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Abstract

The study of the deflection due to the passage of an axle on a pavement
structure has the advantage to make possible to pronounce on the portance,
the rigidity and the homogeneity of this one. In the case where the allowed
axle load is not respected, surface deflection leads to premature deterioration
of the roadway. In order to study the evolution of these deformations, deflec-
tion measurements were made by using the Benkelman method in the Fa-
tick-Kaolack road in Senegal by varying the axle load with the following val-
ues: 10, 13 and 16 tons on three different zones. The results show a linear
evolution of the deflection as a function of the axle load. Also, the impact of
truck overloading was studied by considering different values of the axle load
with comparison to the allowed axle load by using frequent types of vehicle. A
numerical simulation of the Cast3M pavement was done first, in the case of
an isolated single wheel with a radius of 12.5 cm, then in the case of an equiv-
alent dual wheel with a radius of 18.1 cm for loads of 10 to 19 tons. In the
same way, the pavement design software (ALIZE) is used to analyse the varia-
tion of the axle load. The results show a linear evolution of the deflection,
which corroborates the measurements made in the field and those obtained
by Samb (2014) with a slope coefficient equal to 1.7. Nevertheless, the case of
an isolated single wheel of 12.5 cm radius is closest to the measurements with
a straight line of slope coefficient equal to 1.9.
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Deflection, Axle, Overload, Truck Overloading, Cast3M, ALIZE, FEM,
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1. Introduction

The prediction of road degradation is one of the most important points for road
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pavement design. According to Cruse and Skoke (1968) [1], the variations of
pavement strength throughout the year have been studied with the Benkelman
beam each year since 1964. Studies of this relationship were reported by the Ca-
nadian Good Road Association (CGRA) and from the AASHO Road Test (1962)
[2]. Considering these reports and the theoretical relationships developed from
Boussinesq and Two-layer Elastic systems, it was decided that assuming a
straight line relationship between loads and deflections would be satisfactory. In
Senegal, the rehabilitation of roads initially built for a 15-year life span was a
necessity. This is the case of the Fatick-Kaolack section of the Dakar-Bamako
corridor, which in 2005, only one year after it was commissioned, exhibited de-
gradations of varying intensity and magnitude that affected the entire road. For
this purpose, one of the causes of this rapid deterioration seems to be related to
the phenomenon of axle overload. Therefore, the prediction of the effect of
Truck overloading and the evaluation of the deflections involved is an important
issue as they can allow improving pavement design methods. This paper aims to
study the evolution of the deflection as a function of the axle load. Therefore,
deflection measurements were conducted on the newly constructed Fa-
tick-Kaolack pavement by varying the axle load of 10, 13 and 16 tons and then
comparisons were made with the results of the FEM of flexible lateritic pave-
ment and truck overloading analysis (Samb, 2014 [3]; Samb, 2015 [4]) with con-
sideration to the equivalent section the software Cast3M and the results obtained
by the rational method with the Alizé Software. It is to note that correlations

were to be made with the extreme overload recorded on the weighing stations.

2. Materials and Method

The principle of the point deflection measurement consists in reproducing the
solicitation of the roadway due to the passage of a heavy vehicle and in measur-
ing the reaction of the roadway. There are different devices for measuring the
surface deflection: displacement sensor, measuring beam, deflectograph, incli-
nometer systems, Curviameter, ball deflectometer. The apparatus used to per-
form the deflection measurements is the Benkelman beam (NF P 98-200-2, 1992
[5]). The Benkelman beam is a deflection-measuring device developed in 1953
by A.C. Benkelman of the Bureau of Public Roads. This device was introduced
during the WASHO road test (1954 [6], 1955 [7]). The Benkelman beam meas-
ures at a given point of the roadway the deflection caused by a wheel load. Mea-
surements are carried out in an ad hoc manner on thick flexible and bituminous
roads. The Benkelman beam comprises a reference beam provided with two
fixed supports and an adjustable support. A measuring beam freely pivots
around a transverse axis integral with the beam, a comparator which is fixed to
the measuring beam, and an electromagnetic vibrator (Figure 1). The measure-
ment consists of fixing or laying at the point of the roadway to be measured a
sensor intended to measure a vertical displacement at this point. The sensor is

