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Abstract

Granitic crushed materials are the most widely used materials in various fields
of building and public works. These materials are more available in quantity and
quality in Benin. The present study was initiated to determine the mechanical
parameters of Dan 0/31.5 granitic crushed stone for use in road construction.
To this end, an experimental study based on normative tests was carried out.
Identification tests were carried out to determine the particle size at 80 mm and
2 mm sieves, Le. 6.66% and 24.28%, the dry density, ie. 2.26 t/cm® at a water
content of 6.49% OPM, the organic matter content, 0.14%, the methylene blue
value, 0.16%, the CBR index, ie. 96.29% with a linear swelling of 0.07%. Micro
Deval and Los Angeles values are 7.5% and 23.55% respectively. In addition, the
pre-consolidation stress is 29 kPa, the compression index is 0.098% and the
swelling index is 0.011%. Finally, the shear test determined the cohesion, Ze. 0.3
kPa, and the angle of internal friction, Ze, 33.6°. Also, based on a series of results
(shear stress and horizontal displacement) from the direct shear test, the maxi-
mum shear stress and maximum shear modulus from the Hardin and Drnevich
hyperbolic model, ie. 349.62 kPa and 172.65 kPa, respectively. The odometer
test and shear modulus were used to estimate Young’s modulus, Ze. 274.81 MPa,
and Poisson’s ratio, Ze. 0.204. Analysis of the various results in accordance with
the specifications of the CEBTP 1984 guide, revised in 2019, shows that Dan’s
granite crushed stone is an excellent quality road material that can be used in all
pavement layers, whatever the type of pavement.
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1. Introduction

For thousands of years, mankind has used aggregates to build structures and im-
prove the built environment. Today, with population growth and the rapid devel-
opment of societies, the demand for modern infrastructure has continued to rise.
This has led to ever more intensive exploitation of natural resources to meet the
growing need for aggregates in road construction [1]-[4].

The West African country of Benin is undergoing rapid economic and demo-
graphic expansion. To support this economic growth and improve the quality of
life of its citizens, the development of road infrastructure, public and private
buildings and landscaping is a top priority for the Beninese government. In this
context, Dan granite crushed stone is a strategic natural resource used extensively
in road construction [4]-[6].

Given the central role played by aggregates in construction, it is imperative to
master their nature and characteristics in order to guarantee the quality and du-
rability of the works carried out. In-depth knowledge of aggregates enables their
use to be optimized according to specific applications, while minimizing the risks
of structural failure and guaranteeing a reduction in the environmental impacts
associated with their use [1] [7].

The present study was initiated to determine the geotechnical characteristics of
Dan’s granite crushed stone for use in road construction. Specifically, the aim is
to determine physical parameters such as grain size, density, cleanliness, organic
matter content, optimum water content, sand equivalent and mechanical param-
eters such as CBR index, angle of internal friction, cohesion and oedometric mod-
ulus, and to determine Young’s modulus and Poisson’s ratio using a numerical
approximation. Determining these geotechnical parameters will make it possible
to assess the potential of Dan’s granite crushed stone in order to define the layers
of the road structure, such as the sub-base and/or base layers of flexible pave-

ments, in which its use is possible [1] [8] [9].

2. Materials and Methods

2.1. Materials
2.1.1. Granitic Crushed Stone

Granite crushed is a material produced from granite massifs mechanically crushed
into different sizes [1] [10]-[12]. The process produces sand, gravel and pebbles
in a variety of angular and sharp-edged shapes. Due to its natural origin, granite
crushed stone offers exceptional durability and strength.

In this study, we used 0/31.5 mm granite crushed stone from the Dan quarry in
the Republic of Benin. The village of Dan is located in the commune of Djidja
(Zou department), around 30 km from the commune of Bohicon in the Republic
of Benin [1]. The commune of Djidja lies to the north between latitude 7°10' and
7°40', and to the east between longitude 1°04' and 2°10'. The Dan quarry is located
at latitude 7°21'44" to the north and longitude 2°6'38" to the east. At this quarry,

crushed materials are screened and stockpiled by granular class [1] [4] [13]. Fig-
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ure 1 shows the location of the Dan quarry.
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Figure 1. Location of sampling site.

