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Abstract

Coarse-grained soils are a type of soil frequently found in civil engineering projects. The mechanical characterization of
these soils is very difficult because of the presence of large-sized elements that disturb or prevent the realization of the
tests. However, there is still no rational procedure to characterize coarse soils and determine their mechanical
characteristics (cohesion and friction angle) for the calculation of slope stability or structures. The objectives of the research
work are to contribute to the improvement of the knowledge of the mechanical behavior of matrix coarse-grained soils and
to propose a rational procedure to characterize them. In order to achieve these objectives, it is important to understand the
influence of the fundamental parameters related to the mode of reconstitution on the mechanical behavior of the coarse
soils: volume fraction, particle size distribution and spread, consolidation level, and the initial state of the matrix. Tests are
carried out using the large-sized triaxial testing device in drained conditions. With natural coarse-grained soils, it is very
difficult to conduct repeatability tests to validate the results. For this reason, we will study a particular category of coarse-
grained soils composed of inclusions (coarse elements) within a fine sandy matrix (matrix coarse-grained soils), using a
reference soil composed of a mix of sand and gravel. The results show that for both states of sand compaction (10=0.4 and
Io = 0.8), the shear strength of the soil increases with the increase in the proportion of gravel. This increase is more marked
in the case of uniform 8/10 mm gravel. Thus, the size of inclusions has no significant influence on the value of qmax.
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1. Introduction

Coarse soils are a type of soil frequently found in civil engineering projects, and their mechanical characterization
still presents a challenge. They are composed of elements of different dimensions (from a few microns to tens of
centimeters) and can be of very varied nature (clay, sand, gravel, pebbles, etc.). Matrix coarse-grained soils are a special
category of coarse soils. They are composed of inclusions (large elements) of different sizes, surrounded by a fine sandy,
silty or clayey matrix. The comprehension of the geo-mechanical behavior of these soils still presents a major problem,
because of the presence of large elements that disturb or prevent the realization of the tests.

Coarse soils can be characterized using either in-situ or laboratory tests (Table 1). The in-situ characterization of
coarse soils presents many problems related mainly to the expensive testing procedures. Nevertheless, their
characterization in the laboratory requires testing of a larger Representative Elemental Volume (REV) of soil [1-3].
During the sampling of these materials, large grains are usually clipped to reduce the volume of soil sampled and
returned to the laboratory for the various geotechnical tests. This procedure (clipping + reshuffling) leads to an
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underestimation of the mechanical characteristics of the material. Therefore, it is very important to be able to characterize
the coarse soils in a laboratory with classic-sized equipment, which requires their reconstitution by capping or
substituting the large elements.

Table 1. Limitations of the use of classical reconnaissance tests in situ and in laboratory

- The driving or ramming operations carried out during the execution of static or dynamic penetrometer
In situ tests: Penetrometer tests or tests or scissometer characterization tests are hampered by the presence of large elements (rocks or

penetrometer or pressuremeter tests or  blocks) in coarse soils.

scissometer tests - The dimensions of standard penetrometers and pressometers are too small compared to the size of the
coarse soil constituents.

L . - The large size of the elements contained in these soils makes it difficult to carry out representative tests
Laboratory  characterization, using  on standard size specimens.

standard size testing devices . L . .
g - The diameter of the largest grains is greater than the admissible diameter (dmax>0agmissible)

Capping consists to remove the large elements of the soil, so the proportion of these elements decreases. Therefore,
it is necessary to understand the influence of the volume fraction of inclusions on the behavior of coarse soils [4, 5]. The
substitution process consists to replace the larger inclusions with smaller ones, which requires an understanding of the
effect of inclusions size and particle distribution on the mechanical behavior of coarse soils [6-8]. Finally, the method
of particle size reconstruction by similarity consists to test in a laboratory a soil that is composed of elements whose
maximum size is less than or equal to the admissible diameter, and whose granulometric curve is parallel to that of the
real soil [7, 8]. However, there is still no rational procedure to characterize coarse soils and determine their mechanical
characteristics (cohesion and friction angle) for the calculation of slope stability or structures.

