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Article Info  Abstract 

Article History:  This study investigates the effects of overburden stress on the physical and 
mechanical properties of stabilized fine-grained soil. Unconfined compressive 
strength (UCS) tests were conducted to evaluate the influence of overburden stress 
on stabilized soil specimens cured for 7, 14, 28, 60, and 90 days. The soil was 
treated with various binder contents of 1%, 2%, 4%, and 7% by soil dry weight. 
Two sets of stabilized soil specimens were prepared: one cured under atmospheric 
pressure and the other cured under stress of 10.5 kPa. The results indicate that the 
specimen density increased with both binder content and curing stress. The 
applied stress had the effect of increasing the unconfined compressive strength 
and stiffness, while a reduction in failure strain was observed compared to 
stabilized soil specimens cured without stress. The failure behavior is more brittle 
in stabilized soil with 7% binder content compared to soils with lower binder 
contents and natural soil, which exhibit more ductile behavior. 
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1. Introduction 

Chemical soil stabilization involves adding different stabilizing agents to enhance the properties of 
weak soils, which exhibit low shear strength and stiffness. Generally, such soils are unsuitable for 
construction and are therefore excavated and replaced with good-quality geomaterials from 
quarries. Excavation and transportation generate large volumes of waste soil and contribute 
significantly to CO₂ emissions. In recent years, the lack of good-quality geomaterials and limited 
disposal options due to stricter environmental restrictions has made this approach increasingly 
impractical. Therefore, the use of stabilized soil in various construction projects has become 
widespread, as it improves soil performance while reducing environmental impact [1].  

 The use of hydraulic binders, such as cement, cement kiln dust, and their combinations, has been 
extensively studied for improving the physical and mechanical properties of fine-grained soils [2–
11]. Moreover, the influence of other factors such as binder type and dosage, soil properties, mixing 
procedure, and curing time and conditions on the behavior of stabilized soils has been widely 
studied [12–17]. Previous studies have shown that improvements in cement stabilized soils are 
primarily attributed to the hydration and pozzolanic reactions of cement-based stabilizers, which 
produce primary and secondary cementitious materials. Hydration reactions start immediately 
after cement is mixed with moist soil, generating three types of primary cementitious products: 
calcium-silicate hydrate (CSH; C₂SHₓ and C₃S₂Hₓ), calcium-aluminate hydrate (CAH; C₃AHₓ and 
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C₄AHₓ), and calcium hydroxide (Ca (OH)₂). The symbols, C, S, A and H refer to calcium (CaO), silicate 
(SiO2), aluminate (Al2O3) and water (H2O) respectively. CSH and CAH gel bind soil particles together 
to form a strong, hard matrix over time, while Ca(OH)₂ deposited on the surface of soil particles 
increases the pH of the mixture. Under certain conditions, when the pH rises to around 12, calcium 
hydroxide can react with components of the soil, such as silica and alumina from clay minerals, 
through pozzolanic reactions, leading to the formation of additional of CSH and CAH gel over time 
(secondary cementitious materials).  

To predict the improvement in the engineering properties of stabilized soil, a series of experimental 
tests are typically conducted in a laboratory under certain conditions, which in principle should 
simulate the in-situ conditions as much as possible. In a laboratory, the experimental testing 
program is carried out according to the standard protocols, starting from specimen preparation, 
curing conditions and period until testing of stabilized soil specimens [18]. Almost all standards 
recommend that the specimens of stabilized soils be cured under controlled conditions such as at 
temperatures around 20 °C, relative humidity exceeding 95%, and atmospheric pressure. However, 
in the field, stabilized soil layers are typically subjected to overburden stress immediately after 
treatment due to the placement of a cover layer 0.5–1.0 m thick. This loading contributes to 
densification and improved homogeneity of the treated soil by expelling some of the air entrapped 
during the mixing process. Moreover, the initial loading is considered a necessary step to create a 
leveled and more homogenized stabilized mass which can improve the physical and mechanical 
characteristics of stabilized soil [19]. 

Several researchers have reported differences between laboratory-cured specimens and field 
specimens taken from deeper depths for cemented paste backfill, cemented sand, and stabilized 
peat [20–22]. A few studies have pointed out that the mechanical behavior of stabilized soils cured 
under overburden stress can be altered due to the compression effect during the formation of 
cementitious products. The effect of the application of various vertical stresses (9 and 18 kPa) on 
top of stabilized peat specimens during curing was investigated by [19]. The UCS specimens were 
prepared by pouring the stabilized peats by hand inside the specimens. The results indicated that 
stabilized soil specimens cured under vertical stress showed a significant increase in strength 
compared to specimens cured without vertical stress. Moreover, the results show that the 
compression of stabilized peat during curing decreases with increasing binder content. Reference 
[23] pointed out that the pre-consolidation pressure of stabilized soils was highly affected by large 
cementation materials generated due to the use of higher binder content. Reference [24] 
investigated the effect of overburden stress (7.5 kPa) applied during curing on the strength 
behavior of silt soil treated with cement. Cement content ranged between 5%, 7% and 9%, and the 
specimens were cured for 7,14 and 28 days. The UCS specimens were prepared by pouring the 
stabilized soil in five layers and tapping each layer with a rubber hammer to remove any air 
bubbles. The strength of stabilized soil increased due to the application of overburden stress. 

The effect of applying 5 kPa overburden stress on stabilized silty clay soil treated with 8%, 10%, 
and 12% Portland pozzolanic cement has been investigated by [25]. The specimen was prepared 
and compacted at the optimum water content and cured for 56 days. The results indicated that the 
specimens cured under stress show an increase in soil strength compared to specimens cured 
without stress. A recent study investigated the effect of curing stress on low-plasticity silty soil 
treated with a mixture of 1% lime (90% quicklime (CaO)) and 5% hydraulic binder (35% Portland 
cement clinker and 65% blast furnace slag). The testing program was limited to only nine prepared 
specimens, which were compacted using an isotropic confining pressure of 500 kPa at optimum 
water content, and only one specimen was cured under 500 kPa curing stress for 70 days. The 
results showed that curing stress has an effect on further increasing the shear modulus of stabilized 
soil compared to specimens cured without stress [1].  As clarified by previous studies, higher binder 
content generates more cementitious materials compared to lower binder content, which 
subsequently results in greater improvement in soil strength and a lower compression effect under 
overburden stress during curing period. Despite these findings, most previous studies have not 
explicitly considered the combined influence of curing stress and standard compaction effort 
applied during specimen preparation. In addition, the majority of previous studies used higher 
binder contents, shorter curing periods, and did not compare the effect of overburden stress on the 
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natural soil. To address this limitation, laboratory tests were conducted to evaluate the effects of 
initial stress over time on the strength and stiffness of compacted natural and stabilized soil 
specimens. 