2.1.2. Characteriz

ation Equipment

The equipment used for the characterization tests complies with the requirements

of applicable standards in the field.

e  For particle size analysis by sieving, the experimental set-up, including the

accessories required to perform it, is governed by standard NF P 94-056 [14].
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Figure 2 shows all of this equipment.

. Legend:

a: Series of sieves

b: Scale of 30 kg £ 0.2 g

¢: Brush

d: Scoop hand

e: Brush

f: Container

g: Oven with adjustable tempera-
ture 50°C to 105°C 2°C

Figure 2. Equipment for particle size analysis.

e The experimental set-up for measuring water content by weight complies
with standard NF P94-050 [15]. The equipment required is shown in Figure
3 below.

Legend:

a: Material bin

b: Gas burner

c: Ladle

d: Scaleof24kg+0.2 g

Figure 3. Equipment for measuring water content.

e  For the test to determine the methylene blue adsorption capacity of Dan’s
granite crushed stone, the experimental set-up required to perform the test is
specified in standard NF P 94-068 [16]. Figure 4 below illustrates the set-up.

Legend:

a: Finned stirrer

b: Stand

c: Yellow glass flask
d: Dried kaolinite

e: Volumetric flask
f: Beaker

g: Burette

h: Methylene blue
i: White filter paper
j: Scale 0f 1000 g + 0.1 g

Figure 4. Equipment for determining the methylene blue value.

e  For the test to determine the organic matter content of Dan’s granite crushed
stone, the experimental set-up complies with standard XP P 94-047 [17] as
shown in Figure 5 below.
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Legend:

a: Mortar
b: Pestle

c: Lid

d: Crucibles

Figure 5. Equipment for testing organic matter content.

e  Figure 6 below shows the equipment used to determine the sand equivalent in
the 0/2 mm fraction of Dan granite crushed sand. This test is carried out in
accordance with AASHTO T176 [18], EN 933-8 [19] and NF P18-622-8 [20].

Legend:

a: rubber stoppers for test tubes.

b: beaker;

c: 1 tared piston

d: Plexiglas test tubes graduated at 100

and 380 mm

e: wide-neck funnel

f: 200 ml measuring flask.

g: 1 irrigator tube with tap and siphon.

h: 1000 ml concentrated stock solution.

Mechanical stirrer

Figure 6. Equipment for sand equivalent test.

Legend:

a: Modified Dame Proctor
b: CBR mold

c: Baseplate

d: Material tray

e: Tray

f: Scoop hand

g: Sieve

h: Hammer

i: Modified Proctor mould
j: Accessories

k: Container

Figure 7. Equipment for determining compaction references.
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e  Figure 7 below shows a set of experimental devices for carrying out the Mod-
ified Proctor test in accordance with standard NF P94-093 [21].
e  Geotechnical testing equipment for granite crushed rock
This section includes geotechnical testing equipment such as the CBR test, the
shear test and the odometer test.

e  Figure 8 below shows an experimental set-up for carrying out the CBR test
in compliance with standard NF P94-078 [22].

Legend:

a: CBR mould

b: Comparator

c: Overload series

d: Perforated metal disc
e: Immersion tray

f: Cadencenter

h: Comparator

g: Extensions

i: CBR press

Figure 8. Equipment for determining the CBR load-bearing index

e  TFigure 9 shows a set of experimental devices for carrying out the rectilinear
box shear test in accordance with standard NF P 94-071-1 [23] [24].

Figure 9. Direct shear test equipment.

DIAL
GAUGE

LOAD

POROUS
STONE

RING
ENCLOSURE
SOIL SAMPLE

POROUS
STONE

Schematic design of an oedometer (source: Boo, 2019) oedometric testing apparatus

Figure 10. Schematic design of an oedometer and oedometric testing apparatus.
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e  Figure 10 below shows the entire experimental device for carrying out the
oedometric test according to standard XP P 94-091 [25].

2.2. Method

2.2.1. Method for Sampling Dan Granite Crushed Stone
Samples are taken in accordance with ISO 22475-1 [26].

2.2.2. Geotechnical Testing Method
The various geotechnical tests are carried out in accordance with the standards
cited in §2.1.2.

