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1. Introduction
Unconfined compressive strength and undrained shear 

stress are two important properties for cement stabilisation that 
indicate the material’s ability to resist deformation and failure 
under load. Cement-stabilised soil serves as a building material 
that possesses sufficient strength and durability while having 
low embodied energy [1]. The use of cement-stabilised soil in 
construction can address some of the challenges associated with 
earth construction, such as shrinkage cracking, low strength, and 
lack of durability [2]. Determining the engineering properties of 
soil for dynamic stability analysis remains a significant challenge 
[3]. The unconfined compressive strength test reveals that as the 
blending ratio increases, the axial strain reduces and brittle fracture 
becomes more evident. An empirical relationship accounting for 
the combined effects of cement mixing proportion and curing 
time is developed to determine UCS and USS. Several methods, 
including the addition of adhesive materials like cement and lime, 
are employed to strengthen loose soils for construction; each of 
these additives has its own economic, environmental, and practical 
considerations [4]. Saturated sands, often found in coastal areas, 
experience volumetric instability and significant deformation under 
seismic pressure, a phenomenon known as liquefaction [5]. For 
problematic sands, soil improvement is achieved using cement [6]. 
It is essential to determine the particle size distribution of sand for a 

wide range of engineering applications. Significant properties such 
as setting time, hydration heat curves, water demand, adsorption 
properties, flowability performance, and compressive strength may 
vary among cement types with different particle size distributions, 
even if they have the same Blaine fineness [7-10]. Recent 
advancements have been made in understanding the influence of 
grain size on erosion potential. However, relatively few studies 
have quantified the effects of various geotechnical properties, 
despite their potential to significantly affect the mechanisms 
governing the erosion of coarse-grained soil particles. Silty sand 
has lower shear strength than pure sand because the fine silt 
particles reduce interparticle friction. Cementitious products are 
formed as a result of hydration interactions between cement and 
water during the curing process. These hydration by-products, such 
as calcium hydroxide (CH) and calcium silicate hydrates (C-S-H), 
help the cement-mixed sand build interparticle connections and 
gain strength [11]. 

The objective of this research is to elucidate the correlation 
between cement content and curing time on the geotechnical 
properties of stabilised soil, supported by results from various tests, 
including specific gravity, sieve analysis, maximum and minimum 
density, compaction, and unconfined compression strength tests. 
Existing research indicates that a large amount of test data is needed 
as predictor variables for a regression model to achieve desirable 
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target variables. This article presents a prediction model that 
achieves high accuracy despite the limited availability of test data, 
providing more reliable predictions for undrained shear strength 
than unconfined compressive strength. This model could be useful 
for geotechnical engineers who need to estimate the strength and 
stability of sand-cement mixtures based on various inputs.

2. Materials and methods
2.1. Sample collection

Laboratory experiments were conducted to examine key 
stabilising elements. The water-cement ratio, mixing duration, and 
curing conditions were prioritised as they affect the performance 
of stabilised sand. Particle size distribution, specific gravity, 
maximum density, and minimum density were tested using 
standard procedures.

2.2. Physical properties tests

Specific gravity test: A representative sample was prepared, 
dried in an oven, submerged in water, and weighed. The specific 
gravity of the sample was determined according to ASTM D854.

Sieve analysis: The ASTM C136 test method encompasses 
sample preparation, sieve selection, sieving procedure, weighing, 
and particle size distribution analysis. The particle size distribution 
of aggregates was analysed to calculate the coefficient of uniformity 
(Cu) and coefficient of curvature (Cc).

Maximum and minimum density test: The accepted test 
procedure for measuring the maximum and minimum densities of 
soil samples is ASTM D4254. These densities are used to evaluate 
the stability and engineering behaviour of soils.

Compaction test: The soil sample was compacted in a 
cylindrical mould using a freely falling hammer from a specific 
height to determine the optimal moisture content and maximum 
dry density. Fifteen samples were prepared, comprising five 
separate 2.5 kg samples, each receiving five different additions of 
water, and were subjected to three distinct experiments or different 
compaction energies (Table 1).

