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This study provides a comprehensive analysis of clay shale from the Settat-
Khouribga region, assessing its suitability for civil engineering applications
through various tests. Grain size distribution, hardness (MDE, LA), and plasticity
(ES 0/5, IP, VB) tests, along with consistency index evaluations following the
"CSTCN" catalog, were conducted. X-ray diffraction (XRD) and mineralogical
analyses identified key components such as quartz, calcite, feldspar, and iron
oxide, with quartz being predominant. The results demonstrated that the shale
clay is well-suited for construction purposes, exhibiting favorable grain size
distribution and high resistance to wear and abrasion, which are crucial for
material durability. Its low plasticity further indicates good mechanical stability
in construction projects. SEM analysis revealed a microstructure dominated by
quartz grains, montmorillonite, and illite lamellae, and the presence of micro
fissures and pores suggests both strengths and potential durability concerns.
Advanced statistical analyses, including Principal Component Analysis (PCA)
and regression models, were employed to assess geotechnical properties. The
study confirms the shale's compliance with construction standards, highlighting
its potential for sustainable building practices. These findings contribute
significantly to the field of geotechnical engineering, emphasizing the material's
suitability for construction and its broader societal implications.

© 2024 MIM Research Group. All rights reserved.

1. Introduction

Despite its abundance, the use of Settat-Khouribga shale clay in construction has been
limited by a lack of detailed mineralogical and geotechnical characterization. This study
aims to bridge that gap by providing a comprehensive analysis of the material, which
is crucial for its application in sustainable construction. The geological formations in
the Settat-Khouribga region, rich in shale clay, are of great importance due to the
presence of montmorillonitic clay minerals that impart unique properties to these
rocks. A detailed geological study of this region reveals that these formations result
from Cretaceous sedimentary deposits, contributing to increased mechanical stability.

The Settat-Khouribga shale belongs mainly to the Western Meseta of Morocco [1]
which is of Upper Cretaceous age. This formation comprises clayey and marly shales
and interbedded layers of limestones and dolomites [2].
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In addition, the Settat-Khouribga region has abundant shale clay, making it a promising
option for use in construction. So far, studies on marginal aggregates have mainly
focused on shale aggregates and shale-derived materials[3]. This report presents the
results of a grain size analysis and specifications of a shale-clay material, as well as its
characteristics such as hardness (MDE, LA), plasticity, and cleanliness (ES 0/5, IP,
VB).[4] [5] Additionally, the consistency index test by the "CSTCN" catalog and X-ray
diffraction analysis was conducted on samples collected from the study area [6].

To further understand the potential of Settat-Khouribga shale clay for construction, we
conducted a detailed microstructural analysis using Scanning Electron Microscopy
(SEM). The SEM images revealed three critical microstructural features: granular
structures composed primarily of quartz grains, lamellar structures of clay minerals
like montmorillonite and illite, and the presence of micro fissures and pores. These
features are crucial in evaluating the material's suitability for civil engineering
applications, particularly in terms of mechanical strength and long-term durability.
Previous studies have demonstrated the potential of shale clay in various civil
engineering applications. For instance, research by [7] highlighted its use in road base
construction due to its favorable mechanical properties. Similarly, [8] explored the
feasibility of using shale clay in building foundations, where its mineral composition
provided significant advantages in terms of compressive strength

2. Materials and Methods
2.1 Study Area Description

The Settat-Khouribga region, located in the northwestern part of Morocco,[9] stands
out for its diverse geology, situated in the eastern portion of the Moroccan Meseta
sedimentary basin[10]. It is primarily composed of sedimentary formations from the
Upper Cretaceous. This region is renowned for its extensive deposits of shale clay and
marl (Fig. 1).[11]

~ =~ 58 -

Fig. 1. Clay Shale from the Settat-Khouribga area

2.2 Methodological Approach

After conducting field reconnaissance and using the geological map as a reference, we
delimited the study area where shale clay is present. Subsequently, samples of shale
clay were collected from different sites distributed within this study area (Fig. 2) [12].
The forms used for sample preparation were designed to ensure uniform load
distribution and prevent any mechanical bias during testing. Each form was verified
before testing to ensure compliance with the dimensions standardized by ASTM
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guidelines. Our methodology (Fig. 3) involves performing chemical and mineralogical
analyses using X-ray diffraction with an X-ray diffractometer. This instrument enables
us to identify the minerals in the shale samples and quantify their percentage in the
overall composition [13]. Samples were first air-dried for 72 hours at room
temperature to eliminate moisture. Following this, the dried samples were ground
using a mechanical grinder and sieved through a 2 mm mesh to ensure uniform particle
size for consistent testing results.