Determination of the friction angle and internal cohesion by the Casagrande
box shear test goes through the calibration of the raw material from the initial
condition through the values obtained from the Modified Proctor test, then:

Step 1: Determination of the optimal water content and dry density on the ma-
terial from the quarry (initial state).

Step 2: Determination of the optimal water content and dry density on the class
0/5 test sample.

Step 3: Carrying out the Casagrande box shears the test.

Step 4: Determination of the optimum water content and dry density on the test

sample after the test.

2.2.3. Numerical Approach to Identifying the Parameters of the Hardin
and Drnevich Hyperbolic Model

Previous studies have shown that the elastic behavior of soils is never linear in
reality [2] [27]. Therefore, it is important to focus studies on the nonlinear behav-
ior of soils used in road construction. To do this, several mathematical models,
both hyperelastic and hypoelastic, can be used to describe these nonlinear behav-
iors of soils. However, it has been proven that hypoelastic models are the most
recommended when it comes to small deformation studies. Two types of hypo-
elastic models exist, namely hyperbolic models and variable modulus models, as
reported by Babaliyé in 2020. In the context of this study, hyperbolic models
mathematically based on a representation of the stress-strain relationship using a
hyperbolic or parabolic curve [28] are best suited to describe the nonlinear elastic
behavior of soils [2] [27].

According to Hardin and Drnevich [29], the hypoelastic behavior of a material
is given by Equation (1).

4

rT=————-" (1)
L or
G T

max max

where 7, represents the maximum shear stress, G, the maximum shear

max
modulus, 7 the shear stress and y the shear strain.

To determine the parameters 7, and G

max >

Equation (1) was reformulated

by setting: @ =1/G,, and b=1/r, . This gives the following Equation (2):

ax

r=p(r.a.b)= a-i/by’a’bER @
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Using a nonlinear least fit method, the parameters a and b are evaluated. This

method consists of fitting the experimental data y, to the function ¢ by min-

imizing the distance ¢, between y, and (o(y,a,b):

(0,.=Z[y,.—(p(7,a,b):|2 (3)
i=1
The implementation of nonlinear regression follows the following steps:
1st Step: Linearization ¢(y,a,b) ofaround (a,,b,)
op /4
“Z(y,a,b)=—
da (r.a.) (a+by) @
a 2
2 () =L
ob (a+by)
2
4 Y Y
4 yaaab = - a—a,)— b—b (5)
( ) a, + b, (a0+b07)2( ’ (a0+b07/)2( o)
2
Letusset: A= 4 =5 B= 4 p and C= Y .
(a,+byy) (a, +by7) a, +byy

Equation (5) becomes:

¢(7,a,b)=C—A(a—ay)-B(b—b,) (6)

2nd Step: Determination of a and b.
The minimization of ¢ consists of canceling its first derivative with respect

to the unknowns a and b. Let:

oa )

with ¢(y,a,b)=C—A(a—a,)-B(b-b,).
Development of the terms of the system of Equation (7).

Case of the first equation:

% _, <:>i[2(y,- —w(%aab))z]

oa oa

0 (8)

& X (n=o(rab))-(n-0(r.ab) =0
@—Z%w(mb)(n—fﬂ(%a,b))=0

=2 (-A4)(v-o(r.a.b))=0

&Y A(y,-C+A(a—a,)+B(b—b,)))=0

S Y Ay -2 A-C+Y A (a—ay)+ ) A-B(b-b,)=0

o (a—ay)Y A2 +(b-b)Y. A-B=) A-C-) Ay,

S (a-a)Y A +(b-b,)> 4-B=) A(C-y,) 9)
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Case of the second equation:

%= OQ%[Z(% —go(y,a,b)ﬂ:o
& T2 (-0(r.a)(5-p(rab)=0

= Z(—%gp(}/,a,b))'(yi ~C+A(a—a,)+B(b=b,))=0
& > —(-B)(y,-C+A4(a—a,)+B(b-b,))=0

< Y B(y,—C+A4(a—a,)+B(b=b,))=0

> (By,~B-C+4-B(a-a,)+ B (b-b,))=0

< Y B(y,-C)+(a—a,)YA-B+(b-b,)Y. B> =0

& (a-a,) X A-B+(b-b) Y B =Y B(C-y,)