Specimen for unconfined compression test: Air-dried silty sand 
with 2, 5, and 7% cement content was compacted at optimum 
moisture using the standard proctor method. The specimens were 
then extruded and trimmed to a diameter of 1.5” and a height of 

3”. A total of 12 different specimens were water-cured for 7, 14, 
and 28 days, and unconfined compression tests were performed to 
compare and observe variations in the results for each case (i.e., 
cement content and curing period).

Procedure of unconfined compression test: This test was 
conducted according to ASTM D2166. After being removed from 
the moist curing environment, stabilised samples were subjected to 
a uniform and shock-free force in a compression testing apparatus, 
deforming at a rate of approximately 0.05 inches (1 mm) per minute 
until failure. The entire load and associated deformation were 
recorded. Untreated samples were later evaluated in compression 
after the preparation phase (Fig. 1).	 		

Fig. 1. Unconfined compression test (UCS).

2.3. Determining the undrained shear stress

If the unconfined compression test results are known, 
the undrained shear stress can be easily calculated using the 
formula:

Su = Qu/2 

where Su is the undrained strength; Qu denotes unconfined 
compressive strength of soil. The angle of internal friction is 
obtained as φ=0 for the test. These specific conditions lead 
some engineers to refer to this test as an “unconsolidated 
undrained” test or UU for short [12].

2.4. Regression analysis

A multivariate regression model was developed to predict 
Qu and Su based on the percentage of cement content and 
curing period. Due to the limited dataset, synthetic data were 
generated to enhance model accuracy and minimise error. 
The model aligns with J.J. Binder’s (1985) [13] multivariate 
regression approach and exhibits characteristics of a first-
order unbiased mean squared error estimator [14]. To evaluate 
model performance, the mean actual error and coefficient of 
determination were calculated.

Table 1.  Procedure of compaction tests.

Test type Mold size Weight of 
Hammer (lb)

Number 
of layers

Height of Hammer 
drop (in)

Number of blows 
per layer

Compactive energy 
per layer (ft-lb/cft)

15 Blow 
proctor

4.6” height x 4.0”
diameter 5.5 3 12 15 7400

Standard 
proctor

4.6” height x 4.0”
diameter 5.5 3 12 25 12375

Modified 
proctor

4.6” height x 4.0”
diameter 10 5 18 25 56300
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3. Results and discussion
3.1. Grain size distribution

The D60 , D30 , and D10 values, derived from the soil gradation 
curve, correspond to the particle diameters at which 60, 30, 
and 10% of the soil’s total mass, respectively, is composed of 
finer particles. The results obtained from sieve analysis are 
displayed in Table 2.

Table 2. Values from sieve analysis.

Parameter Value

D60 (mm) 0.28

D30 (mm) 0.15

D10 (mm) 0.09

Coefficient of uniformity, Cu 3.11

Coefficient of curvature, Cc 0.89

As the coefficient of uniformity Cu=3.11<6 and Cc=0.89<1, 
along with a silt content of 7% (which is between 5 and 12%), the 
soil is classified as SP-SM, meaning poorly graded sand with silt. 
According to the correlations found, the gradation of the silty sand 
impacts the strength outcomes of cement-stabilised sand. 

3.2. Compaction test

Both the standard proctor test and modified proctor tests were 
performed on the soil sample. The results from each test and a 
comparison between the values are discussed in the following sub-
sections.

3.3 Standard proctor test

The standard proctor test produced a value for the optimal 
moisture content (OMC), which is the moisture content at which 
the material reaches its maximum dry density under the given 
compaction effort. The results of the standard proctor test are 
displayed in Table 3.	

Table 3. Results from both compaction methods.

Parameters Standard proctor test Modified proctor test

Optimum moisture content, 
OMC (%) 14.3 13.7

Maximum dry density (kN/m3) 15.9 16.7

3.4. Modified proctor test

In the modified proctor test, the optimal moisture content 
(OMC) denotes the moisture content at which the soil sample 
achieves maximum compaction due to the greater compaction 
energy applied. At this moisture level, soil particles are properly 
lubricated, enabling effective compaction and maximum 
density. The OMC for the modified proctor test is typically 
lower than that for the standard proctor test because the greater 
compaction energy in the modified proctor test breaks down 
more soil particles, creating additional water voids that need 
to be filled to achieve maximum compaction (Fig. 2). The 

modified proctor method uses a heavier hammer and a greater 
drop distance compared to the standard proctor method. This 
increased compaction energy results in a denser soil structure 
with a higher unit weight [15]. The optimum moisture content 
and maximum dry density resulting from the modified proctor 
test is shown in Table 3.
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Fig. 2. Dry density in both standard and modified proctor tests.

