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Abstract

This document presents a study of the behaviour of a pavement structure on
compressible soil and the evaluation of its durability. The objective of this
study is to highlight the impact of taking into account the non-linear elastic
behaviour of soils and granular materials in the design process. To this end, a
numerical modelling of the pavement of the beau-rivage-Djassin crossroads
section in Porto-Novo was carried out, based on a compressible soil whose
behaviour will be considered elastoplastic. The subgrade soil on the section is
made up of several sub-layers. The layer of soft, highly plastic clay was modelled
according to a modified Cam Clay behaviour, a model of swelling clay soils.
The fine sand layer and the granular layers of the structure are modelled ac-
cording to Mohr-Coulomb behaviour. The loading is considered to be un-
iformly distributed according to the assumptions of the Burmister model in
the French standard. A first verification with ALIZE allowed to validate the
structure on the basis of the rutting deformation at the head of the platform &,
= 359.6*10°° which remains lower than the admissible deformation &,,,, =
360*107°. The numerical calculation was carried out using the finite element
method, the code of which is implemented under the PLAXIS v21 software. A
comparative study with the results of the ALIZE design revealed that the nu-
merically calculated strains &, = 585%107° are higher than those of ALIZE.
These numerical strains, which are higher than the elastic strains, do not meet
the validation criteria that the strains under loading must remain below the
allowable strains. An evaluation of the pavement durability was carried out
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and it was found that the pavement would only last under traffic for 3 years
before the first fatigue deformations appeared.

Keywords

MEF, Elastoplastic Behaviour, Modified Cam Clay, Mohr Coulomb, PLAXIS,
ALIZE

1. Introduction

The evolution of inter-state and inter-provincial trade has led to a considerable
increase in road infrastructure. In France, there was an 11.2% increase in the
number of kilometers of roads built between 1999 and 2019 [1]. In Benin, in or-
der to facilitate exchanges between different parts of the country, the government
has launched a series of 45 major road projects since 2016, which are still un-
derway [2]. In addition, the government’s 2021 action program (PAG) provides
for many other road projects to revolutionize the movement of people and goods
in the Republic of Benin [3]. Given the importance of roads, it is therefore im-
portant that they are built with care and efficiency to ensure durability and com-
fort.

The construction of a road structure requires the mastery of the geotechnical
characteristics of the soil on which the pavement structure will have to rest in
order to avoid premature failure of the structure [4]. Indeed, the soils cannot
withstand the pressures induced by vehicle tires without damage. Whether they
are slightly or highly compressible, the passage of tires compresses the soil and
ruts appear, which become residual loads with repetition. These residual defor-
mations reflect the elastoplastic nature of soils and granular materials [5]. In a
pavement structure, the layers are made up of different types of materials with
different behaviors, which makes the structural system a complex whole. The
contribution of the layers to the total strength of the structure is therefore com-
plicated and difficult to define. As the total function of the structure is defined
by the combined response of the layers to traffic loading, it is therefore impor-
tant that the characteristics and behaviour of each soil material, including the
soil, are taken into account with maximum accuracy in the design process [6].
However, the existing mechanistic-empirical pavement design methods work
with calculation assumptions that are far away from the actual behaviour of the
materials. Yet, for soil as well as for granular materials, it is generally accepted
(even before failure) that the behaviour is not linear elastic, contrary to the con-
siderations made by design software such as Alize [7].

In order to highlight and evaluate the impact of taking into account the
non-linear behaviour of soils and granular materials in the design of roads and
engineering structures, several studies have already focused on modelling their