So we have the following system:

{(a—aO)ZAZ +(b=b,)> 4-B=> 4(C~y,)
(a—aO)ZA-B+(b—bO)ZBZ =Y B(C-y,)

Put into matrix form, the system of Equation (12) becomes:

R

b—b,

Thus, the determinant (det M) of this system of equations is:

2
IROVEDILD Vit
>A4-B Y B

SdetM =) A’ B*-> 4-BY 4B

(10)

(11)

(12)

(13)

(14)

(15)

Similarly, the determinants associated with a and b are det(a) and det(b) re-

spectively.
Either:
A(C -y, A-B
dot(a) |2 ALC ) A (16)
ZB(C_J’:') ZB
Which is worth: det(a)=ZA(C—yl.)ZBz—ZB(C—yi)ZA-B
So,
det(a)
—a, = 17
@ det M (17)
That is:
_ L 2 AC-y )2 B -3 B(C-y )2 4B
a=a,+ T~ (18)
DAY B~ 4-BY A-B
Also,
2
A(C—-y.
dat(p)=| 24 2AC2) (19)
248 Y B(C-y,)
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which gives: det(b)=) A4>Y B(C-y,)-> 4-BY A(C-y,)
So,
_ det(b)

b-b, =
det M

(20)

Consequently,
_ ZAZZB(C_yf)_ZA'BZA(C—y,)
b—b0+ ZAZZBZ_ZABZAB (21)
The following system is made up:
L ZAC-3)Y B -F B(C-y)Y 4B
DAY B~ A-BY A-B
0 ZAQZBZ_ZABZAB

From a Python program, the optimal value of each parameter a and b of Equa-

a=a,

(22)

tion (22) is determined by respecting the stopping criterion defined by Equation
(23) (Montgomery and Runger [30]; Houanou [31]; Babaliye [2]).

a-—a,

<107 (23)
ay

2.2.4. Evaluation of Young’s Modulus (E) and Poisson’s Ratio (v)
According to Gérard Degoutte and Paul Royet [32] and Leipholz [33], the calcu-
lation of Young’s modulus (£) and Poisson’s ratio (v) can be done from oedomet-

ric and shear tests. Thus, the following Equation (24) and Equation (25) are used:

E=2G(1+v) (24)
E = Eoed M (25)
1-v

where we denote by:
G , the shear modulus;
E , the Young’s modulus;
U, Poisson’s ratio;
E, .. > the oedometric module.

Equation (24) and Equation (25) allowed us to obtain the following Equation (26):

26(1+0) £, 17)1=20)

26
- (26)
Thus, the transformation of Equation (26) becomes:
p=Lea =20 (27)
2(E,, —G)

Furthermore, the determination of the oedometric modulus is obtained by
Equation (28):

r ’
E = 1+€) Thina ~ il (28)

ad B
CC 10g[ O-'ﬁnal ]
Olinitial
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with
e, » Index of voids in the soil in place;
C., Compression index of the soil in place;

o! Initial normal stress;

initial 2

' .
0.1 » Final normal stress.

3. Results and Discussion
3.1. Results

The results of experimental tests carried out on a series of samples of Dan granite

crushed rock are as follows.

3.1.1. Results of the Sieve Analysis Test
Samples from the Dan quarry were sieved for particle size analysis. The following
Figure 11 and Figure 12 show the various particle size curves.

100 x
90 S
80
70 £
60
50
40
30
20
10 ).(-;/—;;'—‘—""
0
0.01 0.1 1 10 100
Sieve opening (mm)