The objectives of the research work are to contribute to the improvement of the knowledge of the mechanical
behavior of matrix coarse-grained soils and to propose a rational procedure to characterize them. In order to achieve
these objectives, it is important to understand the influence of the fundamental parameters related to the mode of
reconstitution on the mechanical characteristics of the coarse soils: volume fraction, particle size distribution and spread,
consolidation level, and the initial state of the matrix. In this study, we first present the type of reference soil used and
the choice of constituents (matrix and inclusions), and the procedure for manufacturing the samples. Then, we present
the experimental results obtained corresponding to the influence of the properties of the inclusions (VVolume Fraction:
fv, size and granulometric spread) on the mechanical behavior for two density indices of the matrix: 0.70 and 0.30.
Using the large-sized triaxial testing device, in drained conditions.

Then, the influence of the matrix density state and the isotropic confining stress o’c on the results obtained is
examined. Finally, from the test results, we estimate the fracture characteristics of the material.

2. Materials and Methods
2.1. Materials Characterization

Many researchers have used natural coarse soils in laboratory to study their mechanical behavior [9-11], but these
materials present difficulties in performing repeatability tests to allow validation of the results obtained. For this reason,
we chose to work with a reference soil that allows us to obtain a good repeatability of the tests, and to highlight the
influence of the fundamental parameters on the mechanical behavior of this soil. Namely the volume fraction, the size
and granulometric spread of the inclusions, the state of compactness of the matrix and the level of consolidation of the
specimens.

This reference soil is, composed by a matrix and inclusions (the ratio between the average size of the matrix (dso,mat)
and that of the inclusions (dso,inci), Oso,inci /ds0,mat Must be greater than 10 [12, 13] so that the matrix can be considered
homogeneous in relation to the inclusions). Also, the inclusions are arranged randomly and are not in contact [13, 14]
(Figure 1).

Figure 1. Representative diagram of a coarse matrix soil

Figure 2 shows the granulometric curve of the sand used.
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Figure 2. Granulometric spread of the sand used

The physical characteristics of the sand are listed in Table 2.

Table 2. Characteristics of the sand used

Dso Cu €min €max ps(g/Cm3) Pd,min(glcms) Pd,max(g/cmg)
021 152 054 0.94 2.65 1.37 1.72

The selected inclusions are natural gravels with density ps = 2.65 g/cm?, and a maximum diameter of 60 mm (Figure
3).

1

(b)
Figure 3. View of the gravel: 10/20 mm gravel (a) and 4/60 mm gravel (b)

2.2. Experimental Procedure

The void ratio of the sand allows us to have its state of compactness:

emax—€
e = emax — Ip(€max — €min)— Ip = % 1)

Moreover, we have by definition:

__ Pssand __ _ Pssand
€= Pd,sand Lso pd,sable T 1+e (2)

where pq, sand IS bulk density of the sand matrix.

This allows obtaining the mass of the matrix to be introduced:

M s,sand

v —M; sana = Pasand X Vsana (3)
sand

Pd.sand =

with Ms, sand IS Dry mass of the sand.

We define the volume fraction of inclusions noted fv, the ratio between the volume of inclusions and the total volume
of the specimen. For our study, fy varied between 0 and 35%.
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fo=mis ©)
where Vg is the volume of inclusions and Vo is the total volume of the specimen.
Since fy and Vo are known, we can deduce the corresponding volume of inclusions:
Ve = fu X V1ol (5)
So:
Mg = psc X Vg (6)

with Mg is mass of inclusions, psc is volume mass of the inclusions.

The specimens are made by compacting the material in successive layers of ten layers of soil, each 6 cm thick (Figure

4),

2.3. Experimental Program

Figure 4. Fabrication of a soil test specimen

Figure 5, shows the flowchart of the research methodology through which the objectives of this study were achieved.
The experimental program consists of 54 tests on 36 different soil mixtures:

o For two matrix compactness states;

e Three states of isotropic consolidation stress: ¢'c = 50, 100 and 400 kPa;