Cuatemare T Tworven 6 i 2%
Mo-Plocens ceomunen | Geological maps of Morocco study area : Settat - Khouribga (Morocco) gy
Lukétion -

I Eocene intoriewr N Jurossiove .
I—— L geological and structural map of the study area.
Sanonen I Picozoique |

Fig. 2. Geological and Structural Map of the Study Area Lambert Projection,
Northern Morocco, Datum Merchich, Morocco

The samples were dried at 105°C for 24 hours before being ground to a particle size of
63 pm. This process ensures homogeneity of the samples and guarantees that each test
batch meets the minimum requirements for mechanical and thermal testing. In parallel,
a grain size analysis was carried out to determine the particle size in the shale clay
material[14]. Additionally, we evaluated its characteristics such as hardness, measured
using the Micro Deval (MDE) and Los Angeles (LA) tests.[15] We also assessed the
plasticity and cleanliness of the material using Expansion in the presence of water (ES
0/5)[16] [17], Plasticity Index (IP), and Blue Value (VB) tests [18]. All testing methods
followed the ASTM standards, specifically ASTM D422 for particle-size analysis,
[19]JASTM C131[20] for resistance to abrasion using the Los Angeles machine, and
ASTM D4318 [21] for determining the liquid limit, plastic limit, and plasticity index. In
addition to X-ray diffraction, Scanning Electron Microscopy (SEM) was employed to
examine the microstructural features of the shale clay. Samples were imaged at three
different resolutions (128x128, 256x256, and 512x512 pixels) to capture granular
structures, lamellar formations, and microfissural characteristics. These images
provided detailed insights into the material's internal structure, aiding in the
assessment of its mechanical and durability properties [22].

X-ray diffraction (XRD) analysis was performed using a PANalytical X'Pert PRO
diffractometer at the Faculty of Sciences, Mohammed V University in Rabat, Morocco.
The SEM analysis was conducted using a JEOL JSM-7001F microscope at the same
institution. Finally, we conducted the consistency index test using the "CSTCN" catalog
to determine the consistency and creep properties of the shale clay material[23]. This
series of analyses allows us to obtain detailed information on the mineralogical

1701



Souileh et al. / Research on Engineering Structures & Materials 10(4) (2024) 1699-1716

composition, grain size,[24, 25] and physical properties of the shale clay[26], which is
essential for evaluating its quality and potential utilization in various fields[27].

Evaluate Suitability of Semat-Khouribga Shale for Various Applications

Sample Collection (Field Monitoring) ‘

I

Document Sample Location and Conditions

Chemical and Mineralogical Analysis (XRD)

!

‘ Mechanical Properties Evaluation (Micro Deval, Los Angeles, etc.)

!

Plasticity and Cleanness Evaluation (Expansion, 1P, VB)

!

Identify Smudy Area (Geological Maps)

Consistency Index Test (CSTCN Catalogue)

Final Evaluation of Shale Suitability
es/No

Integrate Results and Identify Suitable Applications

Fig. 3. Process of evaluating Settat-Khouribga shale for different applications

(a) (b)

Fig. 4. The sequential analysis of shale clay samples from the Settat-Khouribga
region, Morocco; (a) the raw shale clay sample as it was collected from the field,
(b) the shale sample after undergoing granulometric analysis, (c) the fine particles
that were isolated from the shale sample during the granulometric analysis

3. Results
3.1 Specifications of the Clay Shale According to the "CSTCN" Catalog

The clay shale exhibits the following characteristics: it passes through a 40 mm sieve,
and 100% passes through a 20 mm sieve. Its hardness ranges from 60 to 90, indicating

1702



Souileh et al. / Research on Engineering Structures & Materials 10(4) (2024) 1699-1716

high resistance to wear and abrasion. The cleanliness values range from 40 to 70,
where higher values correspond to cleaner material with fewer impurities. The
crushing index (CI) ranges from 2 to 14, indicating compression strength. The bulk
density (BD) is less than 25, suggesting that the material is porous, containing voids, or
having a lightweight structure.[28] The Los Angeles test yields a value below 30,
indicating relatively low material wear, which is advantageous in applications
requiring abrasion resistance. The material contains a high proportion of fine particles,
with sizes less than 5 mm. The plasticity index (PI) is less than 6, indicating relatively
low plasticity. The blue value is below 1.5, suggesting good resistance to thermal
spalling. Lastly, the crushability index is above 60, indicating relative ease of material
crushing[29].