gradually approaching a rolling load which, at a given moment, passes in the
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immediate vicinity of the latter and then moves away from it. The moving load
induces a deflection basin. The area of this area and its depth (amplitude) de-
pends on the type and condition of the structure and the value of the load. The
maximum value of the measured displacement is called maximum deflection (in
1/100 mm). The measurement step, which must be adapted to the visual hetero-
geneity of the roadway, must be less than or equal to 50 m. In practice in Seneg-
al, it is often done a test on the beam every 50 m staggered (axis, right, left).
When a heavy goods vehicle is traveling on a roadway, it causes occasional ver-
tical movements on the different layers of the roadway (NFP 98 200-1, 1991 [8]).
The deflection is defined in unit length, in practice it is measured in microme-
ters. Figure 2 shows a deflection basin can be represented as the area between
the roadway to its initial state and the deflection curve induced by a load (ve-
hicles).

Measurements were made under an axle load of 10, 13 and 16 tons over a li-
near one kilometer (PK21 + 500 to PK22 + 500) cut into three zones. In each
zone, seven measurements of fifty meters apart were made in staggered rows
(Figure 3). The results have been subdivided into “homogeneous” sections with
calculation of mean, standard deviation and characteristic d,, deflection by zone.
The pavement structure on which the deflection measurements were made is

shown in Figure 4.
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Figure 1. Schematic diagram of the Benkelman beam (L.N.T.P., 2007 [9]).
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Figure 2. Mechanism of degradation by the traffic (DLC, 1998 [10]).
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Figure 3. Distribution of staggered measurements on a section of 350 m.

Figure 4. Fatick-Kaolack road section.

3. Results and Discussion

3.1. Results of Deflection Measurement by Benkelman Beam
Method and Determination of the Characteristic Deflection

The results of the deflection measurements from the Fatick-Kaolack road with
modulation of the axle load of 10, 13 and 16 tons are given in Table 1.

The results showed that the values read on the beam in the case of the load of
10 tons to the axle vary between 7 and 16. They are maximum on the sides and
minimum on the axis. In the same way it is found that the values read on the
beam in the case of the loading of 13 and 16 tons to the axle vary respectively
between 5 to 19 and 4 to 24. They are maximum on the sides and minimum on
the axis. Therefore, the deflection seems to increase as a function of the axle
load.

The characteristic deflection of the homogeneous zone is the arithmetic mean
of individual value, to which is added the standard deviation of the distribution
of values multiplied by a coefficient (K for example). The representative deflec-

tion will have the value d,, at which 10 percent of the results are considered
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Table 1. Results of deflection measurements from PK21 + 050 to PK22 + 050 with load variation.

PK

PK21 + 050

PK21 + 100

PK21 + 150

PK21 + 200

PK21 + 250

PK21 + 300

PK21 + 350

PK21 + 400

PK21 + 450

PK21 + 500

PK21 + 550

PK21 + 600

PK21 + 650

PK21 + 700

PK21 + 750

PK21 + 800

PK21 + 850

PK21 + 900

PK21 + 950

PK22 + 000

PK22 + 050

10 tons

Position

right
axis
left
right
axis
left
right
axis
left
right
axis
left
right
axis
left
right
axis
left
right
axis

left

13 tons 16 tons
Readed value " Readed value . Readed value
(1/100 mm) PR Fosition 11100 mm) FK Fosition /100 mm)
15 PK21 + 050 right 17 PK21 + 050 right 15
8 PK21 + 100 axis 10 PK21 + 100 axis 10
15 PK21 + 150 left 15 PK21 + 150 left 24
15 PK21 + 200 right 19 PK21 + 200 right 15
3 PK21 + 250 axis 6 PK21 + 250 axis 7
10 PK21 + 300 left 13 PK21 + 300 left 15
9 PK21 + 350 right 11 PK21 + 350 right 8
6 PK21 + 400 axis 2 PK21 + 400 axis 11
7 PK21 + 450 left 12 PK21 + 450 left 14
15 PK21 + 500 right 15 PK21 + 500 right 13
7 PK21 + 550 axis 6 PK21 + 550 axis 9
7 PK21 + 600 left 14 PK21 + 600 left 20
10 PK21 + 650 right 12 PK21 + 650 right 7
6 PK21 + 700 axis 8 PK21 + 700 axis 12
9 PK21 + 750 left 5 PK21 + 750 left 16
12 PK21 + 800 right 8 PK21 + 800 right 4
7 PK21 + 850 axis 9 PK21 + 850 axis 10
16 PK21 + 900 left 18 PK21 + 900 left 20
12 PK21 + 950 right 10 PK21 + 950 right 13
8 PK22 + 000 axis 6 PK22 + 000 axis 9
8 PK22 + 050 left 9 PK22 + 050 left 16

superior. And for the calculations, the formula used is given by the following re-
lation (Bolivar Lobo Carneiro, 1966 [11]):

diy =d, +13%c

where d,, is the average deflection and o is the standard deviation.

