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a b s t r a c t

Reliability integration into tillage machine design process is a new strategy to overcome the drawbacks of
classical design approaches and to achieve designs with a required reliability level. Furthermore, design
optimization of soil tillage equipments under uncertainty seeks to design structures which should be
both economic and reliable. The originality of this research is to develop an efficient methodology that
controls the reliability levels for complex statistical distribution cases of random tillage forces. This
developed strategy is based on design sensitivity concepts in order to determine the influence of each
random parameter. The application of this method consists in taking into account the uncertainties on
the soil tillage forces. The tillage forces are calculated in accordance with analytical model of McKyes
and Ali with some modifications to include the effect of both soil–metal adhesion and tool speed. The
different developments and applications show the importance of the developed method to improve
the performance of the soil tillage equipments considering both random geometry and loading parame-
ters. The developed method so-called OSF (Optimum Safety Factor) can satisfy a required reliability level
without additional computing time relative to the deterministic design optimization study. Since the
agricultural equipment parameters are extremely nonlinear, we extended the OSF approach to several
nonlinear probabilistic distributions such as lognormal, uniform, Weibull and Gumbel probabilistic
distribution laws.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the deterministic design optimization (Arora, 1989; Haftaka
and Gurdal, 1991), the designer aims to reduce the engineering
design cost without caring about the effects of uncertainties con-
cerning materials, geometry and loading. The resulting optimal
solution may therefore represent an inappropriate reliability level.
However, the integration of reliability analysis during the optimi-
zation process leads to reduce the structural weight in uncritical
regions that does not only provide an improved design but also a
higher level of confidence in the design. This model is called
Reliability-Based Design Optimization (RBDO). Here, we distin-
guish three approach families: Coupled, Decoupled and Single Loop
Approaches. The classical coupled approach can be carried out in
two separate spaces: the physical space and the normalized space

(two nested optimization problems). Since many repeated searches
are needed in the above two spaces, the computational time for
such an optimization is a big problem. The solution of the above
nested problems leads to very high computational cost, especially
for large-scale structures (Feng and Moses, 1986). The major diffi-
culty lies in the structural reliability evaluation, which is carried
out by a special optimization procedure. The decoupled approach
such as SORA (Sequential Optimization and Reliability Assessment)
is carried out in two successive loops (Du and Chen, 2004). In order
to improve the numerical performance, a single loop approach
such as OSF (Optimum Safety Factor) can be efficiently applied
on linear cases (Kharmanda et al., 2009). The distributions of
soil–tool forces are established to design soil tillage equipment
such as shank chisel plough (Abo Al-kheer, 2010). In this paper,
the OSF method is extended to several nonlinear probabilistic
distributions. An efficient method is developed based on the
optimality conditions. In this work, we use a statistical study of
the soil tillage forces, based on soil property randomness.
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2. Mechanical properties of soil

The working part of tillage equipment (ex: plow bottoms in
moldboard plows, disk blades in disk plows) receiving energy from
the tractor or other source works the soil and changes its state and
properties. To determine the influence between the soil and tillage
tool, we should determine the distribution type for each soil
mechanical properties. The mechanical properties of soil which
are important during soil-working, that is, properties which influ-
ence the nature of the process, hence the properties which have
effects on the forces acting on the tillage tool are: Soil bulk density,
Angle of internal friction, Angle of external friction, Cohesion
and Adhesion. We elaborated a table of 32 samples of the above
five mechanical properties of soils from our previous work
(Abo Al-kheer, 2010). This data presented in Appendix, can be
helpful to establish the soil tillage force probabilistic model.

3. Soil tillage forces

Many methods and models had been used to predict the forces
acting on the tillage tool. However, the majority of researchers
have used the general earth pressure model, proposed by Reece,
1965. The total force acting on the tillage tool can be written as
follows:

P ¼ Pc þ Pc þ Pca þ Pq þ Pa ð1aÞ

Here, P is the total soil cutting force acting on the tillage tool (kN),
Pc is the force acting on the tillage tool caused by soil gravity (kN),
Pc is the force acting on the tillage tool caused by cohesion (kN), Pca

is the force acting on the tillage tool caused by adhesion (kN), Pq is
the force acting on the tillage tool caused by surcharge pressure
(kN) and Pa is the force acting on the tillage tool caused by tool
speed (kN).