Unconfined compressive stress vs. axial strain in %

Fig. 3. Unconfined compressive stress (kN/m2) vs. axial 
strain (%) for 7 curing days with different cement contents.

Unconfined compressive stress vs. axial strain in %

Fig. 4. Unconfined compressive stress (kN/m2) vs. axial strain 
in % for 14 curing days with different cement contents.
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Unconfined compressive stress vs. axial strain in %

Fig. 5. Unconfined compressive stress (kN/m2) vs. axial strain 
in % for 28 curing days with different cement contents.

The three graphs (Figs. 3-5) presented depict the 
relationship between unconfined compressive strength and 
axial strain (%) for different curing days and cement contents. 
The graphs indicate that as the cement content increases, the 
peak unconfined compressive strength also rises, resulting in 
enhanced load-bearing capacity. This trend is consistent across 
curing periods of 7, 14, and 28 days [16].

The unconfined compressive strength test shows that as 
the cement blending ratio increases, the axial strain decreases 
and brittle fracture becomes more pronounced. An empirical 
relationship accounting for the combined effects of cement 
mixing proportion and curing time has been developed to 
determine Qu and Su.

Figures 6 and 7 show that both Qu and Su increase with the 
curing period, indicating that the material becomes stronger 
and more resistant to deformation over time. This is due to the 
ongoing cement hydration reaction, which produces more gels 
that fill the pores and bond the soil particles.

Figures 8 and 9 show that both Qu and Su increase with 
cement content, suggesting that the material becomes stronger 
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Fig. 6.  Unconfined compressive stress Qu (kN/m2) vs. 
curing period.

Fig. 7.  Undrained shear strength Su (kN/m2) vs. curing 
period (days).

Fig. 8.  Undrained shear strength Su (kN/m2) vs. cement 
content (%).

Fig. 9. Unconfined compressive stress Qu (kN/m2) vs. 
cement content (%).



EARTH SCIENCES | GEOLOGY, GEOPHYSICS

118 SEPTEMBER 2024 • VOLUME 66 NUMBER 3

and more resistant to failure with higher cement content. This 
improvement is attributed to the additional cementitious material, 
which enhances the cohesion and friction within the soil matrix.

3.5. Tabular summary of values from unconfined compression test

Table 4 illustrates a noteworthy trend: for a consistent curing 
period, an increase in cement content from 2 to 5% results in a 
substantial rise in unconfined compressive strength. Interestingly, 
the increase in undrained shear stress due to a higher cement 
percentage is less pronounced compared to the rise in unconfined 
compressive strength. Moreover, transitioning from 5 to 7% 
cement content results in a slower rate of increase in both Qu and 
Su compared to the previous change from 2 to 5%. This suggests 
a nuanced relationship between cement content and curing period, 
reflecting complex changes in these mechanical properties.

Table 4. Results from unconfined compression test.

Cement content 2% 5% 7%

Curing days 7 14 28 7 14 28 7 14 28

Qu (kN/m2) 213.42 223.17 259.38 390.30 396.62 413.25 422.95 453.43 478.48

Su (kN/m2) 106.71 111.58 129.69 195.15 198.31 206.62 211.47 226.71 239.24

3.6. Result of regression analysis

The regression analysis conducted in this research was 
evaluated using statistical metrics for the correlation coefficient 
(R) (Figs. 10, 11). Table 5 contains the mean absolute error (MAE), 
mean squared error (MSE), and R2 value of Qu and Su, respectively.

   

Fig. 10. Prediction analysis of unconfined compression test.

    

Fig. 11. Prediction analysis of undrained shear stress.

Table 5. Result of regression analysis.