behaviour. Adel Djellali [8] studied the behaviour of flexible pavements on a
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swelling support. The study was carried out on an Algerian flexible pavement.
The results showed that the combination of the Mohr-Coulomb model in the
pavement body and the soft soil model for the supporting soil gives a good stress
distribution when compared to the cracking evaluated on the pavement and on
the shoulder. The choice of soil behaviour model severely affects the stress distri-
butions, and it extends to the resilient deformations. The same author in his the-
sis [9] carried out the modelling of pavements on expansive soils. Flemond Dolin
[10] carried out thermomechanical modelling of flexible pavements with applica-
tion to the prediction of rutting of the subgrade treated with local plant binders.
Schmitt [11] carried out a study to take into account the non-linearity of the be-
haviour of soils subjected to small deformations for the calculation of geotech-
nical structures. Ijel [12] analyzed the non-linear behaviour of soils using
hyperbolic laws. The influence of non-linearities of soil behaviour on the design
of underground structures is analyzed through an example. Rizi [13] in a study
of the behaviour of soils and granular materials, a numerical modelling of the
triaxial test on an analogue material was carried out. Khemissa [14] studied the
behaviour of fine soils under homogeneous stresses. This work deals with the
modelling of the behaviour of soft clays and soft clayey rocks under homogene-
ous loads. Castonguay [15] carried out an evaluation of the NorSand-aUL law,
an improved behavioral law for modelling sands under static and cyclic loading.
These studies, although similar to the present one in the sense that they ana-
lyze the deformation of elastoplastic soils under loading, have not been able to
present the real impact of this deformation on the modelled structures: it is the
durability of these structures. Thus, the present study highlights the impact of
taking into account the linear inelastic behaviour of the soil and granular mate-
rials in the design of the pavement structure of the beau-rivage-Djassin cros-
sroads section resting on a compressible clay soil. This study involves numerical
modelling of the structure and the supporting soil. The objective is firstly a
comparative study of the numerical deformations with the solicitations calcu-
lated under the assumption of elastic deformation, then an evaluation of the du-

rability of the pavement based on the calculated numerical deformations.

2. Materials and Methods
2.1. Study Area

The section of road to be developed crosses a swampy area with very compressi-
ble soil between KP 0 + 850 and KP 1 + 275. It will be built next to an existing
platform. The following Figure 1 shows its location.

The geotechnical campaign carried out (core drillings) revealed that the soil in
this area is predominantly clay, which made the pressure meter drillings very
difficult.

2.2. Materials

The foundation soil on which the structure rests is a multi-layered mass consisting
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Google Earth

Figure 1. Google earth location of the study area.

of a sub-layer of soft compressible clay encountered from 6 m to 22 m depth.
This is topped by a sub-layer of fine sand from 6 m to 1 m depth as it rises to the
surface. A surface layer of 1 m of fill lies on top of the other two layers.

The structure implemented on this soil is flexible and consists of a subgrade of
lateritic gravel (GL) topped by a sub-base of cement-enhanced moistened re-
constituted gravel (GRH-A). The base course is made of bitumen gravel (GB)
and the surface of bituminous concrete (BB).

Reconstituted gravel is obtained by mixing three granular classes of crushed
stone. The mixture consists of 48% 0/5 crushed sand, 20% 5/10 crushed sand
and 32% 10/20 crushed sand.

The following Figure 2 shows a sample of lateritic gravel.

The complete soil and structure profile considered in the modelling is pro-
vided in Table 1. The table provides information on the thickness of the layers

and the behavioral modes considered for each layer.

2.3. Laboratory Tests

A set of standard characterization tests were conducted on the lateritic gravel,

the soil support and the crushed gravel that was used in the improved material.

These tests include sieve analysis, Atterberg limits, direct box shear, oedometer

test and compression test.

- DParticle size analysis after washing: The test to determine the grain distri-
bution of a sample was carried out on a sieve range of 40 mm to 80 um.

- Atterberg limits: This test for liquidity and plasticity limits was carried out
on the passing of a 400 um sieve soil sample.

- Direct box shear: This is the test for obtaining the angle of friction and co-
hesion of granular materials.

- The oedometric test: It reproduces the conditions of deformation of the soil
in the case of a massif with a horizontal surface loaded by a uniform pressure
and where the soil can only move vertically.

- The OPM test: The Modified Proctor Optimum is used to find the Proctor
compaction characteristics, Ze. the optimum moisture content and the maxi-
mum dry density of a material. These characteristics are also essential for the
CBR test.
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Figure 2. Lateritic gravel sample.

Table 1. Soil and structure profile.