¢ A volume fraction f, of the inclusions: 0, 12, 20 and 35 %;
o Classes of the inclusions: 8/10 mm, 8/20 mm, 10/20 mm, 30/60 mm and 4/60 mm.
Through the tests performed, the effect of various parameters on the observed behaviors was studied:

e The proportion of inclusions fy;

e The size and granulometric spread of the inclusions;

e The initial compactness state of the sand;

e The level of consolidation applied (c'c).

| Sand § (Matrix)

Geotechnical characterisation
- Physical and compaction tests,
- Particle size distribution

| Gravels G (Inclusions)

“|- 5 classes of inclusions: G 8/10 mm, G 8/20 mm, G 10/20 mm,

Geotechnical characterisation
Density
- Dmax

Formulation of the mix

G 30/60 mm, G 4/60 mm.
- 4 volumes fractions fi: 0%, 12%, 20%, 35%.

Geotechnical characterisation
- Physical and compaction tests,
- Mechanical test using large-sized triaxial testing device

Analysis of the results
comparison with previous works

Figure 5. Experimental method
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The Figure 6 presents the results obtained for a typical test on sand without inclusions (f, =0%), ¢'c = 100 kPa and

two Ip (0.4 and 0.8%).
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Figure 6. The typical test performed on pure sand (I10=0.8% and ¢'c=100kPa): (a) shear curve; (b) volumetric

deformation curve

Figure 6-a presents the stress deviator q as a function of the axial strain €a. It can be seen that the deviator initially
increases in a quasi-linear way; this is the elastic phase, followed by the strain-hardening phase corresponding to the
failure of the specimen, where g passes through a peak (here about 376 kPa) for an axial strain about 6%, followed by a

softening.

Figure 6-b, represents the volume deformation curve-gv as a function of the axial deformation ga. We observe that
at the beginning of the loading, the volume of the sample decreases the arrangement of the sand grains. This is the
contracting phase (positive volume deformation €v). Then the sand expands. The point of change in behavior (ev = 0)

corresponds to the characteristic state.

To validate the experimental procedure followed and the results obtained, it was necessary to ensure repeatability
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[15, 16], and this, by carrying out two drained tests on specimens composed by sand

Vol. 8, No. 08, August, 2022

and 20% gravel 10/20 mm, and

two tests on pure sand. Good repeatability is observed for pure sand and mixtures (sand + inclusions).

From these tests (Figures 7 and 8), we define the repeatability spindle (the envelope of the curves corresponding to
these tests). This spindle for fv = 20 % will be used thereafter and will make it possible to conclude on the influence of

the fundamental parameters on the behavior of the studied coarse soils.
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Figure 7. Repeatability tests on a reference coarse soil (I0=0.8% and ¢'c=100kPa): (a) shear curves; (b) volumetric

deformation curves

4. Influence of the Study Parameters

4.1. Influence of the VVolume Fraction of the Inclusions fv

The first analysis focused on the effect of the volume fraction. Several tests were performed on specimens composed
of sand and 10/20 mm gravel at different volume fractions fv. The results are presented as shear curves and volume

deformation curves (Figures 9 and 10).
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Figure 8. Repeatability tests on pure sand (10=0.8% and ¢'c=100kPa)
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Figure 9. Influence of the volume proportion of gravel fv: (a) shear curves; (b) volumetric deformation curves (G 30/60mm,
10=0.8% and ¢'c=100kPa)
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Figure 10. Influence of the volume proportion of gravel fv: (a) shear curves; (b) volumetric deformation curves (G
10/20mm, 1p=0.8% and ¢':=100kPa)

An increase in the deviator at failure with the proportion of inclusions is observed (Figure 9-a). The softening phase
is more significant than the proportion fv is high. We also notice a "ductile” behavior for the pure sand with rupture
reached for deformation of 8%, to a "fragile" behavior for the sand-gravel mixture with a peak of resistance reached for
deformation of 2%. These observations can be explained by the fact that with the increase of fv, the contact between
gravels becomes more important contributing to the reinforcement of the soil [17-19] (Figure 11). This forms during the
test a more shear-resistant surface.
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Figure 11. Grain contact areas during the triaxial test: (a) fv = 12%; (b) fv = 35%
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Regarding the volume deformations (Figure 9-b), the results obtained show that the soil becomes less dilatant by
increasing the proportion of inclusions. The same observations for the tests carried out on the mixture of sand with
gravel 10/20 mm (Figure 9). The same analysis has been established for soil with gravel G10/20mm and a compactness
index ID =0.4% (Figure 12); from the point of view of volume deformation, we find a mainly contracting behavior.
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Figure 12. Influence of the volume proportion of gravel fv: (a) shear curves; (b) volumetric deformation curves (G
10/20mm, 1p=0.4% and ¢':=100kPa)