This study aimed to investigate the effect of overburden stress on the strength and deformation 
characteristics of natural and stabilized soil specimens treated with various binder contents (from 
1% to 7%) and compacted specimens using a Proctor hammer to achieve a compaction effort of 
600 kJ/m3. The combined effects of binder amount, curing time and applied stress are evaluated 
using unconfined compressive strength tests.  

2. Experimental Program 

2.1. Materials 

The natural soil used in this study was collected from a construction site in the southwestern part 
of Sweden. The standard identification laboratory tests were performed on the natural soil to 
determine its properties. The basic soil characteristics are illustrated in Table 1. The soil was 
classified as lean clay (CL) according to the Unified Classification System ASTM D 2487-11 [26].  

The binder used in this study, named Multicem, was sourced from Cementa AB, Sweden. It is a 
mixture of Portland cement and cement kiln dust (CKD) in a 50:50 proportion at the plant site, 
where the CKD replaces limestone as a raw material during cement production. The chemical 
composition of the binder is presented in Table 2. 

Table 1. The basic characteristics of studied soil 

Description Value  

Specific Gravity 2.69 
Liquid limit (%) 38 
Plastic limit (%) 19 

Plasticity index (%) 19 
Sand content (%) 29 
Silt content (%) 54 

Clay content (%) 17 
Optimum moisture content (%) 13 
Maximum dry density (g/cm3 ) 1.96 

Organic content (Loss of ignition) (%) 4 
 

Table 2.  Chemical composition of the binder used in this study 

Description Value  

Alkalis, Sodium oxide (Na2O) (%) 3 
Free lime, (CaO) (%) 14 

Calcium oxide (CaO) total (%) 50 
Magnesium oxide (MgO) (%) 2.1 
Potassium oxide (K2O) (%) 7.5 

Silicon oxide (SiO2) (%) 19 
Aluminum oxide (Al2O3) (%) 4.5 

Iron oxide (Fe2O3) (%) 2.8 
Sulfur trioxide (SO3) (%) 5 

Loss of Ignition (%) 4.8 
 

2.2. Preparation of Specimens 

The unconfined compressive strength (UCS) specimens of the natural soil were prepared by 
homogenizing the natural soil using a laboratory mixer for 15 to 18 seconds [27]. After that, the 
homogenized soil was placed inside cylindrical plastic tubes in five compacted layers to achieve a 
height of 10 cm. The inner diameter of the tubes was 50 mm and the height was 170 mm. The 
standard compaction procedure was followed for preparing all specimens by compacting each 
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layer with 15 blows using a design hammer which provides energy per volume 600 kJ/m3 as 
compaction effort. According to the curing conditions, the prepared specimens were divided into 
two sets: one cured under atmospheric pressure (without stress), and the other cured under a 
stress of 10.5 kPa. The applied curing stress of 10.5 kPa corresponds to an equivalent soil depth of 
about 0.6 m representing a low overburden stress near-surface soil. 

For specimens cured under atmospheric pressure, the prepared specimens were sealed on both 
sides using covers to prevent water from entering. For the other specimens that were cured under 
overburden stress, the prepared specimens were subjected to loads on the top of each soil 
specimen. The load was applied using a filter plug as shown in Fig. (1). The filter plug was inserted 
from the top end of the PVC tube until it made contact with the upper surface of the specimen. The 
filter plug has a cylindrical shape with an outside diameter of 49 mm and contains a circular hole 
in the middle of both ends. The lower end (which makes contact with the upper surface of the 
specimen) contains a thick filter to allow water to drain through the hole during the compression 
period (application of overburden stress). The upper end is used to apply the vertical load. The 
main purpose of the filter plug was to transfer the applied stress to the soil specimens and allow 
drainage from the top surface during the curing period. Before inserting the plug and soil, the inner 
surfaces of the polyvinyl chloride (PVC) tubes used for specimen preparation were manufactured 
with a smooth finish layer to ensure very smooth surfaces and were also greased prior to testing to 
minimize side friction during the consolidation and extrusion of the soil specimens. The bottom 
end of the specimen was sealed with plastic covers and rubber lids. All prepared specimens were 
cured in glass containers partially filled with water to a certain level (cover half of the specimen 
height) and stored at a controlled room temperature of 20 °C, as illustrated in Fig. 2. A load of 2 to 
2.1 kg was placed on top of each filter plug for natural and stabilized soil specimens immediately 
after preparation. All prepared specimens were cured for 7, 14, 28, 60 and 90 days.  

The stabilized soil specimens were prepared by mixing the homogenized soil with the binder for 
ten minutes using a laboratory mixer until a visually homogeneous consistency was achieved. The 
binder was added in various proportions of 1%, 2%, 4%, and 7% based on the dry weight of the 
soil. The mixtures were then placed by hand inside the plastic tubes. The preparation of UCS 
specimens of stabilized soil followed the same protocol and procedure described above for 
preparing and curing the UCS specimens of natural soil.  

All prepared specimens (both cured under atmospheric and overburden pressures) were tested 
after 7, 14, 28, 60 and 90 days of curing. The filter plug was removed from the loaded specimens. 
The soil specimens were removed from the tubes and carefully trimmed to obtain parallel end 
surfaces. The specimen density was measured which can give an indication about the homogeneity 
of the specimens. 

2.3. Testing of Specimens 

Unconfined compression strength (UCS) tests were conducted according to the ASTM 
D2166/D2166M-16 standard [28] to evaluate the development of soil strength for various 
specimens. The UCS tests were performed on cylindrical specimens placed on the UCS apparatus 
without constraints with a constant height to diameter ratio of 2. Each specimen was axially loaded 
at a strain rate of 1 mm/minute until failure. During the test, the load and deformation of each 
specimen were continuously measured until failure occurred. The stress- strain curves were 
calculated by dividing the load by the specimen’s cross-sectional area. The unconfined compressive 
strength was defined as the maximum peak stress causing failure and corresponding to the failure 
strain. The water content of the specimens was determined using the broken parts collected after 
the UCS test. 
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Fig. 1. Filter plug used in this study (schematic) 

 
(a) 

 

(b) 

Fig. 2. Shown two diffrent curing conditions (a) Schematic sketch and (b) Two specimens sets 
cured under different conditions 
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3. Results and Discussion 

3.1 Statistical Analysis 

The unconfined compressive strength tests were conducted on specimens prepared in a similar 
manner and cured under either overburden or atmospheric pressure conditions. The specimen 
density after preparation was used to compare the two different curing conditions. A t-test was 
conducted to examine differences in specimen density for different binder contents. Table 3 
presents the results of the t-tests, the ratio of standard deviation (SD) to the 95% confidence 
interval (CI), and the number of specimens (n) for all prepared specimens. The values of the t-test 
ranged between 0.029 and 0.444, and the p-values ranged between 0.661 and 0.977. The low values 
of the t-test, as well as all p-values being greater than 0.05 and close to one, indicate no significant 
differences in specimen density after preparation. The SD/CI ratios for both curing conditions also 
support this observation. For natural soil, the SD/CI values are highly consistent, whereas for 
stabilized soil, only small differences in SD/CI are observed. Generally, the similarity in SD/CI 
values indicates that specimen density after preparation is uniform under both curing conditions, 
and the process of specimen preparation was well controlled. 