Passage (%)

~~~~~~~ Echl % Ech2 -——Ech3

Figure 11. Granulometric curve for granitic crushed material 0/31.5.

100
—— Min foundation layer
90 == Max foundation layer
80 —— Min base layer
—— Max base layer
70 ——Sample 1
60
g 50
§ 5
2 40
@
30
20
10
0 on
100 10 1 0.1 0.01

Sieves (mm)

Figure 12. CEBTP limit curve for granite crushed material 0/31.5.
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Key information from Figure 11 and Figure 12 is shown in Table 1 below.

Table 1. Sieving test results for granite crushed material 0/31.5.

Granulometric analysis

Samples Dimax) (mm) Co) (%)  Cos (%) Coos) (%)
Sample 1 31.5 26.9 17.6 8
Sample 2 31.5 28 17 6
Sample 3 315 26 17 6
Mean - 26.96 17.2 6.66
Standard deviation - 1.00 0.34 1.15

We note that the curves of all three samples are within the CEBTP grading
range for the sub-base layer, but not within the CEBTP grading range for the
crushed materials to be used in the base layer. We note that the 0.08 sieve pass of
the samples studied is less than 35%, which complies with CEBTP requirements.

The material can therefore be used as a base course. These results are similar to
those found by Elenga et al. [34], Babaliye [2], Houanou et al [4] and Dossou [1].

3.1.2. Sand Equivalents
The results of sand equivalence values carried out on three samples made from the

fine 0/2-part of 0/31.5 granitic crushed materials are presented in Table 2 below:

Table 2. Sand equivalence results for 0/2 granitic crushed material.

Designation  Sample 1 Sample2  Sample3 Mean Standard deviation

ES (%) 57.00 56.00 59.00 57.33 1.528

According to these values, the sand equivalent of granitic crushed stone 0/2 is
57.33%; this sand is clean and this value is higher than the minimum 40% recom-
mended for T3 - T4 traffic [35] [36].

3.1.3. Micro Deval Test
The results of the Micro Deval test on the three 0/31.5 granite crushed sand sam-
ples are presented in Table 3 below:

Table 3. Micro Deval results for granite crushed stone 0/31.5.

Designation Samplel Sample2 Sample3 Mean  Standard deviation

MD (%) 7.15 7.85 8.16 7.72 0.517

From the values recorded in Table 3, it can be seen that the average value of the
Micro-Deval coefficient, 7.72%, is less than 10%. This material is therefore rated
as very good to good according to NF P 18-572 [37] and EN 1097-1 [38]. In ac-
cordance with the CEBTP guide [35], a mean MD coefficient, i.e. 7.72%, is less

than 12%, so it can be concluded that the material can be used for the construction
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of pavements designed for T3 - T4 traffic.

3.1.4. Los Angeles Test
The results of the Los Angeles test carried out on three samples of 0/31.5 granitic

crushed stone are presented in Table 4 below:

Table 4. Los Angeles results for 0/31.5 granite crushed rock.

Designation Sample 1 Sample 2 Sample 3 Mean Standard deviation

Los Angeles value (%) 23 23.2 24 23.4 0.53

Analysis of Table 4 shows that, with an average Los Angeles coefficient of 23.4%,
granite crushed stone offers good resistance to wear and mechanical impact. This
value is less than 25% of the maximum value recommended for high-traffic wear-
ing courses [35] [39]-[42]. It follows that this material can be used in other parts
of the pavement [35] [39]-[42].

3.1.5. Measuring Methylene Blue Values
The results of the methylene blue test are shown in Table 5 below:

Table 5. Methylene blue values for 0/31.5 granite crushed material.

Designation ~ Sample 1 Sample2  Sample3 Mean Standard deviation

VBS (%) 0.15 0.18 0.16 0.16 0.01

Analysis of Table 5 shows that the methylene blue value for granitic crushed
stone 0/31.5 is 0.16%, less than 0.2%. Granitic crushed stone is therefore sandy
according to standard NF P 94-068 [16].

3.1.6. Organic Matter
The results of the organic matter test are presented in Table 6 below:

Table 6. Results of organic matter test on 0/31,5 granite crushed rock.

Designation Sample 1 Sample2 Sample3 Mean Standard deviation
OM content (%) 0.10 0.15 0.18 0.14 0.04

Analysis of Table 6 shows that the organic matter content of granite crushed

stone is 0.14%, less than 1%, making the material low organic [17].

3.1.7. Absolute Density
