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electrical system models using Newton-Euler equations. The mechanical model is modeled
as a rigid multi-body system to catch the major kinematics and dynamics behavior of the
whole dragline. The electrical model is employed to represent the motors and controls. The
dragline front-end is modeled as a flexible multi-body system for the structural strength
Virtual prototype e\{aluaFion us.ing Lagrqnge ec_]uatigns an.d finite el_ement analy_sis (FEA_) method..A co-oper-
Co-simulation ative simulation (co-simulation) is carried out with the dragline motion, electrical motor/
Fatigue life control and the structural flexibility models. The major motions, the machine behavior, the
machine operation loads, and structural member stresses are recovered from the simula-
tion. The results of stress-time history are used for structural fatigue life evaluation by
Palmgren-Miner’s rule. The results show the boom structural members have lower fatigue
lives than tri-structure structural members. The study is significant to provide a solid foun-
dation for further study of failure life analysis of the whole dragline components.
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1. Introduction

A dragline is a large rotating multi-body system to remove overburden in surface mining environment. The repeated dy-
namic, instantaneous loading accumulates over the dragline service life, and it may induce front-end damage. Fatigue failure
in components causes unplanned downtimes, reduced efficiency and high production costs. The primary objective of this
study is to examine dragline front-end life towards efficient operation. The structural loading on dragline front-end depends
mainly on the rated suspended load, and the accelerations created by hoist and swing motors. Other factors such as the dig-
ging pattern, operator characteristics and electrical motor control systems also influence the loading on front-end [4]. In or-
der to calculate the overall stress loading of front-end, it is necessary to build the dragline virtual prototype just as to build a
physical prototype. For this purpose, 3D dynamics of the dragline must be modeled and analyzed.

Conventional design process uses a laboratory test to simulate the dragline front-end to detect the cracking for the reduc-
tion of component fatigue failure. This process is very costly and time-consuming for achieving statistically significant basis
for evaluation and subsequent decisions. Previous researchers have developed a dynamic model in dragline operation and
studied the component fatigue failure by the field-testing data or FEA [8,4,2]. Recently, virtual prototype simulators have
been used to simulate surface mining equipment [9]. Modern design processes in virtual simulation environments enable
the testing of machine performance and component fatigue failure prior to final design and field-testing. The major failure
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modes of dragline are crack and fracture caused by fatigue stress in dragline excavation [8]. FEA can be used for computing
stresses in dragline components. Input into such a programme must include a complete description of the forces acting on
the components via dynamic modeling.

Dragline is a multi-degree of freedom and non-linear multi-body dynamic system. Thus, rigid and flexible multi-body
dynamics theory is used to develop its dynamic models and component stress loading using Newton-Euler and Lagrange
equations, and FEA method [11]. The ADAMS, MATLAB/Simulink and ANSYS software [10,1] allow to build the mechanical
system, the electrical motor control, and the structural flexibility models, respectively. These software packages contain
computationally efficient numerical simulation routines to solve the kinematics, dynamics and stress equations. A co-sim-
ulation allows to couple these models together to produce a full virtual prototype for executing realistic system dynamics
and structural dynamics simulation of complex dragline systems [12]. The fatigue lives for the structure members can be
examined using Palmgren-Miner’s cumulative damage criterion [6].

2. Structural components of the dragline front-end

Fig. 1 illustrates a schematic diagram of walking dragline. The lower body provides a stable base for the dragline. The
upper body provides a platform for the hoist-drag-swing machinery, boom and tri-stricture attachment, electronic control
cabinets, operator’s cab and supporting equipment. The front-end mechanism consists of a large bucket which is suspended
from a boom with wire ropes. The bucket is maneuvered by hoist and drag ropes, powered by electric motors. The work cycle
of the dragline consists of three distinct phases, including digging, swinging, and swinging back. In a digging phase, the buck-
et is positioned above the material to be excavated. Then, the bucket is lowered and the drag rope is drawn so that the bucket
is dragged along the surface of the material. The bucket is lifted by using the hoist rope. A swing operation is performed to
move the bucket to the place where the material is to be dumped. The drag rope is released causing the bucket to tilt and
empty by the dump operation. Finally, the bucket is swung back to repeat the cycle.

