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ABSTRACT
The adverse effect of using traditional equipment particularly in developing countries
is that it is time and energy consuming, less productive, difficult and more manpower
is required. Hence, it is necessary to design and produce low price, and simple machines that can narrow this gap. The objective of the project reported in this article is
to design and model a light duty trencher that is used for trenching the ground or soil
for making ditch, and used for agricultural, ground cabling, ground piping and drainage system. The designed machine trenches, maximum of 1 m depth, 30 cm width
and has adjustable length. The working mechanism is fully hydraulic, and equipped
with an engine of 12.7 hp, which provides suitable power for the pump that delivers
23 l/min at 1500 rpm to drive hydraulic motors and actuators.
Key words: Trencher, ditch, fundamental earth-moving equation (FEE), Evans’s theory, trenching tooth, stress Analysis.

INTRODUCTION
Trenchers have been traditionally used as
construction equipment to dig trenches, especially for laying pipes or cables, installing drainage,
irrigation, installing fencing, and in preparation
for trench warfare [16]. The common application
areas of trenching include:
1. Water drainage in rectangular ditch,
2. Irrigation,
3. Underground pipes installation,
4. Erosion protection and
5. Underground cable installations.
Studies show that the key factors that led to
deep-rooted changes in the industrial system of
the Western World are the introduced technological and institutional models such as the Fordist
mass production principle [17, 18] and utilization
of the right tools and equipment in the mass production process. In many developing countries

such as Ethiopia, however, there is a gap between
the development of technology and the utilization
of modern equipment in every sector. Unlike the
developed countries, the tools in use are still pickaxe, shovel and some are using micro excavators.
For example, in the case of trenchers, there are
different modern types, but most of the recent developed ones are still not introduced to our country, mainly due to cost, complexity of involved
mechanisms that require well trained operator.
Hence, in order to narrow the gap, it is necessary
to design and produce low cost and simpler machines to operate, for instance that can minimize
use of human labor and/or can be used with less
training effort.
In order to define the design parameters,
study of the worst-case work conditions where
the trencher is used is necessary [2, 11, 19]. In
other words, it is important to account for the
mechanical behavior of the soil mass, which may
exist in dry, bulk (with water content) and rock
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mixture and devise optimum geometry for imperfect trench installations [12, 15]. This is because
the performance in terms of the excavation rate
and the wear and breakage of the bits depend on
the mechanical property of the rock.
The performance of a trencher [5, 6] is expressed by its production (excavation) rate and by
the bit consumption (due to wear and breakage).
The production rate, i.e., the volume of material
excavated per hour, affects the time necessary to
excavate a trench. The bit-consumption rate, i.e.,
the number of bits which need to be replaced per
cubic meter of rock material excavated, affects
the equipment costs and the down-time necessary to replace the bits. Both the production rate
and the bit-consumption rate determine the cost
of an excavation.
The study reported in this article is, thus, intended to design and model a light duty trencher
that is used for trenching the ground or soil for
making ditch, and used for agricultural, ground
cabling, ground piping and drainage system. Specifically, the work is aimed to
•• reduce time and energy needed to trench,
•• replace old and traditional trenching with the
modern trenching machine,
•• reduce manpower requirement for trenching,
•• design a simple and efficient machine,
•• optimize the design of digging parts such as
teeth, cutting chain, arm, boom and crumber,
main shaft, auger and sprocket.
The study involved calculations and analyses
to determine the proper dimensions of its components and developing the models in a 3D CAD
system.
Following this introduction section, the article is organized as follows. First, a brief background technologies of trenchers are presented
and followed by a design and modelling approach
implemented to solve the problem. This section
discusses the details of the used design concept,
the design parameters and the force calculations
(analyses) done on each key component. Finaly
the key conclusions are presented.