Table 3. Presents the results of the t-test analysis of specimen’s density after preparation, binder 
content, and the values of SD/CI or all prepared specimens 

Binder 
content 

% 

Atmospheric Pressure 
Specimens 

Overburden Pressure 
Specimens 

T- test 

n 
Density 
(Mean 

Values) 

Values of 
SD/CI 

n 
Density 
(Mean 

Values) 

Values of 
SD/CI 

T-value P-value 

0 11 1.94 1.48 13 1.96 1.49 0.406 0.688 
1 10 1.98 0.96 10 1.99 1.19 0.359 0.725 
2 10 2.01 1.04 10 2.02 1.21 0.268 0.792 
4 12 2.02 1.57 11 2.02 1.48 0.444 0.661 
7 12 2.02 1.53 10 2.02 1.41 0.029 0.977 

 

Tables 4 and 5 present the ratio between the standard deviation (SD) and the 95% confidence 
interval (CI), and the number of specimens (n), for UCS, failure strain, density, and soil water 
content for two different curing conditions. The results shows that the majority of SD/CI values are 
around 0.1175 for both curing conditions. In contrast, slightly higher SD/CI values of around 
0.4034 were noted in a few cases. These differences are infrequent and can be explained by minor 
experimental uncertainties; therefore, they do not significantly influence the overall trend. The 
consistency of the SD/CI values under the two curing conditions indicates that the experimental 
procedure was reliable, with only minimal variation in the measured results. 

Table 4. presents the ratio between SD/CI and specimens’ number for UCS, failure strain, density 
and soil water content for atmospheric pressure specimens 

Binder 
content, 

% 

Curing 
time, 
Days 

n 

Values of SD/CI 

UCS Strain Density 
Water Content 

n Before curing After curing 

0 

7 2 0.1175 0.1175 0.1175 2 0.1175 0.1175 

14 3 0.4034 0.4034 0.4034 2 0.1175 0.1175 

28 3 0.1179 0.4034 0.1175 3 0.4034 0.4034 

60 2 0.1175 0.1175 0.1174 2 0.1175 0.1175 

90 2 0.1175 0.1175 0.1174 2 0.1175 0.1175 

1 

7 2 0.1175 0.1175 0.1175 2 0.1175 0.1175 

14 2 0.1175 0.1175 0.1178 2 0.1175 0.1175 

28 2 0.1175 0.1175 0.1174 1 - - 

60 2 0.1175 0.1175 0.1179 0 - - 

98 2 0.1175 0.1175 0.1174 1 - - 
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Table 5. presents the values of SD/CI and specimens’ number for UCS, failure strain, density and 
soil water content for overburden pressure specimens 

Binder 
content, 

% 

Curing 
time, 
Days 

n 

Values of SD/CI 

UCS Strain Density 
Water Content 

n Before curing After curing 

0 

7 2 0.1175 0.1175 0.1175 3 0.4034 0.4034 

14 4 0.4034 0.4034 0.4029 4 0.4034 0.4034 

28 3 0.1175 0.4034 0.1175 3 0.4034 0.4034 

60 2 0.1175 0.1175 0.1174 2 0.1175 0.1175 

90 2 0.1175 0.1175 0.1175 2 0.1174 0.1175 

1 

7 2 0.1175 0.1175 0.1174 2 0.1175 0.1175 

14 2 0.1175 0.1175 0.1178 2 0.1175 0.1174 

28 2 0.4034 0.1175 0.1177 2 0.1175 0.1175 

60 2 0.1175 0.1177 0.1172 0 - - 

98 2 0.1175 0.1175 0.1178 2 0.1175 0.1175 

2 

7 2 0.1175 0.1175 0.1175 2 0.1174 0.1174 

14 2 0.1175 0.1175 0.1176 2 0.1175 0.1176 

28 2 0.1175 0.1175 0.1173 2 0.1176 0.1175 

60 2 0.1175 0.1175 0.1177 2 0.1175 0.1175 

98 2 0.1175 0.1175 0.1176 2 0.1175 0.1175 

4 

7 2 0.1175 0.1174 0.1173 2 0.1174 0.1175 

14 2 0.1175 0.1175 0.1175 0 - - 

28 3 0.4034 0.1175 0.1171 5 0.8054 0.8056 

60 2 0.1175 0.1175 0.1179 2 0.1175 0.1175 

90 2 0.1175 0.1175 0.1243 2 0.1175 0.1175 

7 

7 2 0.1175 0.1175 0.1174 2 0.1177 0.1177 

14 2 0.1175 0.1175 0.1177 0 - - 

28 3 0.1175 0.1175 0.1175 4 0.6286 0.6286 

60 2 0.1175 0.1175 0.1175 2 0.1175 0.1175 

90 2 0.1175 0.1175 0.1172 2 0.1175 0.1175 

 

Binder 
content, 

% 

Curing 
time, 
Days 

n 

Values of SD/CI 

UCS Strain Density Water Content 

   n Before curing After curing 

2 

7 2 0.1175 0.1175 0.1178 2 0.1176 0.1175 

14 2 0.1175 0.1175 0.1175 2 0.1175 0.1175 

28 2 0.1175 0.1175 0.1176 1 - - 

60 2 0.1175 0.1175 0.1172 2 0.1175 0.1175 

98 2 0.1175 0.1176 0.1175 2 0.1175 0.1175 

4 

7 2 0.1175 0.1175 0.1174 2 0.1175 0.1175 

14 2 0.1175 0.1175 0.1175 2 0.1175 0.1175 

28 2 0.4034 0.1175 0.1175 4 0.6285 0.6286 

60 2 0.1175 0.1175 0.1174 2 0.1175 0.1175 

90 2 0.1175 0.1175 0.1176 2 0.1175 0.1175 

7 

7 2 0.1175 0.1175 0.1175 2 0.1175 0.1175 

14 2 0.1175 0.1175 0.1175 1 - - 

28 2 0.4034 0.1175 0.1170 5 0.8054 0.8054 

60 2 0.1175 0.1175 0.1175 2 0.1175 0.0831 

90 2 0.1175 0.1175 0.1176 2 0.1175 0.0831 
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3.2 Specimens cured under atmospheric pressure 

3.2.1 Effect of Binder Content and Curing Time on the UCS 

Fig. 3 shows the effect of curing time on the unconfined compressive strength (UCS) of natural soil 
specimens cured under two different conditions. For specimens cured under atmospheric pressure, 
the natural soil exhibits low shear strength with an average value of 22 kPa.  