3. Virtual prototype modeling of the dragline

Fig. 2 depicts a 3D virtual prototype of the dragline created by the dynamic coupling the mechanical and electrical system
models. The mechanical model is modeled as a rigid multi-body system in the ADAMS environment to catch the major dy-
namic behavior of the whole dragline. Simulink is employed to represent the motors and controls. ADAMS/Controls are used
to link the two models to co-simulate the mining dragline. The modeling steps are indicated below.

The first step involves the creation of 3D geometrical models of key components as shown in Fig. 2. The model contains
lower body, revolving frame, machinery house, operator’s cab, tri-stricture, boom, hoist and drag ropes, and bucket. Iner-
tias, weights and other physical characters, which influence the behavior of the dragline, are included in the model. The

Upper body Tri-stricture Deflection sheave Boom point sheave

Lower body Drag sheave

Fig. 1. Dragline front-end schematic diagram (http://www.bucyrus.com).
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Fig. 2. Dragline virtual prototype model.

components are regarded as an assemblage of multi-rigid-bodies, connected by joints, to form a kinematics chain with one
link fixed that transforms the generated motions.

The second step defines the boundaries of the components with joints and the appropriate algebraic variables, which rep-
resent the component movements based on the rigid multi-body system equations [11]. The appropriate dynamic model of
the system is given by Newton-Euler Eq. (1).

T=M(0)0 +V(0,0)+G(O)+FO,8) (1)

7 is the vector of joint torques, M(®) is the n x n inertia matrix of the system, V(©, @) is the n x 1 vector of centrifugal and
Coriolis terms, G(@) is the n x 1 vector of gravity terms, and F(@, @) is the n x 1 vector of friction.

The third step introduces force elements to the model. The bucket resistances from ground and payload are adopted for
the model. The model is driven and controlled by electrical motors with the motor characteristic built in the Simulink power
train models as given in Fig. 3. It includes the speed-torque, ramp, and any associated control settings. The electrical motors
generate torques for the swing, hoist and drag ropes motion. The torques are determined by the velocity and displacement of
the swing, hoist and drag ropes which are calculated from the mechanical dynamics of the dragline. The dynamics of the
system is highly nonlinear. The control torque at the driving joints is developed using multi-input and multi-output control
system [3] as expressed by the following equation:

T=0at' +p (2)
where

o =M(0) 3)

p=V(0,0)+G(O)+F(0,0) (4)
with the servo law

T = 04+ K,E+ K,E (5)
where

E=60,-0 (6)

E=6,-6 (7)

K, and Kp are n x n matrices of constant gains, E and E are n x 1 vectors of errors in position and velocity, respectively, and
Oy is the victor of the desired joint angular displacement. This means that the motions or torques applied to the swing, hoist
and drag ropes are introduced during operation. Using the ADAMS software, differential-algebraic equation systems are
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Fig. 3. Dragline control model.

derived and integrated in time to perform the model dynamic simulation. The movements of the model depend on interac-
tive elements like massless joints, which constrain the relative movements of the dragline components.

4. Flexible multi-body modeling of the dragline front-end

Fig. 4 indicates the dragline front-end flexible FE model created in ANSYS environment with the global coordinate at-
tached to the ground at the revolving frame pintle. The front-end parts are created as flexible bodies. They are the beam ele-
ments for the boom and tri-structure, link elements for the cables, shell elements for the rigid revolving frame and mass

— AN

MAT “aet Boom Main Suspension Ropes

Tri-Structural

Rear Legs

Intermediate Boom
Suspension Ropes

Center Pintle Revolving Frame

Fig. 4. Dragline front-end FEA model.
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elements to add miscellaneous weights to the nodes. The hoist and drag ropes, and bucket are not included in the model. The
material properties are chosen for the components with the elasticity modulus of 206.7 GPa, Poisson’s ratio of 0.3, and den-
sity of 7820 kg/m>. The kinematic constraints or forces are applied to these boundary nodes served as interface to connect
two parts and the remaining nodes are referred to as interior nodes. The model is restrained in the x, y and z axial directions,
and x and z rotation directions at the center pintle. The major motion loads going into the front-end includes the digging,
hoisting, swinging, dumping, and swinging back. The main load components going into the structure include loads at the
boom point, loads in the hoist rope acting onto the deflection sheave, loads due to swing acceleration that causes structural
inertia loads, and side loads at the boom point from the hoist rope. The Lagrange motion equation for the flexible body [7] is
derived from the following equation:

e . 1[oM
ME+ME — = |

&+M< 5 { R
where ¢ are the generalized coordinates, M is the generalized mass matrix, K is the generalized stiffness matrix, V; is the
gravitational energy, D is the damping, W is the kinematic constraint equations applied to the flexible body, 4 is the Lagrange
multipliers and Q is the generalized applied forces.