Table 1. Particle size analysis, hardness, cleanliness, crushing index, bulk density, Los
Angeles test, fine particles, plasticity index, blue value, and crushing index.

Granulometry Hardness Cleanliness IC
% passing through a sieve of (mm) MDE LA OE/SS IP VB IC
40 20 10 2 0,08
60to  40to 20to 2t <25 <30 >30 <6 <15 >60
100 90 70 48 14

The porosity and permeability tests revealed average values of 18% and 2.5 x 10
cm/s, respectively. These results indicate good suitability of the shale clay for
applications requiring low permeability, although adjustments are necessary to
improve its mechanical strength.

3.2 Characteristics of the Clay Shale

The granulometric characterization of this clay shale illustrates the distribution of the
material through the 40 mm and 20 mm sieves. The samples display a range of
hardness, with an optimal range between 60 and 90, indicating a high degree of
resistance to wear and abrasion. The plasticity index (IP) should remain below 12
according to CSTCN standards, as high plasticity can compromise the mechanical
properties and stability of the material. It is therefore essential to consider these factors
when using this material in civil engineering. The mechanical behavior of the shale clay
is strongly linked to its hardness and plasticity. The samples demonstrate a high level
of hardness, which contributes to their resistance to wear and abrasion. However, the
plasticity observed in some samples could influence the material's deformation
characteristics under stress. These mechanical properties are crucial for determining
the material’s suitability in various civil engineering applications, particularly where
durability under load is required. Further investigation into the relationship between
the material's strength and its long-term performance in construction environments is
necessary

Table 2. Representative table of geotechnical characteristics of shale clay samples

Sample

Granulometry Hardness Plasticity
number
% passing through sieve size (mm) MDE LA IP
40 20 10 2 0,08 <25 <30 <12
60 40 20 2
100 to to to 48 to 17 24 18.00
90 70 14
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S1 100 70 50 42 35 17 24 18.00
S2 100 66 62 40 34 18 25 19.50
S3 100 71 63 41 36 17 23 18.50
S4 100 68 49 45 32 18 24 18.00
S5 100 65 56 43 35 19 22 19.00
Sé6 100 67 50 44 36 17 25 20.00

Figure 5 shows the granulometric curve on a logarithmic scale, providing a clearer
representation of the particle size distribution. This scale better highlights the
differences between the finer and coarser fractions of the samples, the observation
indicates that samples S1 to S6 all exhibit a complete particle distribution passing
through a 0.08 mm sieve. However, the quantity of particles passing through the larger
sieve varies from sample to sample. Upon comparing samples, it becomes apparent that
the curve is further to the right, indicating a relatively finer particle distribution.
Additionally, some samples appear to have a finer distribution, while others exhibit a
slightly coarser distribution[30]
Granulometric Curve of Samples
100 s1

90 | —e—
80
701

60

Percentage Passing (%)

50

40 -

30t

10° 10t 10?2
Sieve Size (mm)

Fig. 5. Granulometric curve of samples

3.3 Mineralogical Composition

Mineralogical analysis of clay shale samples collected from the Settat-Khouribga area
elucidated the prevailing abundance of quartz, biotite, muscovite, montmorillonite,
illite, and iron oxide. The tabulated data exhibits the relative distribution of these
minerals in six distinct samples (S1 to S6), wherein marginal variations in proportions
provide insights into the distinct mineralogical composition characterizing each
sample.

The graph in Figure 6 illustrates a comparison of resistance measurements obtained
from the Micro-Deval (MDE) and Los Angeles (LA) tests across six samples (S1 to S6).
The ANOVA p-value of 9.35e-07 indicates a statistically significant difference between
the results of the two tests, implying that they measure different aspects of material
resistance.
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Fig. 6. Comparison of resistance measurements between Micro-Deval (MDE) and
Los Angeles (LA) tests across six samples (S1-S6), resistance is measured in MPa

The negative correlation of -0.49 suggests that there is a moderate inverse relationship
between the MDE and LA test results, meaning that as the resistance measured by one
test increases, it tends to decrease in the other. This inverse relationship highlights the
complementary nature of these tests, suggesting that both should be used to provide a
comprehensive assessment of the material's resistance properties.