Material Mode of behavior Thickness (cm)

Surface BB Elastic 6
Base GB Elastic 10
Foundation GRH-A Elastic 20
Form GL Mohr Coulomb 20

Backfill Mohr Coulomb 100

Soil foundation Fine sand Mohr Coulomb 500

Soft clay Cam Clay Modified 1600

- The CBR test: The Californian Bearing Ratio is a quantity used to character-
ize a soil or a material developed as a support or constituent of a pavement
structure. For this study, the CBR index was carried out after immersion. It is
used to characterize the bearing capacity of the material (Ze. the load it can
support without breaking), but also to measure the suitability of a pavement
in the event of heavy rain. The CBR index is a dimensionless number ex-
pressing in percentage terms the ratio between the pressures producing a
given amount of sinking in the material studied on the one hand and in a
reference material on the other. This index is also used to estimate the mod-
ulus of granular or improved materials by means of an empirical formula in
the pavement design guide for tropical countries of the Centre d’Essais du
Batiment et Travaux Publics (CEBTP) [16].

- Compression test: This test is particularly performed on improved mois-
tened reconstituted gravel specimens and allows to evaluate their compressive
strength.

The following Figure 3 shows the course of a compression test on GRHA.

Table 2 below provides a summary of the characteristics of the supporting
soil.

In addition, the test results were used to classify the materials based on the
criteria of the GTR [17]. The value of the Ip and the grading of the clayey subsoil
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Figure 3. Compression test on GRH-A.

Table 2. Characteristics of the supporting soil.

Features Values
Passing 80 um (%) 85
Plasticity Ip 75
Drained cohesion Cu (KN/m?) 40
Friction angle gu (*) 0
Compression index C,. 1.2
Recompression index C, 0.24
Cam Clay’s compression index 1 0.140
Cam Clay swelling index k& 0.028
Expansion angle y () 0

allows it to be considered as a class A4 material, which is the class of very plastic
clays and marly clays. These parameters also make it possible to classify the late-
ritic gravels as being of class B4, which is the class of gravels with little clay. The
crushed materials found in Benin are of volcanic or magmatic origin (granites,
basalts, etc.), so the GRH will be recognised as being of class R6.

Table 3 below shows the characteristics of the fine sand, fill and lateritic gra-
vel modelled using a Mohr Coulomb model.

The following Table 4 shows the characteristics of bituminous and improved

materials that are considered elastic.

2.4. Additional Calculation Data

The average annual daily traffic is 533 trucks. A geometric growth rate of 4% is

considered. The design is based on a 20-year life span of the road.

2.5. Calculation Tools

The calculation software used is ALIZE and PLAXIS. ALIZE is used to carry out
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Table 3. Mohr Coulomb characteristics.

Fine sand Backfill GL

Young’s modulus E (MPa) 50 75 150

Poisson’s ratio v 0.35 0.35 0.35
Cohesion C (KN/m?) 3 5 5
Friction angle ¢ (*) 32 35 28
Expansion angle  (°) 0 0 0

Table 4. Elastic characteristics.

GRH-A GB BB

Young’s modulus E (MPa) 1325 2700 1300

Poisson’s ratio v 0.35 0.35 0.35

the design assuming elastic deformation of all layers. The research version is the
one used. For the numerical modelling taking into account the behaviour modes
listed in Table 1, PLAXIS version v21 is used.

3. Results
3.1. Laboratory Test Results

The particle size distributions of the subsoil, lateritic gravel and crushed stone
are shown in the following Figures 4-6 respectively.

It is noted that 85% of the soil passes through the 80 micron sieve, which con-
firms the very fine nature of the foundation soil.

The grading curve shows that the lateritic gravel used for the subgrade has a
low proportion of fines. Referring to the French standard on the classification of
materials in road construction [18] a percentage of 31% passing the 2 mm sieve
makes it possible to assess the material as gravelly; this also confirms its nature.
It is also noted that 11% of the material passes the 80 micron sieve, which con-
firms that lateritic gravels are poor in fines, in accordance with the standard.