 

Fig. 3. Unconfined compressive strength of natural soil specimens for different curing times and 
conditions 

Figs. 4 and 5 show the development of the unconfined compressive strength (UCS) over time for 
stabilized soil specimens treated with various binder contents. Table 6 summarizes the 
enhancement of soil strength for two curing conditions. Compared to natural soil, the increase in 
UCS of stabilized soil can be expressed as the UCS ratio, defined as the ratio of the UCS of stabilized 
soil to the average UCS of natural soil. For specimens cured under atmospheric pressure, the 
addition of 1% binder improved soil strength up to 5.6 times during the 28 days of curing, with 
only slight increases observed (6.2 times) at longer curing times of 60 and 98 days as illustrated in 
Fig. 4 and Table 6. Increasing the binder content to 2% further enhanced soil strength up to 8.5 
times during the 28 days of curing, with a slight increase observed at longer curing times (9.5 time). 
Further increases in binder content to 4% and 7% (Fig. 5) resulted in higher soil strength due to 
the combined effects of increased binder content and curing time. For 4% binder content, UCS 
increased during the 28 days of curing up to 12.4 times, with a slight improvement to 15.5 times at 
90 days of curing. A similar observation was found for 7% binder content, which showed rapid 
improvement in soil strength during 28 days (18.1 times) compare a slight increase up to 19.7 times 
at longer curing times. 

In general, the addition of binder at different dosages improves the shear strength of the soil. The 
strength increases as both binder content and curing time increase. The dominant gain in soil 
strength was observed after 28 days of curing, compared to only slight improvement at longer 
curing times. This improvement was attributed to the formation of cementitious hydration 
products, primarily calcium silicate hydrate (CSH) and calcium aluminate silicate hydrate (CASH) 
gels, produced through hydration and pozzolanic reactions. A similar trend of increasing soil 
strength after treatment and over time is consistent with previous studies that used cement-based 
stabilizer to improve different soil types [7–15, 29–30, 48]. 
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Fig. 4. Unconfined compressive strength of stabilized soil specimens treated with 1% and 2% 
binder content for different curing times and conditions. 

 

Fig. 5. Unconfined compressive strength of stabilized soil specimens treated with 4% and 7% 
binder content for different curing times and conditions 

Table 6. Summarizes the increases in soil strength due to the addition of various binder content, 
curing time, and applied overburden pressure 
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Binder 
content 

% 

Curing 
time, 
Days 

Atmospheric Pressure 
Specimens 

Overburden Pressure 
Specimens Effect of Applying 

Overburden Stress on 
percentage increases in 

the UCS 

Unconfined compressive strength (UCS), KPa 

Mean 
value 

UCS ratio 
Mean 
value 

UCS ratio 

0 

7 21.3 1 23.7 1.1 12 

14 20.6 1 25.0 1.2 21 
28 23.2 1 28.2 1.3 22 
60 20.5 1 25.4 1.2 28 
90 25.6 1 34.1 1.6 33 

1 

7 104.5 4.7 105.5 4.8 1 

14 106.7 4.8 108.7 4.9 4 
28 124.5 5.6 133.4 6.0 7 
60 136.5 6.2 145.3 6.6 6 
98 136.7 6.2 146.2 6.6 7 
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3.2.2 Strain at Failure  

The strain at failure, obtained from the stress–strain curves at peak UCS, is presented in Table 7. 
The failure strain ratio is defined as the ratio of stabilized soil failure strain to that of natural soil. 
For specimens cured under atmospheric pressure, the natural soil shows a high failure strain, with 
an average value of 28%. The quantitative analysis indicates that the addition of various binder 
amounts significantly reduces failure strain, particularly at lower binder contents (1%, 2%, and 
4%). Further increases in binder content up to 7% have less impact on reducing the failure strain. 
The reduction in failure strain becomes less pronounced at 7% binder content compared to 4%. 
Moreover, the failure strain decreases over time. 

The reduction in failure strain can be attributed to the increased formation of cementing products. 
In general, for soil treated with 7% binder content, the average failure strain at 90 days is lower 
than that at 7 days. The decrease in failure strain leads to more brittle behaviour in specimens 
treated with 7% binder content compared to those with lower binder contents, which exhibit more 
ductile behavior. Consequently, the mode of failure gradually transitions from ductile to brittle as 
the binder content and curing time increase. The general trends of reduction in failure strain due 
to the addition of different binder types and over time for stabilizing different soil types are 
consistent with previous studies [7–15, 30, 48]. 

Table 7. Summarizes the strain at versus binder content and curing time for two different curing 
conditions 

Binder 
content 

% 

Curing 
time, 
Days 

Atmospheric Pressure 
Specimens 

Overburden Pressure 
Specimens Effect of Applying 

Overburden Stress on 
reduction in failure strain, % 

Strain at failure % 

Mean 
value 

Failure strain 
ratio 

Mean 
value 

Failure strain 
ratio 

0 

7 28.15 1 24.87 0.88 11.6 

14 27.90 1 23.48 0.83 15.8 
28 27.62 1 23.60 0.84 14.6 
60 28.67 1 22.50 0.80 21.5 
90 27.52 1 22.01 0.78 20.0 

       

1 

7 17.00 0.61 16.00 0.57 5.9 

14 14.00 0.50 13.00 0.46 7.1 
28 12.37 0.44 11.29 0.40 8.8 
60 11.78 0.42 11.19 0.40 5.1 
98 11.24 0.40 10.01 0.36 10.9 

 

Binder 
content 

% 

Curing 
time, 
Days 

Atmospheric Pressure 
Specimens 

Overburden Pressure 
Specimens 

Effect of Applying 
Overburden Stress on 

percentage increases in 
the UCS 

Unconfined compressive strength (UCS), KPa 
Mean 
value 

UCS ratio 
Mean 
value 

UCS ratio 

2 

7 117.5 5.3 122.0 5.5 4 

14 135.3 6.1 142.0 6.4 5 
28 188.5 8.5 196.0 8.9 4 
60 189.0 8.5 197.0 8.9 7 
98 190.0 8.5 199.0 9.0 5 