PCA of Plasticity Index and Blue Value
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Fig. 7. PCA (Principal Component Analysis) plot displaying the distribution of six
samples (S1-S6) based on the Plasticity Index and Blue Value.

The PCA shown in figure 7 provides a visual representation of how six samples (S1 to
S6) are distributed based on their Plasticity Index and Blue Value, with the two
principal components explaining the majority of the data's variance (PC1 at 78% and
PC2 at 22%). The spread of the samples along these two axes indicates the primary
sources of variation within the dataset. Sample S1 is strongly associated with positive
values along PC1, while S5 is strongly associated with negative values on both PC1 and
PC2, suggesting significant differences in their Plasticity Index and Blue Value
compared to other samples. Samples S6 and S2 are positioned positively along PC2,
indicating a different variation pattern compared to the others. The PCA helps in
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understanding the underlying patterns in the dataset, suggesting that the majority of
the variance is captured along PC1, with secondary variation captured by PCZ2. This
separation of the samples might indicate distinct material properties or behaviors that
could be further investigated based on their specific positions in the PCA space.

Regression Analysis: Predicted vs Actual Consistency Index
63.0F ——- Perfect Prediction Line

o o o o
= i N [N]
o w o w

-
AY

hY

AY
Ay
A
X \
AY
hY

Predicted Consistency Index (IC)
Y

o
o
w0
\
\
\

60.0

60.0 60.5 61.0 615 62.0 625 63.0
Actual Consistency Index (IC)

Fig. 8. Regression analysis plot comparing predicted versus actual Consistency
Index (IC) value

The regression in Figure 8 compares the predicted Consistency Index (IC) against the
actual measured IC values for several data points. The red dashed line represents an
ideal scenario where predictions perfectly match the actual values (i.e., the predicted
value equals the actual value for each point). The blue 'X' markers indicate the actual
data points. The distance of each point from the red line reflects the accuracy of the
predictions. Points that lie closer to the red line represent better predictions, whereas
those farther away indicate a larger discrepancy between predicted and actual values.
In this graph, while some points are near the perfect prediction line, indicating good
accuracy, others deviate significantly, suggesting that the predictive model may require
further refinement to improve accuracy. This visual representation is crucial for
assessing the reliability of the prediction model in estimating the Consistency Index.

The correlation matrix in figure 9 illustrates the strength and direction of the
relationships between different material properties. Positive correlations are indicated
by red shades, with darker red representing stronger positive correlations. Conversely,
blue shades indicate negative correlations, with darker blue representing stronger
negative correlations. The Plasticity Index (IP) and Blue Value (VB) show a strong
positive correlation, suggesting that as one increases, the other tends to increase.
Conversely, the Micro-Deval (MDE) and Los Angeles (LA) test results show varying
degrees of correlation with other properties, with LA showing a moderate negative
correlation with some of the mineralogical components like Quartz. Both positive and
negative correlations indicate complex interdependencies among the material
properties, suggesting that changes in one property could have significant effects on
others. This matrix is crucial for identifying the most strongly related properties,
providing insights into potential predictive models and the underlying mechanisms
governing material behavior
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Correlation Matrix of Material Properties

1.00

Mean Particle Size
0.75

Plasticity Index (IP)
0.50

Blue Value (VB)

0.00

=0.25

-0.50

-0.75

Calcite

-1.00

Fig. 9. Correlation matrix displaying the relationships between various material
properties, including Mean Particle Size, Plasticity Index (IP), Blue Value (VB),
Micro-Deval (MDE), Los Angeles (LA), Quartz, and Calcite

The hierarchical clustering dendrogram in figure 10 visualizes the similarity between
five samples (S1 to S5) by clustering them based on their Euclidean distances. The
vertical axis represents the Euclidean distance, which indicates the level of similarity
or dissimilarity between the samples. Samples that are joined at lower distances
(shorter branches) are more similar to each other. For instance, samples S3, S1, and S4
form a tight cluster, indicating they share a high degree of similarity. In contrast,
samples S2 and S5 are clustered separately, indicating that they differ more
significantly from the other samples. The height at which the clusters are merged
reflects the relative differences among them. This dendrogram provides a clear visual
representation of the hierarchical relationships among the samples, useful for
identifying groups of similar samples and understanding the underlying patterns in the

data.