The results obtained for the density of the crushed materials are shown in Table
7 below:

Table 7. Density results for 0/31.5 crushed materials.

Density
Designation Samplel Sample2 Sample3 Mean  Standard deviation
MV (g/cm?) 2.67 2.65 2.68 2.67 0.02
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Analysis of Table 7 shows that the results for the absolute density of granitic
crushed stone vary slightly between the different samples studied. The average is
2.67 g/cm’. This value indicates that the material tends to provide higher densities,

which may contribute to greater strength and durability.

3.1.8. Modified Proctor Test and CBR Test
1) Modified Proctor test
The results obtained on the Modified Proctor test samples are shown in Table

8 below:

Table 8. Modified Proctor test results for 0/31.5 crushed aggregate.

Optimum Modified Proctor (OPM)

Designation  Sample 1  Sample2 Sample3 Mean  Standard deviation

Ydmax (t/m?) 2.37 2.24 2.19 2.27 0.09

wopm (%) 6.2 6.4 6.8 6.47 0.31

Table 8 shows the results of the Modified Proctor test carried out on 0/31.5
granitic crushed stone. The values obtained at the Modified Proctor Optimum
are 2.27 t/m? for maximum dry density and 6.47% for water content. This value
shows that granitic crushed stone 0/31.5 is more compact and potentially more
stable when used as backfill or pavement material [21] [35] [36] [43] [44].
Moreover, this value, similar to those obtained by Dossou [1], Houanou et al.
[4] and Babaliye [2], is higher than 2 t/cm’. Granite crushed stone can therefore
be used in road construction to CEBTP [35] specifications in sub-base and base
courses.

2) CBR test
The results of the CBR test on granitic crushed stone are shown in Table 9 be-

low:

Table 9. CBR values for Dan granite crushed stone.

CBR load-bearing indices

Designation Samplel Sample2 Sample3 Mean  Standard deviation

100% OPM 115.50 120.10 111.25 115.62 4.43
95% OPM 98.60 102.42 87.86 96.29 7.55
90% OPM 66.55 72.66 61.50 66.90 5.59

Relative linear swelling

95% OPM 0.056 0.067 0.082 0.068 0.013

Analysis of Table 9 shows that the CBR value for granite crushed rock at 95%
OPM after immersion is 96.29%. This value is higher than 30%, which is the min-
imum value required by CEBTP [35], AGEROUTE-Sénégal [36] [44] for granular
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materials suitable for use in sub-base courses. This material can also be used as a
base course for pavements, as its CBR is higher than 80% [1] [35] [36] [43] [44].
For example, Dan’s granite crushed stone can be used for both sub-base and base
courses.

The relative linear swelling of this material, at 0.068%, is less than 0.5%. As a
result, the material is not very sensitive to water and will exhibit very good volu-
metric behavior under prolonged humidity conditions [45]. It can be used as a

base course, as its linear swelling is less than 1% [35] [43].

3.1.9. Direct Shear Test [23]

Table 10 gives the average values for dry density and optimum moisture content
for Dan’s granite crushed stone (all-material) and for the graded material before
and after the shear test. These values are determined to specify the test condi-

tions.

Table 10. Water content and dry density values on material at different stages.

Material type Test N1 N"2 N3
(%) 6.20 6.40 6.8
All materials
o (KN/m?) 2.37 2.24 2.19
(%) 5.42 6.76 6.34
Calibrated material

Y@ (kN/m?) 1.86 1.87 1.92
Material after shear test (%) 16.32 14.58 14.65

The values obtained enable us to plot tangential stress as a function of displace-
ment (Figures 13(a)-(c)), and shear stress as a function of normal stress (Figures

14(a)-(c)).
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Figure 13. Shear stress vs. displacement curves. (a): Sample N°1; (b): Sample N*2; (c): Sam-
ple N°3.
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Figure 14. Shear stress vs. normal stress curve.

By identification, the equations of the straight line derived from the tests (Fig-
ure 14) gave the values of c and were recorded in Table 11.

Table 11. Shear characteristics of Dan granite crushed stone.

Designation ¢ (kPa) *)
Sample 1 0.90 29.10
Sample 2 0.30 33.60
Sample 3 1.10 33.00

Mean 0.77 31.90
Standard deviation 0.42 2.44