4 

7 185.0 8.5 196.0 8.9 6 

14 215.0 9.7 228.0 10.3 6 
28 275.0 12.4 292.7 13.2 6 
60 320.0 14.5 340.0 15.4 6 
90 343.0 15.5 366.0 16.6 7 

7 

7 285.0 12.9 303.5 13.7 6 

14 347.0 15.7 371.0 16.8 7 
28 401.0 18.1 430.5 19.5 7 
60 444.0 20.1 466.0 21.1 5 
90 436.5 19.7 457.0 20.7 5 
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Binder 
content 

% 

Curing 
time, 
Days 

Atmospheric Pressure 
Specimens 

Overburden Pressure 
Specimens Effect of Applying 

Overburden Stress on 
reduction in failure strain, % 

Strain at failure % 

Mean 
value 

Failure strain 
ratio  

Mean 
value 

Failure strain 
ratio  

98 11.24 0.40 10.01 0.36 10.9 

2 

7 9.13 0.33 9.02 0.32 1.2 

14 8.58 0.31 8.51 0.30 0.7 
28 8.65 0.31 8.61 0.31 0.5 
60 8.05 0.29 7.50 0.27 6.8 
98 7.46 0.27 7.07 0.25 5.2 

4 

7 4.72 0.17 4.52 0.16 4.3 

14 4.56 0.16 4.40 0.16 3.5 
28 4.25 0.15 4.04 0.14 5.0 
60 3.93 0.14 3.67 0.13 6.7 
90 3.61 0.13 3.32 0.12 8.1 

7 

7 4.54 0.16 4.54 0.16 0.0 

14 4.12 0.15 4.01 0.14 2.6 
28 4.01 0.14 3.87 0.14 3.4 
60 3.97 0.14 3.57 0.13 10.0 
90 2.66 0.10 2.39 0.09 10.0 

 

3.2.3 Water Content and Density 

For the natural soil, Fig. 6 shows the variation in soil water content with curing time for specimens 
cured under two different conditions. The water content of the specimens was measured for the 
natural soil after specimen preparation (before curing) and after curing (after UCS testing). For 
specimens cured under atmospheric pressure, almost no change in soil water content was observed 
for before and after curing (Fig. 6A).  

For stabilized soil specimens cured under two different curing conditions, Figs. 7, 8, 9 and 10 show 
the variation in soil water content with curing time for specimens stabilized with 1%, 2%, 4% and 
7% binder content, respectively. The soil water content was measured before treatment (prior to 
binder addition), after specimen preparation (before curing), and after curing (after UCS testing). 
Table 8 summarizes the impact of binder amounts and curing time on the soil water content under 
different curing conditions. The addition of various binder contents of 1%, 2%, 4%, and 7% 
immediately reduces the soil water content to 2%, 3.3%, 4.5%, and 6%, respectively. This effect 
was measured one hour after treatment. The percentage reduction in soil water content over time 
was calculated as the difference between the water content before and after curing, divided by the 
water content before curing. For specimens cured under atmospheric pressure, the results indicate 
that there is no significant reduction in soil water content over time (the percentage reduction less 
than 1%) as illustrated in Table 8. Since all prepared specimens were cured in a moist environment, 
the small variation in the water content of the prepared specimens before and after curing can be 
attributed to small evaporation that occurred during the UCS testing. The water content in the soil–
binder mixture is primarily derived from the natural soil. Therefore, the initial reduction in soil 
water content can be attributed to the addition of dry binder, as well as hydration reactions 
between the binder and water [11-15]. 

The density of stabilized soil gradually increased with increasing binder content from 1% to 4%, 
with a slight increase observed when the binder content increased to 7% as shown in Fig. 11. The 
consumption of water during hydration and pozzolanic reactions results in the formation of a 
significant number of solid products within the soil matrix, thereby increasing the soil density after 
treatment. This densification is primarily attributed to the formation and deposition of CSH 
(calcium silicate hydrate) and CAH (calcium aluminate hydrate) gels generated during these 
reactions. These hydration products fill the pore voids, resulting in a denser soil structure. A similar 
trend of initial reduction in soil moisture content and increase in density for stabilized soils with 
cement-based stabilizer has been reported in previous studies [29-31]. 
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Fig. 6. Water content versus curing time for natural soil specimens under two different curing 

conditions 

  
Fig. 7. Water content versus curing time for stabilized soil specimens treated with 1% binder 

content under two different curing conditions 

  

Fig. 8. Water content versus curing time for stabilized soil specimens treated with 2% binder 
content under two different curing conditions 
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Fig. 9. Water content versus curing time for stabilized soil specimens treated with 4% binder 

content under two different curing conditions 

  
Fig. 10. Water content versus curing time for stabilized soil specimens treated with 7% binder 

content under two different curing conditions. 

Table 8. Summarizes the impact of binder amount and curing time on soil water content for two 
curing conditions 
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Binder 
content, 

% 

Curing 
time, 
Days 

Atmospheric Pressure Specimens Overburden Pressure Specimens 
Effect of 
Binder 
content 

Water content, % 

Mean value  Mean value  
Initial 

reduction 
in Soil 
Water 

content, % 

Natural 
soil, 
𝝎𝒏 

Before 
curing 

After 
curing 

Percent 
reductio

n in 
Water 

content 

Natural 
soil, 
𝝎𝒏 

Before 
curing 

After 
curing 

Percent 
reductio

n in 
Water 

content 

0 

7 27.9 27.9 27.8 0.4 29.6 29.6 28.3 4 

0 

14 27.5 27.5 27.4 0.5 29.7 29.7 28.0 6 

28 28.8 28.8 28.5 1.0 29.5 29.5 27.6 6 

60 30.9 30.9 30.6 1.0 31.0 31.0 28.7 8 

90 27.9 27.8 27.5 1.0 27.9 27.9 25.4 9 

1 

7 23.4 21.3 21.1 0.9 21.5 21.8 21.7 1 

2 
14 23.7 21.5 21.3 0.7 21.8 21.9 21.7 1 

28 23.8 21.0 20.9 0.5 23.0 21.2 20.9 1 

98 23.8 21.1 20.9 0.9 20.9 21.1 20.8 1 
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Binder 
content, 

% 

Curing 
time, 
Days 

Atmospheric Pressure Specimens Overburden Pressure Specimens 
Effect of 
Binder 
content 