Furthermore, Figure 6 shows that the grading curve of the crushed materials
falls within the range specified by the guide to pavement design for tropical
countries of the Centre d’Essais du Batiment et Travaux Publics (CEBTP). This
shows the conformity of the reconstituted gravel for use as a subbase.

The following Figure 7 from the Atterberg limit test of lateritic gravels shows
the number of blows causing the closure of the slot in the Casagrande apparatus
test.

At the end of the test, a plasticity index of 16 and a liquidity limit of 45 were
found. A comparison of the PI and the liquidity limit with the Casagrande curve
of the French classification guide allows the gravels to be judged as slightly plas-
tic clay.
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Figure 4. Particle size distribution of soil support.
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Figure 6. GRH particle size curve.
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Figure 7. Graph of the casagrande box test.

The following Figure 8 and Figure 9 show the OPM test graphs for lateritic
gravel and moistened reconstituted gravel.

The maximum dry density at the end of the test is 2.08 t/m’ and the optimum
moisture content is 11.2%.

At the end of the test, the maximum dry density is 2.19 t/m’ and the optimum
moisture content is 7%.

The compaction characteristics determined for both materials allowed the
CBR test to be carried out.

The following Figure 10 and Figure 11 show the stress-strain curves for late-
ritic and reconstructed gravel in the CBR test.

The CBR value for lateritic gravel at 95% OPM after immersion at 96 hours is
60.

The CBR value for GRH at 95% OPM after immersion at 96 hours is 265.

3.2. Elastic Sizing ALIZE

The ALIZE design results show that the structure is verified at all layers. The ve-
rification is done on the value of rutting deformation ¢, at the surface of the soft
layers and the subgrade; and on the value of tensile deformation at the base ¢, of
the bituminous layers.

The following Table 5 shows the values of these deformations and the verifi-
cation.

The table shows that the calculated values under standard 13t axle loading are

well below the permissible values.

3.3. Digital Modelling

For the numerical modelling, the behaviour of all inelastic layers is drained due
to the installation of vertical drains to drain the soil. The water table is assumed
to be located 1 m from the subgrade surface. The load of 0.662 MPa is uniformly

distributed over the cross-section of the structure. The calculation is done in two
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Stress-strain curve
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Figure 10. Stress-strain curve CBR lateritic gravel.
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Figure 11. CBR stress-strain curve for GRH.

Table 5. ALIZE verification.

£ £, Permissible values
BB 36.4 - 142
GB 76.9 - 117.6
GHR-A - 201.5 360
GL - 337.8 360
Plateform - 359.6 360

phases. A first phase of initialization of the stresses by deactivating the loading
and a second phase of activation of the loading. The duration of the calculation
is 7300 days, ie. 20 years, in order to appreciate the evolution of the displace-
ments in time.

The following Figure 12 shows the displacement curve over time at the plat-
form interface.

The maximum displacement is 1.113 m.

The following Figure 13 shows the vertical deformations in the structure.

The maximum vertical rutting deformation at the head of the platform is
identified at node 4645 of the global mesh and is 585 x 107°.

3.4. Discussion

A comparison of the results of the numerical calculation with previous works
shows that the calculated deformation is lower than the deformations found by
Djellali in 2018 in his modelling study of pavement on expansive soil in the re-
gion of Tébessa in Algeria [9]. Its deformations, which are estimated at 2154 x
107%, are calculated on a soil which is however 2 times less swelling than the soil
studied in this study (1 = 0.086 compared to A = 0.140 in our case). This surge in
deformation is therefore probably due to the absence of an embankment be-
tween the structure and the supporting soil, which is on the surface in their case.
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Figure 12. Numerically calculated displacements.
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Figure 13. Numerically calculated deformations.

Another probable reason would be the absence of drainage of the compressible

soil in their study.
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The calculated settlement is of the same order as the settlement found by
AKOU in his study on the numerical modelling of a reduced model of an em-
bankment on soft clay [19]. Its interpolated displacement at 1.06 m over a period
of 20 years is calculated on a soft clay that is more compressible than that of this
study (1 = 0.217 compared to A = 0.140 in our case). The calculation tool used,
which is CESAR LCPC, could justify this displacement value despite the com-
pressibility of the clay soil.