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Analysis of Figure 13 shows that shear stress evolves with increasing applied
load, whatever the normal load applied.

Figure 14 shows that tangential stress evolves in the same direction as normal
stress. The slope reflecting this increase is of the order of 0.60. The equation of the
Coulomb line typical of a shear test is of the form:

T=c+otang (29)

where 7is shear stress, ¢ cohesion, onormal stress and @ angle of internal friction
[23].
Table 11 shows that the angle of internal friction of Dan’s granite crushed stone

is 31.90°, compared with 0.77 kPa for internal cohesion.

3.1.10. Oedometric Test [25]
The results of the odometer test were used to draw the following odometer curves

(Figure 15):
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Figure 15. Oedometric compressibility curve at 95% OPM.

Table 12 shows the parameters derived from the odometer test and the corre-

sponding curve (Figure 15).

Table 12. Average results of oedometer test carried out on granite crushed Dan specimens.

N° = oy (kPa) o G ya (g/cm?®)
Test 1 0.518 29.000 0.098 0.011 1.860
Test 2 0.420 22.00 0.0046 0.007 1.954
Test 3 0.551 27.000 0.087 0.006 1.811
Mean 0.496 28.000 0.093 0.008 1.875
Standard deviation 0.068 1.414 0.008 0.003 0.073

Analysis of Table 12 shows that the void index is 0.496, while the pre-consoli-
dation stress is 28 kPa with a density of 1.875 g/m®. Furthermore, the coefficient
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of compressibility is 0.093 while the coefficient of swelling is 0.008. It can be de-
duced that the material is not very compressible and does not swell [25].
Evaluation of the ratio shows that Dan’s granitic crushed stone has low com-
pressibility [46]. This may be due to its low fine particle content of 6.66%.
Also, the oedometric modulus evaluated is 295.248 MPa.

3.2. Modeling Hypoelastic Behavior

3.2.1. Development and Validation of Numerical Models

Successive iterations, based on the equation system, led to the determination of
the optimal value of the Hardin Drnevich numerical model parameters. These
values are presented in Table 13 below. They concern normal stress, shear mod-

ulus and shear stress.

Table 13. Summary of optimum values for parameters Gmaxand T(max).

Normal stress (kPa) 50 100 200 400
Parameters Gimax Tinax Gimax ~ Tmax  Gimax Tmax Gimax Tmax
Sample 1 16.650 48.128 53.212 66.923 91.027 153.629 124.331 346.826
Sample 2 9.066 149.686 78.988 74.261 81.210 200.379 220.975 352.407
Mean (kPa) 12.858 98.907 66.100 70.592 86.119 177.004 172.653 349.616
=< = _ Y
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Figure 16. (a) Shear stress as a function of strain on Dan granite crushed stone (sample 1); (b) Shear stress as
a function of strain on Dan granite crushed stone (sample 2).

Figure 16(a) and Figure 16(b) below show the Hardin and Drnevich hyper-
bolic behavior curves for Dan’s granitic crushed stone.

It can be seen that the stress-strain curves of the model are very close to those
of the observations. This means that the model fits the observations well.

The fit between the observations and the model is reflected by the coefficient of
determination of each of the curves (Figure 16(a) and Figure 16(b)). Table 14

shows the different values of the calculated coefficient of determination.

Table 14. Calculated coefficient of determination values.

Normal stress (kPa) 50 100 200 400
Sample 1 99.50 99.39 99.82 99.67
R* (%)
Sample 2 99.03 99.60 99.49 99.56

According to Table 14, the coefficients of determination of the model accord-
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ing to the different compaction energies are close to 100% (ranging from 99.03 to
99.82%). This clearly shows that the Hardin and Drnevich model is adequate [1]
(2] [27] [31].

3.2.2. Determination of Poisson’s Ratio and Young’'s Modulus
Table 15 below gives the Poisson’s ratios and Young’s moduli derived respectively
from Equations (24)-(27) and Equation (24) or Equation (25).

Table 15. Poisson’s ratio and Young’s modulus values for Dan granite crushed rock.

Normal stresses Om) (kPa) 50 100 200 400

Maximum shear modulus Ginax (kPa) 12.858  66.100 86.119  172.653