Water content, % 

Mean value  Mean value  
Initial 

reduction 
in Soil 
Water 

content, % 

Natural 
soil, 
𝝎𝒏 

Before 
curing 

After 
curing 

Percent 
reductio

n in 
Water 

content 

Natural 
soil, 
𝝎𝒏 

Before 
curing 

After 
curing 

Percent 
reductio

n in 
Water 

content 

2 

7 25.9 22.8 22.7 0.4 25.9 23.0 22.9 1 

3.3 

14 25.9 22.6 22.5 0.4 25.3 23.2 22.9 1 

28 24.7 21.3 21.0 1.5 24.7 21.4 21.0 2 

60 24.9 21.2 21.1 0.7 26.8 23.6 23.3 1 

98 24.9 21.4 21.2 0.9 24.7 21.3 21.0 1 

4 

7 26.3 22.1 21.9 1.0 26.3 22.3 22.0 1 

4.5 

14 27.6 23.7 23.5 0.6 27.6    

28 26.6 22.9 22.7 0.7 26.5 22.6 22.3 1 

60 27.7 23.8 23.5 1.1 27.6 23.3 22.9 2 

90 27.8 24.0 23.7 1.1 27.6 23.3 22.6 3 

7 

7 26.7 21.7 21.4 1.4 26.5 21.1 21.1 0 

6 

14 29.5 23.7 23.5 0.9 29.5    

28 27.6 22.5 22.5 0.3 27.6 22.6 22.6 0 

60 29.5 23.5 23.4 0.8 29.5 23.4 23.4 0 

90 29.5 23.7 23.6 0.4 29.5 23.6 23.6 0 
 

 

Fig. 11. Specimen density versus binder content for tow curing conditions. 

3.3 Specimens Cured Under Overburden Pressure 

3.3.1 Effect of Overburden Pressure on the UCS 

The development of UCS over time for specimens cured under stress (10.5 kPa) shows a similar 
trend to that of specimens cured under atmospheric pressure (see Figs. 3, 4 and 5). The percentage 
increase in soil strength due to the effect of overburden stress was calculated as the ratio of the 
strength difference between specimens cured under overburden stress and those cured under 
atmospheric pressure to the strength of specimens cured under atmospheric pressure.  

For natural soil, the quantitative analysis shows that the overburden stress results in gradual 
increases in soil strength over time, from 12% to 33% after 7 and 90 days, respectively. This 
improvement is attributed to the applied stress compressing the soil particles and allowing pore 
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water to drain from the upper side of the specimen. A similar observation of increased soil strength 
due to the application of overburden stress was reported by [22]. 

For stabilized soil, a similar trend of enhanced soil strength during the first 28 days of curing was 
observed for specimens cured under stress. The UCS ratio of overburden-cured specimens is 
slightly higher compared to that of specimens cured under atmospheric pressure, as illustrated in 
Table 6. The increase in soil strength due to the application of overburden stress gradually 
increased with time. For instance, the addition of 1% binder content improved soil strength from 
1% to 7% after 7 and 98 days of curing, respectively. The same observation was noted when the 
binder content increased to 2%, where the improvement in soil strength increased from 4% to 5% 
after 7 and 98 days of curing, respectively. In contrast, the improvement in soil strength ranged 
between 6% and 7% after 7 and 90 days when the binder amount increased to 4% and 7%. Similar 
observations were noted for stabilized soil specimens treated with different binder contents, 
where soil strength increased due to the application of overburden stress and longer curing times 
[1, 23–25].  

Regarding the effect of overburden stress applied during the curing period, further increases in soil 
strength are mainly related to the applied stress. The applied stress causes compression within the 
stabilized soil matrix by reducing the spacing between binder grains and soil particles. This 
densification facilitates the buildup of bonds generated from binder hydration reactions [20]. The 
general trend for soil improvement under overburden stress is consistent with previous studies 
that used cement kiln dust and cement to stabilize different soil types [1, 19–25, 31]. 

3.3.2 Strain at Failure 

The reduction in failure strain for specimens cured under an overburden stress of 10.5 kPa follows 
a trend similar to that observed for specimens cured under atmospheric pressure. However, the 
quantitative analysis shows that the failure strain ratio is consistently lower compared to the 
specimens cured under atmospheric pressure as illustrated in Table 7. To illustrate the effect of 
overburden stress on failure strain, the reduction in failure strain (in percentage) was calculated 
as the ratio of the difference in failure strain between specimens cured under overburden stress 
and those cured under atmospheric pressure to the failure strain of specimens cured under 
atmospheric pressure.  

For natural soil, the failure strain decreased further over time due to the effect of overburden stress, 
with a reduction ranging from 11.8% to 20% after 7 and 90 days of curing, respectively. For 
stabilized soil with 1% binder content, the failure strain decreased over time from 5.9% to 10.9% 
after 7 and 98 days, respectively. When the binder content increased to 2%, the reduction ranged 
from 1.2% to 5.2% over the same curing times. Similar trends were observed for stabilized soils 
treated with 4% and 7% binder content, with a more pronounced effect compared to 1% and 2% 
binder content. However, the percent reduction in failure strain is more pronounced in natural soil 
specimens compared to stabilized soil specimens with various binder contents. 

Generally, the overburden stress has an effect on further decreasing the failure strain compared to 
the specimens cured under atmospheric pressure. A similar observation has been found in previous 
studies that used cement kiln dust and cement to stabilize different soil types [1, 19–25]. 

3.3.3 Water content and Density 

For the natural soil specimens, the quantitative analysis shows that the applied stress caused a 
gradual reduction in soil water content from 4% to 9% after 7 and 90 days of curing, respectively, 
as shown in Table 8. This reduction in soil water content was attributed to the effect of overburden 
stress applied over the curing time, which facilitates drainage during curing (Fig. 6B). 

The applied stress caused a slight reduction in water content of stabilized soil treated with 1%, 2% 
and 4% binder content. In contrast, the applied stress had a negligible effect on water content when 
the binder content increased to 7% (Table 7). The results further demonstrate that the applied 
stress has a more significant influence on the water content of natural soil compared to stabilized 
soil specimens. 
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Hydration reactions of the binder caused an initial reduction in soil water content, while the further 
reduction over time was mainly attributed to the pozzolanic reactions occurring between the 
binder and the soil for specimens cured under atmospheric pressure. In contrast, for specimens 
cured under stress, the further reduction over time was attributed to both the pozzolanic reactions 
between the binder and the soil and the overburden stress which caused drainage during curing. 
This finding is consistent with other studies [12, 19, 24]. 