As illustrated in Figure 11, the residuals represent the discrepancies between the
predicted and actual values IC values, and ideally, these residuals should be randomly
distributed around the zero line, indicating that the model's predictions are unbiased
and accurate. In this plot, the residuals are tightly clustered around the zero residual
line, suggesting that the regression model performs well in predicting the IC. This
minimal deviation indicates that the model has captured the significant factors
influencing the IC, such as the material's mineralogical composition, particle size
distribution, and mechanical properties, which were thoroughly analyzed in the study.
The consistency of these residuals with zero further implies that the model does not
exhibit significant errors in its predictions, which is crucial for reliable application in
civil engineering projects where precise material characterization is necessary.

Quartz is the predominant mineral in all samples, shown in figure 12 representing
approximately 33% of the mineral composition. The graph depicts the results of the X-
ray diffraction analysis of the clay shale sampled from the Settat-Khouribga region.
Diffraction peaks denote the various minerals present in the sample, with their relative
intensities plotted against the diffraction angle. Minerals are identified based on their
characteristic positions on the graph, enabling a precise assessment of the clay shale's
mineralogical composition.
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Hierarchical Clustering Dendrogram
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Fig. 10. Hierarchical clustering dendrogram showing the relationships among five
samples (S1-S5) based on their Euclidean distances.

Residual Analysis for Multiple Regression Model
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Fig.11. Residual analysis plot for a multiple regression model predicting the
Consistency Index (IC)

The X-ray diffraction pattern presented in the image reveals the presence of several
clay minerals, as well as other minerals such as calcite, quartz, potassium feldspar,
plagioclase, dolomite, pyrite, and iron oxide. The most intense peaks in the diffraction
pattern correspond to the clay minerals. The peak at approximately 7.1° 20 is
characteristic of kaolinite, while the peak at approximately 14.8° 26 is characteristic of
smectite. Other, less intense peaks may be attributed to other clay minerals such as
illite and chlorite.

1708



Souileh et al. / Research on Engineering Structures & Materials 10(4) (2024) 1699-1716

X-ray Diffraction Pattern of the Studied Clay Shale
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Fig. 12 X-ray diffraction pattern of the studied clay shale.
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Fig. 13. X-ray diffraction (XRD) patterns comparing the mineralogical composition
of six shale clay samples (S1-S6) from the Settat-Khouribga region

The X-ray diffraction (XRD) graph in Figure 12 of the six shale clay samples from Settat-
Khouribga reveals significant differences in the mineralogical composition of each
sample. The primary minerals identified include quartz, with a dominant peak around
26.6° 20, particularly intense in Sample 6, indicating a high concentration. Calcite,
identifiable by a peak around 29.4° 20, is also present with varying intensities, with
Sample 3 showing a relatively higher concentration. Feldspars, manifested by peaks
around 27.5° and 30.5° 26, are present in all samples, with variations suggesting
differences in the content of potassium feldspar and plagioclase. Montmorillonite, with
a peak around 5.7° 26, is detected primarily in Samples 1 and 2, which could influence
the material's plasticity. Illite, visible around 8.8° 26, is particularly present in Samples
4 and 5. The variations in peak intensity between samples highlight the mineralogical
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diversity of the shale, with a notably high quartz concentration in Sample 6, potentially
making it more suitable for applications requiring greater durability. These results
confirm the importance of mineralogical characterization to determine the suitability
of materials for specific civil engineering uses, taking into account local variations in
the composition of shale clays from the Settat-Khouribga region.

Mineralogical Composition of Clay Shale

30
25
20

15

Proportion (%)

101

Quartz Kaolinite Montmorillonite Feldspar Others
Minerals

Fig. 14. Mineralogical composition of clay shale study

The bar chartin figure 13 presents the mineralogical composition of the clay shale, with
quartz being the most prevalent mineral at 31%, followed by kaolinite (25%) and
montmorillonite (21%). Feldspar and other minerals make up smaller portions of the
sample, accounting for 12% and 11%, respectively. The high quartz content suggests
that the clay shale has significant hardness and durability, which is advantageous for
construction applications. The presence of kaolinite and montmorillonite, both clay
minerals, indicates a considerable degree of plasticity, which can affect the material's
workability and stability when used in civil engineering. The relatively lower
proportion of feldspar adds to the material's mineral diversity, contributing to its
overall mechanical and chemical properties. These mineralogical characteristics
underscore the potential of this clay shale for use in construction, balancing durability
with necessary plasticity for various engineering applications.

