hydrochemical processes, such as carbonation or water leaching, could also have 
led to the degradation observed here; thus, complementary analyses are required to confirm their 
potential contributions. 

8. Conclusions 

The main objective of this study was to assess the in-situ ageing and treatment performance of 
expansive clayey soil treated with lime and lime/cement. An existing trial embankment constructed 
in 2010 was sampled in 2021 between the edge and the core of the backfill. The hydro-mechanical 
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performance was compared to the initial characteristics of the samples determined at the time of 
construction or available in existing studies. The following conclusions could be drawn from this 
study: 

• The compressibility and shrinkage behaviour of the soil sampled beyond a horizontal distance 
of 2.50 m were equivalent to the performance of the same soil treated and cured in the laboratory 
at a constant moisture content for 6 months. Thus, it can be concluded that the central part of the 
backfill was not significantly altered since the time of construction of the backfill. 

• The compressibility decreased progressively from 2.50 m towards the edge of the embankment. 
At the edge of the backfill, the behaviour of the specimen was comparable to the behaviour of 
the untreated soil. Moreover, the shrinkage behaviour at the edge was very close to the shrinkage 
behaviour of the untreated material. Those observations evidenced an alteration of the 
behaviour of the stabilised soil since the time of construction. The extent of the degradation 
depends on the distance to the surface. 

• The altered area (from 0 to up to 2.50 m of horizontal distance) was identified on both sections 
treated with 4% lime. This weathered area was also found on section 3 of the embankment 
treated with 2% lime and 3% cement. These results suggest that both treatments led to a similar 
alteration process and were not able to prevent the deterioration of the treatment effects. 

• The outer part of the embankment was correctly and homogeneously compacted because of the 
construction process with an excess width removed at the end of construction. In addition, in-
situ monitoring since the time of construction shows that moisture content variations are limited 
to the first meter of the backfill. Thus, wetting and drying cycles at the edge of the embankment 
could not explain the degradation measured until 2.50 m. No freezing was detected, as the 
sensors positioned at 0.25 m of horizontal distance only measured positive temperatures over 10 
years. Leaching and carbonation processes could explain the origin of the observed alterations. 

These observations question the durability of the effects of lime and cement stabilisation at the 
edge of the embankment. From the current state-of-the art and knowledge obtained during this 
study, the use of lime and/or treatment applied on an expansive soil such as the clay studied in this 
paper should be limited to structures unexposed to environmental conditions. Complementary 
investigations are under progress to determine the processes involved in the alteration of the 
performance (mercury intrusion porosimetry, thermogravimetric analysis, XRD, etc.). 
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