In our work McKyes and Ali’s model (1977), as shown in Fig. 1,
was used to estimate the forces acting on a tillage tool with three
main modifications (Abo Al-kheer et al., 2011). The effects of
soil–tool adhesion and tool speed were taken into account. The
total force can be written according to the Equation (1a) as:

P ¼ cd2Nc þ cdNc þ cadNca þ qdNq þ cv2dNa

� �
w ð1bÞ

where c is the soil specific weight in (kN/m�3), d is the tool working
depth in (m), Nc is the gravity coefficient (dimensionless), c is the
soil cohesion in (kPa), Nc is the cohesion coefficient (dimensionless),
ca is the soil–tool adhesion in (kPa), Nca is the adhesion coefficient
(dimensionless), q is the surface surcharge pressure in (kPa), Nq is
the surcharge pressure coefficient (dimensionless), v is the tool
speed in (m/s), Na is the inertial coefficient (dimensionless) and w
is the tool width in (m). Dimensionless coefficients (Nc, Nc, Nca, Nq,
Na) can be determined with respect to the soil failure pattern
proposed by McKyes and Ali (1977).

Furthermore, the width of the side crescent was calculated
using an empirical regression equation and the rupture angle br

was obtained by minimizing the total force.
The horizontal and vertical forces were calculated using the

following two equations, respectively:

PH ¼ P sinðaþ dÞ þ cadw cosðaÞ ð2aÞ

PV ¼ P cosðaþ dÞ � cadw ð2bÞ

where PH is the horizontal force in (kN) and PV is the vertical force in
(kN). According to Eqs. (1) and (2), the tillage system parameters
considered for the calculation of the horizontal and vertical forces
can be grouped into three main categories: soil engineering proper-
ties, tool design parameters and operational conditions.

4. Structural reliability

In structural reliability theory many effective techniques have
been developed during the last 40 years to estimate the reliability,
namely FORM (First Order Reliability Methods), SORM (Second
Order Reliability Method) and simulation techniques (Hasofer
and Lind, 1974). Here, we consider two kinds of variables: Design
variables and Random variables. The image of the random vari-
ables in the standard normalized space is denoted u, calculated
by: u = T(y) where T(y) is the probabilistic transformation function
(Fig. 2). For a given failure scenario, the reliability index b is
evaluated by solving a constrained minimization problem:

b ¼min dðuÞ subject to : HðuÞ ¼ 0 ð3Þ

with

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiX

u2
i

q
where u is the vector modulus in the normalized space, measured
from the origin see Fig. 2.

The solution to problem (3) defines the Most Probable failure
Point (MPP), see Fig. 2. The resulting minimum distance between
the limit state function H(u) and the origin, is called the reliability
index b. The results are subjected to classical difficulties in
nonlinear programming: existence of local minima, gradient
approximation and computational time. The random variables
are assembled in the vector y and represent the structural
uncertainties which are identified by probabilistic distributions.
These variables can be geometrical dimensions, material character-
istics or applied external loading (Hasofer and Lind, 1974).

5. Reliability-Based Design Optimization (RBDO)

Traditionally, for the reliability-based optimization procedure
we use two spaces: the physical space and the normalized space
see Lemaire, 2005. Therefore, the reliability-based optimization is
performed by nesting the following two problems:

Problem I: Optimization problem: this problem seeks to mini-
mize an objective function subject to deterministic constraints
and reliability requirements which is defined as follows:

min f ðxÞ
subject to gkðxÞ � 0; k ¼ 1; . . . ;K

and bðx;uÞ � bt

ð4Þ

where f(x) is the objective function, gk(x) 6 0 are the associated
constraints, b(x,u) is the reliability index of the structure, and bt

is the target reliability index.
Problem II: Reliability analysis: the reliability index b(x,u) is the

minimum distance between the limit state function H(x,u) and theFig. 1. Soil failure model for narrow blades, after McKyes and Ali (1977).
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