The SEM images presented in the figure 14 provide a detailed microstructural analysis
of the Settat-Khouribga shale clay, revealing three key structural features: granular,
lamellar, and microfissural. The granular structure, primarily composed of quartz
grains, indicates a material with potentially high mechanical strength, with varying
levels of resolution allowing for observation of grain distribution and surface texture.
The lamellar structure, observed in montmorillonite and illite layers, suggests the
presence of clay minerals.

The presence of other minerals in the diffraction pattern indicates that the studied
sample is either a sedimentary rock. Calcite is a common mineral in sedimentary
rocks,[31] while quartz and feldspars are constituent minerals of granitoids. Dolomite
is a mineral found in carbonate rocks, while pyrite is a sulfide mineral. Iron oxide is a
mineral present in many types of rocks.[32]. While specific details may vary slightly,
the overall findings are consistent and reinforce the favorable nature of the clay shale
from Settat-Khouribga [33]. On the other hand, comparing the results of the three types
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of shale - clay shale, satin shale, and spotted shale found by [34], the following
differences can be observed in Table 3.

Table 3. Physical characteristics of the three studied shales

Sample Modified Proctor Irgpact Wear w Y
CBR Index (%) resistance resistance (%) (kN/m3)
Clay shale 21,0 7,80 5 13 75,8
Satin shale 22,1 6,50 6 25 29,2
Speckled 22,6 7,10 10 38 352
shale

512x512 Pixels

128x128 Pixels 256x256 Pixels

128x128 Pixels 256x256 Pixels 512x512 Pixels

LA R = 2 R R
A R 2R R R
LA A & B B B
LA K R R R B
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128x128 Pixels 256x256 Pixels 512x512 Pixels

i
=E

Fig. 15. Scanning Electron Microscope (SEM) images of Settat-Khouribga shale clay
at different resolutions showcasing various microstructural features

The results of the Settat-Khouribga shale differ from the previous samples in several
characteristics. The crushing index varies from 2 to 14, indicating compressive
strength, unlike the previous samples which did not provide information on this index
[16]. Regarding the physical characteristics, the Settat-Khouribga shale has a lower
MDE (Modified Proctor) value of less than 25, suggesting a porous or lightweight
material (table 4) , which differs from the previous samples. The Los Angeles test also
reveals relatively low wear with a value of less than 30, (Fig. 14) which is advantageous
for applications requiring abrasion resistance[35]
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Table 4. Proctor characteristics, CBR, Los Angeles, and micro-Deval in the presence of
water for the studied shales.

Modified CBR Impact Wear Los Micro-
Shale Proctor Index Resistance  Resistance Angeles Deval
(%) Coefficient  Coefficient
Clay shale 21,0 7,80 5 13 75,8 38
Satin shale 22,1 6,50 6 25 29,2 25
Speckled 22,6 7,10 10 38 352 24
shale
Modified Proctor CBR Index
(kg/m?) (%)
W CBR Index

254 = Medified Proctor

- 0
Clay shale Satin shale Speckled shale Clay shale Satin shale Speckled shale
Wear Resistance Los Angeles Coefficient
(g} o
Impact Resistance Wear Resistance
0 (@)

12
o Impact Resistance [ Wear Resistance

Value

Clay shale Satin shale Speckled shale
Micro-Deval Coefficient Clay shale Satin shale Speckled shale

(%)

Los Angeles Coefficient Micro-Deval Coefficient
0

I Los Angeles Coefficient " Micro-Deval Coefficient
4 40 4
30 4
o
2
2 20
10
. 0 d
Clay shale Satin shale Speckled shale Clay shale Satin shale Speckled shale

Fig. 16. Analysis of Proctor characteristics, CBR, Los Angeles, and Micro-Deval
properties in the presence of water for the examined shale types
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4. Discussion

Based on the characterization results of the clay shale from the studied area compared
to the results from, the granulometry reveals a relatively fine particle size, with the
material passing through the 40 mm sieve and 100% passing through the 20 mm
sieve[2]. The material hardness is similar in both studies, with a range of 60 to 90,
indicating high resistance to wear and abrasion. The cleanliness values are also
comparable, ranging between 40 and 70, indicating a relatively clean material with few
impurities.[36] The mineralogical analysis reveals a diverse composition, with several
key minerals identified.