Figure 5 represents the evolution of the deflection of the three zones as a
function of the axle load. Also, Table 2 gives the slope and correlation coeffi-
cient.

It can be seen that deflection increases with the increase of the axle load, and
the trend of these curves shows a linear evolution with slope coefficients of
straight lines equal to 1.7. However, the variation of the deflection is not regular,
which is why in zone 3 there is a slight increase of the deflection between 10 tons
and 13 tons, then a sharp increase for 16 tons, hence the coefficient of determina-

tion R*is equal to 0.8033. The latter determines how well the regression equation is
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Figure 5. Evolution of the deflection with the axle load.

Table 2. Summary of slope and correlation coefficients.

Number of Location Location Slope coefficient Correlation coefficient
Zone 1 Left 1.7694 0.9903
Zone 2 Axis 1.7236 0.9631
Zone 3 Right 1.7013 0.8033

adapted to describe the distribution of points. For Zone 3, the line does not ex-
actly describe the distribution of the measurements. This could be explained by a

lack of implementation of the materials in this zone.

3.2. Simulation with the Finite Element Software Cast3M

Cast3M is a finite element calculation software for the mechanics of structures
and fluids. It is a high-level instrument that can be used as a support for the de-
sign, sizing and analysis of structures and components. With this in mind,
Cast3M integrates not only the resolution processes (solver) but also the con-
struction functions of the system model (preprocessor) and exploitation of the
results (post-processing). Cast3M is a “toolbox” software that allows the user to
develop functions that meet his own needs.

The modeling is based on a flexible pavement 2D structure consisting of a 50
mm thick asphalt concrete surface layer followed by a 100 mm thick bitumen, a
2.5% grained lateritic base course, 200 mm thick cement, a 200 mm thick laterit-
ic gravel subgrade and a platform of infinite thickness. The Poisson’s ratio is 0.35
for all materials except for the laterite, which is 0.25. The elastic moduli of the
bituminous materials are taken from the Alizé software at an equivalent temper-
ature of 30°C and those of the lateritic gravel are derived from the geotechnical
tests. The main parameters are given in Table 3.

The loading is carried out considering firstly a half-axle with a single wheel.
Then a semi-axle of two twin wheels with an equivalent area of radius (R,,) equal
to 0.181 m can most likely represent the effect of dual wheels (Thiam, 2016 [12],
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Thiam et al (2018) [13]). The distance between the two centers is 1.830 m
(Figure 6). All of this load will be applied to the finely meshed footprint located
at the surface layer and is varied by 10, 13, 16 and 19 tons. The displacements on
the bituminous layer are recorded with the two loading cases (R,, = 0.125 m and
R, = 0.181 m). 8-knot elements (cub8) on a quarter of the carriage way, a
twin-axle half-axle with an equivalent area of radius equal to 0.181 m and a sin-
gle wheel of radius equal to 0.125 m was used for the loading. The resulting
mesh is represented at Figure 7. From the simulation results, we have plotted
the evolution curve of the deflection as a function of the axle load (Figure 8).

The trend of the two curves shows a linear evolution of the deflection. When

Table 3. Parameters of the different layers.

Layer Young Modulus (MPa) Thickness (mm) Unit Weight (Kg/m?)
Asphalt concrete surface layer 1300 50 2718
Bitumen 2700 100 2650
Lateritic gravel base course 1893 200 2400
Lateritic gravel subgrade 475 200 200
Platform layer (Sand) 120 Infinite 1750

1.830 m

A
\ 4

Figure 6. Simplified schematic of a single axle with dual wheels (Thiam, 2016 [12]).

Figure 7. Mesh of the pavement structure.
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Figure 8. Variation of the deflection for a single axle and a twin axle.

the axle load increases, the deflection increases. This increasing is greater in the
case of a single wheel than in the case where the effect of twinning is taken into

account.