AT, h\Y% )
5} E+KE+ a§g+Dé+‘P§2:Q (8)

5. Dynamic simulation of the dragline

A co-simulation is carried out with the dragline motion from the ADAMS simulation, the electrical motor/control from the
Simulink model, and the structural flexibility from the ANSYS model. The major motions, the machine behavior, the machine
operation loads, and structural member stresses are recovered from the simulation. The results are used for the structural
endurance evaluation.

5.1. Virtual prototype simulation results

The motion of the dragline mechanism is visualized by plotting successive linkage positions on graphic displays in the
ADAMS environment. The motion presented in this example includes the digging, swinging, and swinging back. The dragline
dynamic behavior and operation loads are recovered from the simulation.

Fig. 1 illustrates that four coordinate systems are chosen in the model. 0q (x0Y02o) coordinate system is attached at point o
of the lower. 0, (x1y1z1) coordinate system is attached to the upper at the joint point 04. 0, (x2¥22-) coordinate system is at-
tached to the boom at the joint point 0,. 03 (X3y3z3) coordinate system is attached to the tri-stricture at the point o0s.

The simulation results are obtained within the working time of 60 s (10 s for digging, 27 s for swinging and 23 s for swing-
ing back). Fig. 5 shows the respective loading on the boom point sheave, drag sheave, and upper swing in appropriate coor-
dinate systems. The angular displacement of the boom point sheave variation with time relative to the 0, (x,y»z,) coordinate
system (see Fig. 1) is given in Fig. 5a. The angular displacement of the drag sheave variation with time relative to the o,
(x1y1z1) coordinate system (see Fig. 1) is given in Fig. 5a. The swing upper motion parameters relative to the 0g (xqy0zo) coor-
dinate system (see Fig. 1) is indicated in Fig. 5b.

Fig. 6 gives the superimposed display of the deployment history of the dragline virtual prototype. The appearance of con-
tinuous motions of the virtual prototype during the digging, swinging and swinging back phases are shown by plotting suc-
cessive positions on three graphic displays as illustrated in Fig. 6a—c during 60 s respectively. Examination of the front-end
mechanisms shows no interference between two motion components during the operation.

Fig. 7 shows that the output motion results of the bucket during the operating time 60 s. It demonstrates the spatial tra-
jectories with a typical loading cycle comprised of dropping the bucket in the pit, filling the bucket by dragging it towards
the machine, lifting the bucket off the ground, swinging the front-end while raising the bucket further, decelerating the
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Fig. 5. Angular displacements applied to the dragline system with time: (a) boom sheave and drag sheave, and (b) swing.
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(b)

Fig. 6. Superimposed display of the deployment for the dragline in three phases: (a) digging phase from time 0-10 s, (b) swinging phase from time 10-37 s,
and (c) swinging back phase from time 37-60 s.

Fig. 7. Bucket spatial trajectory with the operating time 60 s.

swing of the front-end, dropping the bucket load, swinging the front-end in the reverse direction, and returning the bucket to
the pit.