The density of stabilized soil cured under an overburden pressure of 10.5 kPa shows a similar 
increasing trend with binder content; however, the measured densities are higher than those of 
specimens cured without applied pressure, as illustrated in Fig. 11. The applied stress contributes 
to an increase in the density of both natural and stabilized soil specimens by reducing the pore 
spaces between soil particles. Hydration and pozzolanic reactions of the binder consume pore 
water and generate cementitious products that fill the pore spaces within the soil matrix, resulting 
in increased density after treatment. This general trend of increased soil density is consistent with 
previous studies [12, 13]. 

3.4 Relations Between UCS - Water Content/Plastic Limit Ratio and Stiffness (E50) 

3.4.1 Relation Between UCS And Water Content/ Plastic Limit Ratio 

The ratio of water content (ω) to the plastic limit (Pl) of soil was used to explain correlation 
between water content and the unconfined compression strength after treatment for specimens 
subjected to two curing conditions (Fig. 12). The general trends show an increase in UCS 
accompanied with decreasing water-to-plastic limit ratio for various binder contents. A scattered 
trend is evident, particularly when the water-to-plastic limit ratio ranges between 1.1 and 1.2 for 
specimens cured under atmospheric pressure. In contrast, a similar scattered trend is noted when 
the water-to-plastic limit ratio is between 1 and 1.1 for specimens cured under stress (water 
contents become more closer to soil plastic limit). Previous studies have demonstrated that natural 
soils gain strength as their water content decreases from the liquid limit toward the plastic limit. 
Treated soils are considered to be within the plastic range when their shear strength is around 100 
kPa [12].  

Reference [33] reported that the remolded clay exhibits a shear strength around 200 kPa when the 
soil water content becomes near the plastic limit of the soil, and decreases to 2 kPa when the soil 
water content becomes closer to the liquid limit. Moreover, previous studies mentioned that soil 
strength varies from 110 to 170 kPa at the soil plastic limit. Therefore, stabilized soil is regarded 
as being within the plastic range (ω/PL more than 1) when its shear strength is around 100 kPa. A 
similar trend is consistent with previous studies for soil treated with various binder types [12, 34]. 

  
Fig. 12. Unconfined compressive strength versus water content/ plastic limit ratio for natural 

and stabized soil specimens for two diffrent curing times 

 

Water content / Plastic limit ratio

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

U
n

co
n

fi
n

ed
 c

o
m

p
re

ss
iv

e 
st

re
n

g
th

, 
(k

P
a
)

0

100

200

300

400

500

7% Binder content 

1% Binder content 

2% Binder content 

4% Binder content  

NS 

Atmospheric Pressure Specimens

Water content / Plastic limit ratio

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

U
n

co
n

fi
n

ed
 c

o
m

p
re

ss
iv

e 
st

re
n

g
th

, 
(k

P
a
)

0

100

200

300

400

500

7% Binder content 

1% Binder content 

2% Binder content  

4% Binder content 

NS

Overburden Pressure Specimens 



Al-Jabban et al. / Research on Engineering Structures & Materials 12(4) (2026) 3073-3095 
 

3089 

3.3.2 Relations Between UCS And Strain at Failure 

Fig. 13 shows the correlation between unconfined compressive strength (UCS) and failure strain 
for specimens cured under two different curing conditions. For specimens cured under 
atmospheric pressure, the natural soil shows low shear strength of about 23 kPa, with a high failure 
strain of about 28%. The addition of different binder contents (1%, 2%, 4%, and 7%) results in a 
reduction in failure strain to 13.3%, 8.5%, 4.2%, and 3.9%, respectively, accompanied by 
corresponding increases in soil strength of up to 120, 170, 265, and 400 kPa, respectively. 
Moreover, it was observed that further increases in unconfined compressive strength due to the 
addition of 7% binder content have less impact on reducing failure strain.  

The correlation between unconfined compressive strength and failure strain has been reported in 
previous studies. Reference [12] found a significant reduction in failure strain occurs when soil 
strength is around 200 kPa or lower, whereas the reduction becomes less pronounced at higher 
strength levels for stabilized Swedish clay treated with various binders. For marine sediments 
treated with cement, lime, and fly ash, [35] proposed a correlation between unconfined 
compressive strength and failure strain as qᵤ = (20–130) times the failure strain. Reference [37] 
showed that failure strain decreases with increasing unconfined compressive strength, and the 
relationship can be expressed as a power function between UCS and failure strain (failure strain = 
1.06 qᵤ⁻⁰·⁶²) for cement-treated zinc-contaminated clay. This observation is also consistent with 
previous studies on stabilized soil treated with various binder types [34, 36].  

In contrast, the application of overburden stress reduces the failure strain to 23%, 12%, 8.1%, 4%, 
and 3.7% due to addition of 0%, 1%, 2%, 4% and 7% binder content respectively. This reduction 
is accompanied by increases in UCS of up to 33, 130, 180, 300, and 410 kPa, respectively. As 
discussed earlier, the application of overburden stress during curing further reduces failure strain, 
this reduction is accompanied by an increase in unconfined compressive strength. Generally, 
similar trends have been reported in previous studies for specimens cured under overburden 
stress compared to unstressed specimens [1, 19, 21–24]. 

  
Fig. 13. Unconfined compressive strength versus failure strain for natural and stabilized soil 

specimens cured under diffrent conditions 

3.3.3 Relations Between UCS And the Stiffness  

The stiffness of natural and stabilized soil was defined as the secant modulus of elasticity (E50), 
which is determined from the stress-strain curve at half of the peak UCS value. Fig. 14 shows the 
correlation between the modulus of elasticity and the unconfined compressive strength for natural 
soil specimens cured under two curing conditions. Fig. 15 and 16 show the correlation between the 
modulus of elasticity and the unconfined compressive strength for stabilized soil cured under 
atmospheric and overburden stress, respectively. The relation between the secant modulus of 
elasticity and the UCS can be expressed by using the Eq (1):  
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Where E50: Secant modulus of elasticity, k: Strength coefficient, qu: Unconfined compressive 
strength. 

From Figs. 14, 15, and 16, it can be seen that there is a linear correlation between E50 and UCS. The 
upper and lower limits for the strength coefficient of natural and stabilized soil cured under 
different curing conditions are presented in Table 9. For specimens cured under atmospheric 
pressure (Fig. 15), the results show that soil stiffness increases with soil strength and is further 
enhanced by increasing binder content and curing time. This can be attributed to the formation of 
cementitious compounds, including C–S–H and C–A–H, generated through hydration and 
pozzolanic reactions. Higher binder contents lead to the production of more cementitious 
compounds. The increased formation and deposition of cementitious compounds fill the pore 
spaces, resulting in a denser soil and, consequently, increased stiffness. This trend is consistent 
with previous studies [9–14]. 