3.5. Comparative Study

The following Table 6 shows a comparison of the deformations of the Alize cal-
culation and the numerical calculation at the level of the pavement platform.

The comparative strain values are taken at the platform surface as required by
the verification criteria of the French standard. It can be seen that the deforma-
tions calculated by the numerical modelling are higher than the deformations
calculated with Alize. In addition, the verification of the deformations with re-
spect to the permissible deformations is not respected. Based on this value of
deformation, it is not obvious that the structure ensures the expected trafficabil-

ity and comfort over the design period.

3.6. Sustainability Assessment

By varying the cumulative number of trucks under the same conditions of traffic
and aggressiveness, it was possible to determine the cumulative number of trucks
that would correspond to the numerical deformation if this were the permissible
deformation (verification hypothesis of the numerical structure).

Table 7 shows the method for calculating the cumulative heavy goods vehicle
traffic corresponding to the numerical deformation by interpolation.

The cumulative number of heavy goods vehicles is in the following range:

A linear interpolation allows to write:

Np, —600000 750000 - 600000
585-595.5  566.8—595.5

(585~ 595.5) (750000~ 600000)

) 566.8—595.5 |

N,, ~ 654878

600?

NPL

It is therefore the accumulated heavy vehicle traffic that would have allowed
the structure to be checked on the basis of the deformation resulting from the
numerical calculation. Using the ALIZE software, an inverse calculation consi-
dering the previously calculated cumulative number of heavy goods vehicles, the
geometric progression and the daily traffic allows to find the following number
of years:

n=3.2ans

n~3ans
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Table 6. Comparison of deformations.

Deformations (10~%) Permissible values (107%)
ALIZE 359.6 360
PLAXIS 585 360

Table 7. Sustainability assessment.

Deformations (107) Cumulative number of heavy goods vehicles
666.8 750,000
585 N
595.5 600,000

The following Figure 14 shows the table for calculating the number of years

corresponding to the cumulative heavy goods traffic in ALIZE software.

— Trafic PL cumulé : données

¥ Moyenne journaliére annuelle (MJA) : 533

v Taux accroissement géométrique (%) : 4

[T Taux accroissement arithmétique (%) : 407

[T Durée de service (années): 3,2

|v  Trafic cumulé PL : 654 878|
Cocher au plus 3 cases

Figure 14. ALIZE sustainability calculation.

The deformation calculated by numerical modelling allows the structure to
withstand the least amount of deformation for 3 years of traffic, taking into ac-
count the average annual daily traffic and the geometric progression rate. How-
ever, this period does not correspond to the ruin of the structure but rather to
the appearance of the first rutting deformations which could make the pavement
impassable or uncomfortable during the rest of its life. The structure therefore

does not take the traffic loads for the 20 years foreseen but rather for 3 years.

4. Conclusion

The objective was firstly to compare the numerical deformations obtained from
PLAXIS with the calculated stresses under the assumption of elastic deforma-
tion, and then to evaluate the durability of the pavement based on the calculated
numerical deformations.

An initial verification of the structure was carried out according to the French
dimensioning standard NF P 94-086. At the end of this verification, it was found
that the structure was accepted in accordance with the French standard.

Next, numerical modelling was carried out on the same structure using the fi-
nite element method implemented under the PLAXIS software. This numerical
modelling made it possible to calculate the displacements and deformations in
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the structure at the interface of the platform. The results of this numerical mod-

elling allowed us to make the following conclusions:

o

A structure can be verified following ALIZE design but not necessarily when
considering the plastic deformation of soils and granular materials.

An estimate of the durability of the pavement under study by taking into ac-
count the rutting deformation at the platform interface by numerical calcula-
tion reveals that the structure in question will only be able to withstand traf-
fic for 3 years before the first fatigue deformations appear. This durability
assessment allows the structure to be optimized to meet the life expectancy

requirements.

In order to increase the service life of the analyzed structure, it is recom-

mended to carry out an optimization study by varying the subgrade material ac-

cording to the requirements of the supporting soil and by varying its thickness.
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