BRIEF BACKGROUNDS
Though it is not simple to know the early history of trenching machines and find out exactly
where and when it had been invented, reports [4]
indicate that trenchers trencher drain machines
were first mechanized in the US around 1920s
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and the trenching technology was introduced in
Europe in 1950s. From this period the technology
showed rapid developments worldwide. Trenchers may range in size from walk-behind models
to attachments for a skid loader or tractor, to very
heavy tracked heavy equipment. The most common types of trencher are wheel trencher, chain
trencher, micro trencher and portable trencher.
In more recent times, the cost-effectiveness and
flexibility of trenching has become an important
factor for saving energy and manpower.
Existing excavation trenchers have a number
of limitations including:
•• Rock trenchers are huge trucks, not light duty
and expensive.
•• Specific applications: Most of them are not
suitable for all type of soil such as wet soil,
hard soil and hard clay, which need different
types of teeth. It means that they are designed
only for single purpose and for example they
can’t operate for both soil and rocks.
•• Portable trencher machines don’t have a seat
and stand on plate for the operator and the operator will get tired after long operation hour.
They are also installed for specified width and
it is difficult to increase the width when needed. Once they passed first round trenching,
they are not capable for second round trenching to increase the ditch width.
•• Some models use trenching types with less
digging depth, for instance E-Z Trench 9100
uses rotary disk while Kwik-Trench KT2400B
uses triple V belt.
•• The hydraulic versions are not fully hydraulic,
as a result, they have many components and
parts to operate and that will increase the cost.
•• Difficulty of controlling: the operator has to
walk behind the machine, holding the trencher
and controlling the system operation for digging at the same time. At least the operator
should have a seat or a stable stand.
•• Most trenchers are difficult for operation and
require certified operators. It is not simple to
operate and understand the system.
Thus, new designs of trencher machines
should address these and similar limitations of
current designs. In the design discussed in this
article, most of the above-listed limitations are
taken into account. For instance, it has been possible to increase the width of the trench twice on
the second round and it is easy to operate because
anyone can easily understand the system.
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DESIGN AND MODELING
Design Parameters
The specifications or the parameters used in
this project are not exactly the same as the experimental data for soil and rock properties of previous studies [2, 11, 19]. For the design purpose,
additional data was taken to make this design applicable for general soil and rock conditions. So,
the soil surcharge is the constant parameter and is
considered as a standards value [20]. These data
are taken from the soil parameter technical specification of CWS industries [CWS Web], which
are based on laboratory experiments for various
soil conditions. Among these, the soil density and
soil cohesion are selected for the worst-case condition of soil as a hard clay [1, 3, 14].
The parameters considered for this design
include:
•• 8 working hours per day,
•• Earth Gravity (g): 9.81 m/s2
•• Soil surcharge (q): 10 N/m2
•• Soil density (γ): 28000 N/m3
•• Soil cohesion (c): 25000 N/m2
•• Tensile strength of rock (σt): 10 MPa
•• Uniaxial compressive strength of rock (σc):
120 MPa
The Design Concepts and the Design Process
The design concepts were generated to meet
the problem statement of the project. The process

of generating design concepts consisted of investigating and testing of similar existing designs
and developing a new design with an emphasis
on simplicity of design, constructability and performance, while minimizing the overall weight.
The design process involved breaking down
of the trencher machine system into subsystems
as depicted in Fig. 1 and identifying machine
components under each subsystem.
The design is based on a prime power provided by an engine that drives the hydraulic motors and actuators. The calculation of the power
requirement to provide an outlet flow of pump of
23 l/min indicated that an engine of 8.7 kW or
11.7 hp is required.
Thus, Honda GX340; 12.7 hp [10] has been
selected because this engine can provide suitable
power for the system.
While the hydraulic motors provide suitable
power for the digging chain and drive wheels, the
hydraulic actuators provide suitable power for the
steering system, as well as to tilt the boom for digging angle. Some details of the working principles
and actuator components are depicted in Fig. 2.
CAD Modelling and Force Analysis
Autodesk Inventor is used for the CAD modelling work and stress analysis. Depending on the
type of trenching medium (condition), three types
of cutters were designed:
1. Shark tooth for hard clay and dry soil (Fig. 3a)
2. Rock buster tooth (point-attack picks) for solid
rock (Fig. 3b)

Fig. 1. Design process
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a)

b)

Fig. 2. Working principle

3. Cup tooth for clay, loamy ground, wet soil and
any type of dirt soil can also use in combination with the other types to bring the soil or
rock out of the hole. (Fig. 3c)
For a systematic study of trenching control
of the soil, tool interaction forces are needed
for stress analysis. The classical soil-tool model
called the “Fundamental Earthmoving Equation
(FEE)” along with a reformulated version is utilized for this application. This well-known FEE is
described by Reece as [3, 16]:

Fs = (γd2Nγ + cdNc + qdNq) w

(1)

where Fs is the resistive force experienced at a
blade,
γ is the soil density, g is the gravity,
d is the tool depth below the soil,
c is the soil cohesion,
q is the surcharge pressure acting on the
soil surface, w is the tool width and
Nγ, Nc and Nq are dimensionless factors
which depend not only on the soil frictional strength but also on the tool geometry and soil-tool strength properties.
The dimen sionless factors of Reece’s equation are expressed as [3, 16]:
𝑐𝑐𝑐𝑐𝑐𝑐 𝜌𝜌 +𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽

Nγ = 2[𝑐𝑐𝑐𝑐𝑐𝑐(𝜌𝜌+𝛿𝛿) +𝑠𝑠𝑠𝑠𝑠𝑠(𝜌𝜌+𝛿𝛿)∙𝑐𝑐𝑐𝑐𝑐𝑐(𝛽𝛽+∅)]
1+ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽 ∙𝑐𝑐𝑐𝑐𝑐𝑐(𝛽𝛽+∅)

Nc = [𝑐𝑐𝑐𝑐𝑐𝑐(𝜌𝜌+𝛿𝛿) +𝑠𝑠𝑠𝑠𝑠𝑠(𝜌𝜌+𝛿𝛿)∙𝑐𝑐𝑐𝑐𝑐𝑐(𝛽𝛽+∅)]
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(2)
(3)

Nq =

𝑐𝑐𝑐𝑐𝑐𝑐 𝜌𝜌 +𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽

[𝑐𝑐𝑐𝑐𝑐𝑐(𝜌𝜌+𝛿𝛿) +𝑠𝑠𝑠𝑠𝑠𝑠(𝜌𝜌+𝛿𝛿)∙𝑐𝑐𝑐𝑐𝑐𝑐(𝛽𝛽+∅)]

(4)

If we assume a static equilibrium and that the
shape of the failure surface can be approximated
by a plane of unit width, the swept volume of
soil displaced by the blade, at any moment, is assumed to account for the entire gravitational force
acting on the blade. Therefore, the gravitational
force (Fg) is given by

Fg = 𝑉𝑉𝑠𝑠 · γ

(5)

where: Vs is the swept volume and
γ is the soil density in N/m3.

The swept volume (Vs) of the cup teeth is calculated as:
Vs = w.d.l = 3.44x10–4 m3
where: w (tool width) = 0.04 m;
d (tool depth) = 0.1 m and
l (length) = 0.086 m.

The FEE assumes that the soil profile is horizontal and the assumptions for this 2D model are:
•• Inertial forces are negligible.
•• Surcharge is uniformly distributed on the
tooth.
•• Two forces are acting on soil tool interaction
for flat soil surface, i.e. (1) shear force due to
cutting and (2) gravitational force (for the cup
teeth that draw out soil).
The static equilibrium analysis using an approximation of the failure surface of shark tooth
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Fig. 3. Types of trenching tooth

is shown in Fig. 4, where f is the angle of soil-soil
friction, m is the friction between the metal and
the blade, R is the force resisting movement of
the wedge and F is the total resistive force. All
angles are selected for the condition of maximum
resistive forces.
To move the cut soil in the case of cup tooth,
gravitational force (Fg) should be calculated,
while to get the total force (FT), gravitational
force should be added to resistive force (Fs) as,

FT = Fg + Fs

(6)

and calculations provide FT = 196.842 N (for one
cutting tooth).
As shown in Fig. 5, the boundary conditions
for the stress analysis of the shark tooth and the
cup tooth are defined at the bolted connections
and the force directions are assumed as realistic
as possible. As depicted, the average stress level
(von Mises) is found significantly low.
To be able to predict the cutting force at pointattack picks (cutting geometry shown in Fig. 6),
Evans’s theory for point-attack picks is mostly

used to estimate the peak cutting force for a given
rock, i.e. when direct measurement of the cutting
force is not available. His theory is based on the
assumption that the penetrations of a conical pick
attacking a buttock of rock [7, 8]. This prediction
formula is expressed as

FC =

16∙𝜋𝜋∙𝜎𝜎𝑡𝑡2 ∙𝑑𝑑 2
𝜎𝜎𝑐𝑐 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 2 𝜃𝜃

(7)

where FC is peak cutting force,
σt is tensile strength of rock, d is cutting
depth,
σc is uniaxial compressive strength of
rock and
θ is semi-angle of conical pick (degree).
With respect to practical conditions, some deficiencies (shortcomings) are observed in Eq. (7),
which are:
•• The cutting force (FC) does not reduce to zero
when θ = 0°, although it should, and
•• The cutting force is inversely proportional to
the compressive strength of rock, which is not
the case in practice.

Fig. 4. Static equilibrium analysis of soil
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a)

b)

Fig. 5. Stress analysis report of shark tooth (L) & cup tooth (R)

••
••
••
••

Fig. 6. Cutting geometry of rock buster (point-attack
picks)

Maintaining the general features of the original theory, these two shortcomings of Evans’s
theory were eliminated in a recent study by Goktan [9] where a modified prediction equation was
proposed:

FC =

4∙𝜋𝜋∙𝜎𝜎𝑡𝑡 ∙𝑑𝑑2 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠2 (𝜃𝜃 +𝜓𝜓)
𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃+𝜓𝜓)

(8)

where the parameters FC, σt, d, and θ are as defined earlier in Eq. (7), and ψ is the friction angle
between the pick and rock (degrees).