In contrast, the applied stress leads to a further enhancement in soil stiffness for both natural and 
stabilized soil specimens (Figs. 14 and 16). The enhancement in soil strength and stiffness has been 
reported for specimens cured under overburden stress compared to those cured under 
atmospheric pressure [19, 29, 47]. These effects are commonly attributed to compression during 
the formation of cementitious products. As discussed earlier, the applied stress decreases the pore 
space between soil particles, leading to a denser soil structure. The reduction in pore space 
improves contact points and enhances cementitious bonding. In addition, the applied stress can 
influence the distribution and orientation of hydration products, resulting in a more uniform and 
interconnected bonding system. Therefore, overburden stress during curing is a non-negligible 
factor in predicting the mechanical properties of stabilized soils. The general trend of soil 
improvement under overburden stress is consistent with previous studies that used cement-based 
stabilizers to improve different soil types [1, 19–25]. 

Table 9. Upper and lower value for the strength coefficient (k) for different curing condition 

 
Atmospheric Pressure Specimens Overburden Pressure Specimens 

k values 
Upper limit Lower limit Upper limit Lower limit 

Natural soil 6 9 7 13 
Stabilized soil  13 64 13 74 

 

  

Fig. 14. Soil stiffness versus unconfined 
compressive strength for natural soil 

specimens cured under two conditions. 

Fig. 15. Soil stiffness versus unconfined 
compressive strength for stabilized soil 

specimens cured under atmospheric pressure 
for all curing times. 
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Fig. 16. Soil stiffness versus unconfined compressive strength for stablized soil specimens 
cured under overbredin pressure for all curing times 

Many previous studies have reported varying conclusions regarding the correlation between the 
secant modulus of elasticity (E50) and the unconfined compressive strength [34, 38-47]. A summary 
of previous studies is presented in Table 10. Overall, the findings of this study are generally 
consistent with those reported in previous research on cement-treated soils, and are particularly 
close to the findings reported by [44, 47]. 

Table 10. Upper and lower value for the strength coefficient (k) from pervious study 

Author(s) Type of Soil Binder type 
Binder 

content, % 
Curing condition 

k values 
Upper 
limit 

Lower 
limit 

[34] 
Silt, silty clay, 
and laterite 

soils 
Cement 7% - 13% Atmospheric Pressure 100 226 

[38] Marine clay  Cement 
10% - 
30% 

Atmospheric Pressure 60 140 

[39] Soft clay Cement 5% - 20% Atmospheric Pressure 115 150 
[40] Very soft clay  Cement 5% - 35% Atmospheric Pressure 96 129 
[41] Clay in Finland Cement 3% - 37% Atmospheric Pressure 100 200 

[42] Marine clay  Cement 
10% - 
20% 

Atmospheric Pressure 150 275 

[43] Soft clay  
Cement and 
cement kiln 

dust 

10%- 
13%, 

Atmospheric Pressure 99 159 

[44] Clayey silt  Cement 1%-7% Atmospheric Pressure 16 85 
[45] Marine clay  Cement 10%- 30% Atmospheric Pressure 30 169 

[46] 
Organic Low 

Plasticity 
Silts/Clays. 

Cement 

Water-
cement 
ratio of 

0.55 

Atmospheric Pressure 39.9 57.7 

[47] 
Hight plasticity 

clay 
Cement 

50-200 
kg/m3 

Atmospheric Pressure 19 75 
Cured under pressure 

of 200-400 kPa 
18 86 

 

5. Conclusions 

The effects of overburden stress over time on the strength and deformation characteristics of 
natural and stabilized fine-grained soils are presented and discussed in this study. The results are 
limited to an overburden stress of 10.5 kPa applied during different curing periods, and to 
stabilized lean clay soil with binder contents ranging from 1% to 7%. In addition, the vertical strain 
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during curing and suction effect were not measured in this study. Based on the results, the following 
conclusions can be made: 

• The findings confirm that the general trend of the unconfined compressive strength and 
stiffness of soil is enhanced by increasing binder dosage and longer curing time. For 
specimens cured under overburden pressure, the unconfined compressive strength exhibits 
a pronounced gain in soil strength within the first 28 days of curing, followed by more 
gradual increases thereafter. In contrast, the specimens cured under atmospheric pressure 
(without stress) show a rapid increase during the first 28 days of curing with negligible 
improvement in soil strength beyond this period. 

• Soil density increased after treatment with increasing binder dosages. A further increase in 
soil density was observed when curing stress was applied to both natural and stabilized soils. 

• The results show that the failure strain decreases with increasing binder content and curing 
time, which gradually changes the failure behavior of the soil from plastic to brittle behavior. 
These improvements are mainly attributed to the production of cementitious compounds 
formed from hydration and pozzolanic reactions. Further reduction in failure strain was 
observed due to the application of overburden stress. 

• Applying stress during curing led to further increases in soil strength and stiffness over time 
for both natural and stabilized soils. Significant improvement was noticed in natural soil at 
longer curing time, where the strength increased from12% to 33% after 7 and 90 days, 
respectively compared with natural soil specimens cured under atmospheric pressure. For 
stabilized soils, additional improvements in soil strength were observed over time due to 
applied stress. Compared with stabilized soil specimens cured under atmospheric pressure, 
the additional increases in strength were approximately 6%, 5%, 6%, and 7% due to the 
addition of 1%, 2%, 4%, and 7% binder contents, respectively. 

• The enhancement in unconfined compressive strength and stiffens due to the application of 
overburden stress is mainly attributed to physical densification. The reduction in pore space 
allows pore water to drain and increases particle contact points, resulting in higher density 
and lower water content. The increase in particle contact points leads to an improvement in 
the effectiveness of cementitious products such as C–S–H and C–A–H generated from cement 
hydration and pozzolanic reaction, which bind soil particles together and further enhance 
soil strength and stiffness. 

• These findings confirm that the application of overburden stress during curing is a non-
negligible factor controlling the strength and deformation behavior of fine-grained soils and 
should be considered essential for laboratory testing to achieve maximum strength 
development in practical geotechnical engineering applications.  

• Further research is needed to investigate the effect of increasing overburden stress beyond 
10.5 kPa, as well as to incorporate microstructural and mineralogical analyses (e.g., SEM and 
XRD) to better understand the mechanisms governing strength development and 
cementitious bonding in stabilized soils. Additionally, future studies should evaluate field 
applicability and long-term performance under realistic conditions, including non-uniform 
and time-dependent stress states, as well as durability aspects such as cyclic loading, 
wetting–drying cycles, and creep behavior. 
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