4.2. Influence of the Maximum Diameter (dmax) of the Gravel

To highlight the effect of inclusions size on the shear strength of the coarse soil, we performed several tests by
varying the size of the gravel (With two granulometric distributions: 10/20 mm and 30/60 mm, different volume
fractions, two compactness indices (0.4% and 0.8%) and for the same initial conditions of ¢'c. We also traced the
repeatability spindle for 20% of the 10/20 mm gravel. Figure 13 shows the results obtained for 1p=0.8% (dense matrix),
and Figure 14 shows those for Ip = 0.4% (loose matrix).
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Figure 13. Influence of maximum gravel diameter dmax: (a) shear curves; (b) volumetric deformation curves (fv=20%,
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Figure 14. Influence of maximum gravel diameter dmax: (a) shear curves; (b) volumetric deformation curves (fv=20%,
10=0.4% and ¢':=100kPa)

It can be seen from the relatively small differences between the shear curves for the 10/20mm and 30/60mm gravels
(Figure 13-a and 14-a) that the size of the inclusions does not have a significant effect on the rupture strength of the soil
(the shear curve obtained for the 30/60mm gravel falls within the repeatability range) [20]. On the other hand, concerning
the volume deformations (figure 13-b and 14-b), we notice that there is no significant influence of the size of the gravels
during the contracting phase. However, in the dilatation phase, it is clear that with the 30/60 mm gravels, the soil is less
dilatant.

The same results were demonstrated for volume fractions of 12% and 35% (Figure 15). A slight increase in the
deviator at rupture was observed by increasing the volume fraction f,. This can be justified by the increase in gravel-
gravel contact with increasing size and volume fraction f, [21, 22].

4.3. Influence of the Granulometric Spread

Concerning the granulometric spread, we first carried out a series of tests on specimens with 20% and 35% of gravel
10/20 mm, 30/60 mm, 10/60 mm and 4/60 mm with an ID=0.8%. Figures 16 and 17 synthesize the results obtained.
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Figure 15. Influence of maximum gravel diameter dmax: (a) shear curves; (b) volumetric deformation curves (fv=12%,
10=0.8% and ¢'c=100kPa)
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Figure 17. Influence of granulometric spread: (a) shear curves; (b) volumetric deformation curves (fv=35%, 10=0.8% and

6':=100kPa)

For the two-volume fractions tested, it can be clearly seen that the tight mixture (in our case 8/10 mm), with fv=35%,
has a greater maximum shear strength than the spread mixture (4/60 mm) and fv=12%. This is mainly due to the contact
surfaces between gravels; which become more important when passing from a spread to a tight gradation [23, 24]. Thus,
we notice that the soil with a spread gradation is less dilatant.

The same analysis performed on the 20% fraction of 4/60 mm and 30/60 mm gravels but with a loose matrix
(Compactness Index Ip = 0.4%), similar results can be drawn from Figure 18.

5. Rupture Characteristics

Using Mohr Coulomb's criterion in the (1, ¢') plane: T = ¢'tan@' + ¢', the initial rupture characteristics of the tested
soils are determined (Figure 19). Table 3 recapitulates the results obtained for all mixtures.
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Figure 19. Rupture Mohr circles and intrinsic curve for a mixture with 10/20 mm inclusions and fv = 20%
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Table 3. Cohesion and friction angle values for a mixture with 10/20 mm inclusions

Gravel fv (%) 0% 12% 20 % 35%
C’(kPa) 10 8 12 15
G 8/10 mm
o (%) 37.1 385 40 42,5
C’(kPa) 8 10 15 10
G 10/20 mm
o (%) 37 37.9 38 40.5
C’(kPa) 8 9 11 8
G 30/60 mm
o (%) 37.1 375 39.4 41
C’(kPa) 16 - 10 10
G 10/60 mm
o (%) 37.1 - 38.1 41
C’(kPa) 20 - 15 15
G 4/60 mm
o (%) 37.1 - 37.3 38.9

In order to synthesize and better analyze the results of the table, curves showing the evolution of the angle of internal
friction of the different soils as a function of the proportion of gravel have been drawn (Figure 20).