The values for Eqs (7) and (8) are as follows [1, 3]:
•• σt = 10 MPa,
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σc = 120 MPa,
d = 10 mm (0.01m),
ψ = 10° and
θ = 32°.

Point attack tooth needs high cutting force
than the others. For the next step, cutting force
of point attack tooth is taken as the maximum,
hence, FCmax is 7.571 kN. For design of chain for
light duty operation [13], pitch (p) is 50.8 mm,
diameter of the chain roller (d1) is 28.58 mm,
number of teeth on the sprocket (t) is10 and rotational speed of sprockets (N) is 600 rpm. Furthermore, the number of chain links (K) is 70 and the
length of the chain (L) is 3.556 m. Further analysis of machine elements like sprocket, shaft, tapper and needle roller bearing, flexible coupling,
spring, pin, keys and bolts were carefully done.
Design and analysis of crumber: For each design and analysis other components of the trencher such as crumber shoe, crumber side end
support, side delivery auger, proper boundary
conditions were defined and the estimated forces
were applied.
The forces applied on crumber are, for instance, calculated for crumber shoe (167.67 N),
crumber side end (924.467 N) and gravitational
force. For the analysis model, the material properties of Steel AISI 1050 (yield strength of 206.84
MPa) is used. The physical properties and analysis results of this component are shown in Table 1
and the stress plot is depicted in Fig. 8. As shown
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Fig. 7. Stress analysis report of rock buster tooth

Fig. 8. Stress analysis report of crumber

Table 1. Physical properties and simulation summary

•• Chain assembly with cutting teethes (80.66 kg).
•• Average weight of the operator and average
weight of components inside the frame and
•• Gravitational force.

Name

Minimum

Volume

10093400 mm3

Maximum

Mass

76.0601 kg

Center of Gravity

x = -548.03 mm
y = 286.79 mm
z = 51.017 mm

Von Mises Stress

0.0035 MPa

70.223 MPa

1st Principal Stress

-12.975 MPa

78.436 MPa

3rd Principal Stress

-52.739 MPa

15.127 MPa

Displacement

0 mm

4.2778 mm

Safety Factor

3.45 ul

15 ul

in the plot, the maximum average stress (von
Mises) is about 70 MPa, which provides a safety
factor against yielding of higher than 3.
Design and analysis of boom: For this design,
the same material as above is assumed and the
forces acting on it are calculated. The applied
force consisted of weight of crumber (749.838 N),
weight of chain and teeth (791.294 N), gravitational force, tension in the chain due to sagging,
force on crumber shoe and force on crumber side
end. The analysis (Fig. 9) shows a maximum average stress of about 30 MPa appearing at the
boom, which is significantly low with respect to
the material’s yield strength.
Design and analysis of frame: The following
force components were considered for the design
and analysis of the frame:
•• Weight of the frame connection structural
steel.
•• Force on connector for frame and hydraulics actuator due to mass of boom assembly
(67.25 kg),
•• Crumber assembly (76.44 kg),

The stress analysis was conducted upon accounting for all the above forces, and as depicted in Fig. 10, the stress level in the frame is
extremely low.
Steering actuator: The hydraulic circuit of the
system is shown in Fig. 11. When the four-way
valve is actuated into the 5th position, the actuator extends from center position to one direction
and changes the wheel direction. In this study the
maximum angle that the wheel can turn for steering is found to be 250 from normal position. Its
speed can be varied by adjusting the setting of the
throttle of the flow control valve. When the 6th position of the four-way valve is in operation, the
motor turns in the opposite direction.

CONCLUSION
In this article, a trencher machine, which
can be used for diverse purposes such as to dig
the ditch for laying pipes or cables, for installing drainage, irrigation, installing fencing, and
in preparation for trench warfare, has been designed and analyzed. The cutting forces needed
for trenching were calculated based on the FEE
that was provided by Reece because it is clear
and almost all the related work carried out previously by others is based on the same concept.
Cutting force prediction for point-attack picks
was based on the maximum value that is Goktan
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formula and that is improvement on Evans’ cutting theory. All machine elements of the trencher
were carefully designed. The stress analysis plots
were studied to check the maximum stress, safety
factor and the displacements. Hydraulic circuit
of the system was also designed to meet the design requirements and control the system. Based
on the design and stress analysis, it is possible to
conclude that this and similar light duty trencher
helps to reduce labor intensive work and avoids
the most tedious and handwork trenching with a
reasonable cost and performance.
Fig. 9. Stress analysis report of boom
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