In summary, while certain aspects such as the grain size distribution and hardness of
the Settat-Khouribga shale correspond to the previous samples, there are notable
differences in other characteristics such as cleanliness, crushing index, MDE, and Los
Angeles test. Furthermore, although the mineralogical composition shows similarities,
the percentages of different minerals may vary [37]. The plasticity index of the shale
clay exceeds civil engineering construction standards for structural applications.
However, this material could be successfully used in mixtures with non-plastic
materials to reduce its plasticity and improve its mechanical performance. The mineral
composition of the shale clay, primarily composed of montmorillonite, influenced its
geotechnical properties. This mineral structure contributes to the increased plasticity
of the clay, although it also limited its compressive strength in structural applications.

The mechanical strength of the samples showed a direct correlation with the hardness
of the shale clay. At higher shale clay concentrations, a reduction in deformation
capacity was observed, which could be explained by a fracture mechanism initiated by
the increased brittleness of the clay under high stress. When comparing the
mineralogical composition of the Settat-Khouribga shale with that of the Ain El
Hammam region in Algeria [34]some variations in the percentages of different
minerals are observed. In our study on the shale, quartz accounts for 22.5% of the
composition, while in the second sample, it reaches 34%. Similarly, muscovite is
present at a proportion of 37.5% in our sample, whereas in the Algerian sample, it is
slightly lower at 33%. Other minerals such as albite, chlorite, kaolinite, anatase, and
others exhibit relatively similar percentages in both samples.[38] In conclusion,
although the mineralogical compositions of the two shale samples are similar,
variations in the percentages of certain minerals, notably quartz, and muscovite, can
have implications for their properties and characterization.[39].

The microstructural analysis provided by SEM further corroborates the findings from
the MDE and LA tests, illustrating that while the material demonstrates significant
mechanical strength, particularly due to the abundance of quartz grains, the presence
of microfissures and lamellar structures could present challenges in terms of long-term
durability.[40] These microstructural features should be carefully considered when
predicting the performance of the shale clay in real-world applications, particularly in
environments prone to stress and environmental fluctuations.

These findings are consistent with previous research conducted by Yaw A. Tuffour [41]
which also highlighted the high wear resistance and low plasticity of shale clay used in
road construction. However, the Settat-Khouribga samples display a higher quartz
content than similar studies conducted in regions such as south china [42], which may
contribute to the superior compressive strength observed in this study. This
comparison emphasizes the importance of local geological conditions in determining
the suitability of shale clay for different engineering applications.
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The results obtained for shale clay in this study are comparable to those of Erdogmus,
[43] and A, Johan [44], where similar clays were used in construction. In these studies,
the addition of shale clay also showed a gradual decrease in compressive strength,
although thermal properties improved. This corroborates our findings, which show a
trade-off between mechanical performance and thermal efficiency.

5. Conclusion

This study has provided a detailed analysis of the geotechnical and mineralogical
characteristics of Settat-Khouribga shale clay, with a focus on its potential applications
in civil engineering. The results demonstrate that the material possesses favorable
mechanical properties, such as high wear resistance and adequate compressive
strength, making it a suitable candidate for use in construction projects, particularly in
road infrastructure and foundation layers. However, the relatively high plasticity
observed in some samples suggests that without the addition of non-plastic materials,
the clay may not be optimal for load-bearing structures. Future research should explore
methods for enhancing the material's stability, such as the incorporation of stabilizers
or blends with non-plastic aggregates. Additionally, long-term performance tests under
real-world conditions, including freeze-thaw cycles and prolonged load exposure,
would further clarify the material's durability and suitability for large-scale
engineering projects. Ultimately, the abundance and favorable properties of Settat-
Khouribga shale clay position it as a valuable resource for sustainable construction in
Morocco and beyond. The results obtained suggest that the shale clay studied could be
suitable for non-structural construction applications, such as lightweight partitions or
floor coatings, rather than for heavy civil engineering projects such as road or bridge
construction
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