43
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42 G 8/10
o~ 41 | | ——G10/20
= —e— G 30/60
@ 40
= —e—G 10/60
<
c 39
=
ke
= 38
g
5 37
IS

36

35

34

0 12 20 35
Proportion of gravel f, (%)

Figure 20. Evolution of the internal friction angle ¢' as a function of the volume proportion of gravel

The following conclusions are drawn:
e For all soils, the internal friction angle ¢' increases with increasing proportion of gravel.
e The increase is more pronounced in the case of uniform 8/10 mm gravel.
e For the same granulometric spread of the inclusions (10/20 mm and 30/60 mm), the values of ¢' are close, so the
size of the inclusions does not have a significant influence on the value of ¢'.
6. Influence of the Compactness of the Matrix

Regarding the effect of the void index of the sandy matrix, we conducted tests with two different states of
compactness (loose, with Ip = 0.40, or dense, with Ip = 0.80), and whose results have been reported in the previous
paragraphs: It is noticed that, for all the soils, that the rupture strength of the dense soil corresponds to a marked peak.
While in the loose case, the shear curve admits a horizontal asymptote corresponding to the maximum resistance gmax.

Here, the results of qmax as a function of Ip for the different types of gravel used and different volume proportion fv
(%) are grouped in Table 4.
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Table 4. Test characteristics showing the effect of sand density index ID on the shear strength gmax

Type of gravel f, (%) o'c (kPa) Ip (%) Qmax (kPa) % of increase in gmax as a function of Ip

0.8 376
0 100 34.04
0.4 248
G 30/60 mm
0.8 425
20 100 31.76
0.4 290
0.8 376
0 100 34.04
0.4 248
G 4/60 mm
0.8 380
20 100 27.63
0.4 275
0.8 376
0 100 34.04
0.4 248
0.8 400
12 100 32.50
0.4 270
G 10/20 mm
0.8 410
20 100 31.71
0.4 280
0.8 460
35 100 29.35
0.4 325

It is clearly observed that the shear strength increases with the volume proportion of the inclusions in a similar way,
and this independently of the compactness index Ip (Figure 21).

m35% ®m20%

m12% ®m0%

0 50 100 150 200 250 300 350 400 450 500
g max (kPa)

Figure 21. The evolution of gmax from a loose state to a dense state as a function of the volume fraction of the gravel

7. Conclusions

The study carried out with matrix coarse-grained soils, as a particular category of coarse soils, allowed us to better
know and understand their geo-mechanical behavior from a parametric analysis, highlighting the effect of basic
parameters on the mechanical characteristics, using the large-sized triaxial testing device. We studied the influence of
the volume fraction fv, the maximum diameter and the granulometric spread of the gravel, and the density index of the
sand used. For the two states of sand compactness (ID=0.4 and ID = 0.8), the results showed that:

e Soil shear strength increases with an increasing proportion of gravel. Therefore, the presence of inclusions within
the matrix increases the strength of the soil. This result is compatible with the results obtained by the published
literature.

e The increase is more marked in the case of 8/10 mm uniform gravel.
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¢ For the same granulometric spread of the inclusions (10/20 mm and 30/60 mm), the resistance values are close, so
the size of the inclusions does not have a significant influence on the gmax Value.
e The initial state of consolidation stress has no influence on the increase in shear strength in a dense state.
e Thus, we found that the shear strength is greater for a dense soil than for a loose soil.

It could be shown, in the final analysis, which the shear strength gmax increases by about 32% when moving from a
loose to a dense state.

It is necessary to underline the fact that the change of the sandy matrix by another clayey or silty one must be taken
into account and be the object of research to be able the possibility of generalizing the results obtained in the case of the
sandy matrix.
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