3.3. Results of Calculations by the Rational Method with Alizé

Alize software is developed by LCPC and SETRA to implement the rational me-
thod of mechanical dimensioning of road structures. It uses mechanical methods
for the analysis of pavement behavior considering a multilayer structure with
elastic behavior, linear, homogeneous and isotropic with static loading. The
French pavement design method (LCPC-SETRA, 1994 [14]), based on a multi-
layer axisymmetric model of Burmister (Burmister, 1943 [15]), is used in the
ALIZE software (LCPC-SETRA, 1998 [16]). In this static 2D model, each layer
has a homogeneous and elastic behavior. The geometrical and elastic characte-
ristics of this pavement structure are the same as for the FEM by Cast3M. The

results are shown in Table 4.

3.4. Correlation between in Situ Measurements and Numerical
Models

The evolution of the deflection as a function of the axle load is shown in Figure
9 and Figure 10 and the comparison is made on the results measured on the Fa-
tick-Kaolack section and those calculated from Cast3M (Axisymmetric calcula-
tion with R, = 0.125 m and R,, = 0.181 m) and from Alizé.

The analysis shows that the deflection obtained with Cast3M in the case of a
single wheel of radius R = 0.125 m is closer to the deflection measured in situ
than that obtained in the case where the effect is taken into account (two twin
wheels of equivalent radius R = 0.187 m). For the single wheel, we have a straight
line coefficient equal to 1.98 which is close to the slope coefficients of the values
measured on the field and the coefficient of determination R* = 1. So it is to fur-
ther the research to validate the use of an equivalent radius and to have a better

evaluation of this parameter.
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Table 4. Deflection results calculated by Alizé.

Axle load (Tons) 10 13 16 19
Deflection (1/100 mm) 21.5 28 34.5 40.9

45
40
g
= 30 —e—R=0.125
3 —=—R=0.181
£ 20
.?..; 15 —A— zonel
% 10 / —— zone2
a 5 —¥— zone3

0
10 13 16 19 22

Axle load (Tons)

Figure 9. Comparison between measured values and the values of the simulation with
Cast3M.

45
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g 35
[—)
S 30 = —¢—zonel
E 25 ./ == 70ne2
§ 20 zone3
s 15
3 —¢=ALIZE
% 10
a 5

0
9 14 19

Axle load (Tons)

Figure 10. Comparison graph between the measured results and the calculations with
Alizé.

The analysis of the graphs shows a linear evolution of the deflection calculated
with Alizé as a function of the axle load. The results obtained corroborate the
measurements 7n situ because the deflection values vary practically in the same
range as the values measured 7n situ. We can see that the modeling of a structure
can allow us to get closer to the reality. The deflection measured on the Fa-
tick-Kaolack section and that calculated by cast3M and Alizé show a linear evo-
lution when the axle load is varied. However, the slight difference observed be-
tween the two methods could be related to the accuracy of the calculations built
into the two programs. The effect of a single wheel of radius R = 0.125 m is clos-

er to reality.

4. Conclusion and Perspectives

The objective of this study was to understand the evolution of the deflection
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when the axle load is varied. The analysis of the measurement results shows a li-
near evolution of the deflection for a variation of the axle load of 10, 13 and 16
tons on the Fatick-Kaolack road. However, in zone 3 it has been found that the
linearity of the line does not reflect more than 95% of the distribution of mea-
surements (R* = 0.83). This can be related to a lack of implemented materials.
The maximum deflection measured for a load of 16 tons shows that in the event
of an extreme overload rate observed on the weighing stations (18.2 tons, ap-
proximately equal to 19 tons), the duration of the life of the pavement structure
would be seriously threatened. Then a numerical simulation of the pavement
with the Cast3M finite element calculation code and the Alizé pavement design
software shows a linear behavior of the surface deformations when the axle load
is varied from 10 to 19 tons. The results obtained by Cast3M in the case of a sin-
gle wheel are closer to reality. This should make it possible to predict the defor-
mation on the pavement surface when an extreme overload rate is recorded. It is
also important to take into account the climate and to do measurements to ac-
curately predict deflection in extreme overload conditions related to high tem-
perature and extreme humidity (rainy seasons). Geophysical measurements
should also be made to understand the causes of irregularities observed in some

areas.
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