Mean absolute error Mean squared error R2

Qu 15.91 329.97 0.96

Su 7.95 82.51 0.96

Mean absolute error: The MAE provides a quantitative 
measure of the average difference between the model’s predictions 
and the actual values. An MAE of 15.91 kN/m² for Qu indicates 
that, on average, the model’s predictions for Qu deviate from the 
actual values by approximately 15.91 kN/m². Similarly, an MAE 
of 7.95 kN/m² for Su suggests that the average prediction error for 
Su is around 7.95 kN/m². The lower value of MAE for Su implies 
that the model’s predictions for Su are closer to the actual values 
compared to that of Qu.

Mean squared error: The MSE measures the average squared 
difference between the model’s predicted values and the actual 
values. A significantly higher MSE for Qu (329.97) compared to 
that of Su (82.51) suggests greater variability in the predictions or 
potential outliers affecting the model’s performance for Qu. This is 
because MSE is sensitive to outliers and large errors, magnifying 
their impact on the overall error measure. Conversely, the lower 
MSE for Su implies that the model’s predictions for Su are more 
consistent and less prone to outliers.

Coefficient of determination: The R2 statistic quantifies 
the proportion of the variance in the dependent variable that is 
explained by the independent variables in a regression model. 
An R2 value close to 1 indicates a perfect fit, meaning that the 
regression predictions perfectly align with the observed data.

The high R2 values of 0.96 for both Qu and Su indicate that 
the model explains approximately 96% of the variability in the 
respective target variables. This suggests a strong correlation 
between the selected features (cement content and curing days) 
and the target variables (Qu and Su).

4. Conclusions
A synergistic effect was observed with increases in cement 

content typically resulting in a 30-40% enhancement in strength 
and load-bearing capacity. This suggests that the addition of 
cement improves the strength and load-bearing capacity of the 
stabilised sand. As a binding agent, cement particles create a 
matrix that is more cohesive and improves particle interlocking, 
leading to increased compressive stress. The sand-cement mixture 
exhibited a significantly higher undrained shear strength with 
both longer curing times and higher cement content. On average, 
increasing the curing period led to a 20-30% increase in undrained 
shear strength. This enhancement is attributed to the cement’s 
adhesive properties, which improve frictional resistance and inter-
particle bonding. These findings indicate that stabilised sand is 
better able to withstand shear stresses, making it more suitable 
for engineering applications where stability and resistance to 
deformation are critical.
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The results of the compaction tests showed that the modified 
proctor test yielded a higher maximum dry density and a lower 
optimum moisture content compared to the standard proctor test 
for the same soil sample. This indicates that the modified proctor 
test is a more effective method for compacting soil and improving 
its strength and stability. Increasing cement content improves the 
engineering properties of high-plasticity soils, such as reducing 
their plasticity and shrink/swell potential, and increasing their 
bearing capacity. Cement stabilisation also enhances soil strength 
and durability by forming hydration products that bind the soil 
particles together.

Through controlled increases in both cement content and curing 
time, silty-sand exhibited significantly enhanced geotechnical 
properties, including dry density, undrained shear strength, and 
unconfined compressive strength. These findings have significant 
implications for geotechnical engineers and professionals involved 
in construction and soil stabilisation projects.

The prediction model developed in this research demonstrates 
superior performance compared to existing models. The model 
exhibits strong predictive capabilities, as evidenced by high R² 
values for both output parameters, indicating a good fit between 
the model and the observed data. The prediction error for Su is 
consistently lower than that for Qu as measured by both MAE and 
MSE. This suggests that the model’s predictive accuracy is higher 
for Su compared to Qu. Despite the relatively low prediction errors, 
it is important to consider the absolute magnitude of these errors in 
the context of the intended application. If precision is critical and 
the acceptable error threshold is very low, even these small errors 
may have significant consequences. This research underscores 
the pivotal role of optimised cement content and curing time 
in enhancing the geotechnical properties of silty-sand, paving 
the way for more resilient and sustainable construction and soil 
stabilisation projects.

5. Future works
If the higher MSE for Qu is attributed to outliers or specific 

segments of the data where the model’s performance is suboptimal, 
further investigation and potential refinement of the model may be 
necessary to address these areas of deficiency. Overall, the model 
demonstrates notable robustness and can be considered reliable for 
predicting Qu and Su based on the provided inputs. However, it is 
noteworthy that the model’s predictions for Su are slightly more 
reliable compared to those for Qu.
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