5.2. Structure dynamics simulation results

The dynamic loads recovered from the virtual prototype simulation are imported into the front-end FEA model for the
structural strength evaluation. Fig. 8a and b indicates the respective loads at the boom point with time of 60 s in the x, y
and z directions in the o, (x,y22,) coordinate system (see Fig. 1). Fig. 9 displays the respective loads at the deflection sheave
with time in the x and y directions in the 03 (x3y3z3) coordinate system (see Fig. 1). The swing angular displacement with time
in the z direction is given in Fig. 5b. The transient dynamic analysis is performed for one cycle of 60 s. The time-history axial
stress for each structural member is calculated. The tri-structure stress traces for 6 hot spot stress structural members (see
Fig. 10a) are pull out as shown in Fig. 11. The boom stress traces for 6 hot spot stress structural members (see Fig. 10b) are
given in Fig. 12. The results show that the stress range is variable amplitude. There are compressive stresses in the tri-struc-
ture structural members. There are both tensile and compressive stresses in the boom structural members. The boom struc-
tural members tend to see a higher stress range. The recovered structural member stresses are processed with Rainflow [5]
for cycle-counting the stress range of variable amplitude. For getting variable amplitude fatigue, a variable amplitude stress
spectrum is replaced by an equivalent constant amplitude stress range using Palmgren-Miner’s cumulative damage criterion
[6] by the following equation:
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where i is the ith stress range in the spectrum, which occurs N; times, N, is the equivalent number of stress cycles, and m is

the crack growth rate constant.

The dragline operates 1 minute per cycle and 6000 h per year. The life prediction in years is calculated based on the stress
range per minute result for each structural member. Table 1 displays the life predictions corresponding to the stress ranges
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Fig. 11. Tri-structure stress traces for 6 hot spot stress structural members.
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Fig. 12. Boom stress traces for 6 hot spot stress structural members.

Table 1

Dragline front-end life prediction for hot spot stress structural members.
Number element Stress range (MPa/min) Life (years)
TRI_C_44 86.66 79.63
TRI_C_47 90.79 66.1
TRI_C_51 98.28 48.14
TRI_C_48 103.6 38.99
TRI_C_99 97.51 49.68
TRI_C_93 99.19 46.4
Bom_C_444 173.6 4.95
Bom_C_451 165.2 5.94
Bom_C_506 158.9 7.03
Bom_C_513 151.9 8.31
Bom_C_508 194.6 3.11
Bom_C_511 193.2 3.19

for the 6 tri-structure and boom hot spot stress structural members, respectively. The results show the boom structural
members have lower fatigue lives than tri-structure structural members. The highest fatigue life of 79.63 years with the
smallest stress range is at the tri-structure structural member 44. This is because that there is very little cluster cracking
in this structural member. The lowest fatigue life of 3.11 years with the largest stress ranges are at the boom structural mem-
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ber 508. This is due to the large stress range that drives most of the cracking. The results agree with what are reported in
Bucyrus dragline analysis by comparing the dynamic analysis results and the field test data for the boom and tri-structure.

6. Conclusions

Spatial dynamic dragline models are developed by considering the system as a compound of rigid and flexible multi-body
dynamics and appropriate dynamics equations are given by Newton-Euler and Lagrangian formulation. A 3D virtual proto-
type of the dragline is built in ADAMS/Simulink environment. A dragline front-end flexible FEA model is created in ANSYS
environment. A co-simulation is given by integrating the mechanical, electrical system and FE models.

From the kinematics, simulation and animation results, it is concluded that the motions for the digging, swinging, dump-
ing, and swinging back can be measured numerically and demonstrated visually. The machine operation loads are measured
with selected time steps by simulating reality with this virtual prototype. The superimposed display of the deployment his-
tory of the dragline virtual prototype also shows that the dynamic interference among its components can be checked easily.
Therefore, this virtual prototype is useful in monitoring motion and identifying possible interference between various com-
ponents for optimization design or operation of a dragline.

From structure dynamics simulation results, it is concluded that the front-end with all the external loadings and accel-
erations can be analyzed using FEA model to determine the stresses and stress ranges for all the members of the structural
system. The fatigue lives for the structural members are evaluated by Palmgren-Miner’s rule. Results show the highest fa-
tigue life of 79.63 years is at the tri-structure structural member 44. The lowest fatigue life of 3.11 years occurs at the boom
structural member 508. The simulation results are validated using a test data from Bucyrus, and the validation shows very
reliable simulated results.

The simulation presented in this paper forms the basis for complete spatial dynamic modeling and simulation of a drag-
line. Future research will refine the life prediction method, such as considering the effect of compressive stress, and mean
stress. Stress profiles will be calibrated for various sections of the deposit and overburden materials within different loca-
tions to serve as standard metrics for operators to attain or to exceed in their performance operations.
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