Poisson’s ratio v 0.477 0.356 0.294 0.204

Young’s modulus (MPa) E 37.988 179.233  222.893 274.808

Analysis of Table 15 shows that the shear modulus varies from 12.858 kPa to
172.653 kPa and the Poisson’s ratio varies from 0.477 to 0.204, while Young’s
modulus varies from 37.988 MPa to 274.808 MPa. Poisson’s ratio decreases with
increasing normal stress. In addition, shear modulus and Young’s modulus in-

crease with normal stress at different load applications.

3.3. Discussion

Analysis of the data in Table 16 shows that the material contains little water, as
its average water content of 3.5% is less than 4%. According to standard NF P 94-

093 [47], this material is suitable for compaction.

Table 16. Summary of geotechnical characteristics of granitic crushed stone with respect
to CEBTP 1984 thresholds, revised 2019.

Values for granite CEBTP 1984 revised 2019 thresholds

Characteristics
crushed rock Foundation layer Base layer
Percentage passing 80 pm
ievi ) Chas 6.66

Dry density OPM (t/m?) 2.26 1.8 -2.00 2.0

Linear swelling index (%) 0.07 1.00 1.00
CBR index at 95% OPM (%) 96.29 30 80
Organic matter content (%) 0.14 <1% <1%

Methylene blue value (%) 0.16 0.2-8.0 0.2-8.0
Optimum water content (%) 6.66 7% and <13% 7% and <13%

Table 17 shows the result of the analysis of the characteristics of crushed granite
for its use in the foundation layer according to CBTP 1984 amended 2019.
According to Table 17 above, Dan’s granite crushed meets all the criteria for

use as a base course for flexible pavements [35] [36] [43] [44].
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Table 17. Verification of granite crushed parameters at subgrade thresholds.

Values for Thresholds CEBTP1984 revised 2019

Characteristics .
granite crushed  Eoundation layer Conformity
Percentase passing 80 um 6.66 Yes
sieve (%)
Dry density OPM (t/m?®) 2.26 1.8 -2.00 Yes
Linear swelling index (%) 0.07 1.00 Yes
CBR index at 95% OPM (%) 96.29 30 Yes
Organic matter content (%) 0.14 <1% Yes
Methylene blue value (%) 0.16 0.2-8.0 Yes
Optimum water content (%) 6.66 7% and < 13% Yes

Similarly, Table 18 shows the result of the analysis of the characteristics of
crushed granite for its use in the foundation layer according to CBTP 1984 amended
2019.

Table 18. Verification of granite crushed parameters at base course thresholds.

Values for Thresholds CEBTP1984 revised 2019

Characteristics .
granite crushed Base course Compliance
Percentage passing 80 um 6.66 Yes
sieve (%)
Dry density OPM (t/m?) 2.26 2.0 Yes
Linear swelling index (%) 0.07 1.00 Yes
CBR index at 95% OPM (%) 96.29 80 Yes
Organic matter content (%) 0.14 <1% Yes
Methylene blue value (%) 0.16 0.2-8.0 Yes
Optimum water content (%) 6.66 7% and <13% Yes

According to Table 18, Dan’s granite crushed meets all the criteria for use as a
base course for flexible pavements [35] [36] [43] [44]. In addition, it can be used
as a reinforcement material to improve the characteristics of other materials with
poor qualities [1] [35] [43].

4. Conclusions

The aim of this study was to determine the geotechnical characteristics of Dan
granite crushed stone for use in road construction. Based on normative tests and
in accordance with the CEBTP 1984 criteria modified in 2019, it has been shown
that granite crushed Dan can be used in road construction, whatever the pavement
layer. Dan granite crushed aggregate 0/31.5 has a dry density of 2.26 t/m® and a
CBR index of 96.29% at 95% OPM. Based on direct shear tests, odometry and the

Hardin Drnevich numerical model, this study determined the value of the fish
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coefficient, which varies from 0.477 to 0.204.

Using the same approach, the values of the shear modulus (12.858 kPa; 66.100

kPa; 86.119 kPa; 172.653 kPa) and Young’s modulus (37.988 kPa; 179.233 kPa;
222.893 kPa; 274.808 kPa) are respectively for an applied normal stress of 50 kPa,
100 kPa, 200 kPa, and 400 kPa.

The methodology used is a simple, original approach to calculating and esti-

mating the values of certain parameters on road materials, initially taken by de-

fault in the absence of suitable equipment.
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