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Abstract: An algorithm is presented for a micro-model of a mining dump truck movement, which allows
determining the optimal speed and acceleration of a vehicle, considering the change of the road grade. The
structure of the simulation macro-model of an excavator-and-dump truck complex has been developed. The
procedure for integrating a micro-model of a dump truck movement into a simulation model is shown. As a
result of a series of experiments with a macro-model, the influence of open pit roads grade on the performance
and efficiency of excavator-and-dump truck complexes was established. The necessity of considering in
simulation excavator-and-dump truck complexes the speed regulation of dump trucks depending on the
change in road grade is shown.

Keywords: open pit; excavator-and-dump truck complex; speed profile; road grade; simulation;
AnyLogic

1. Introduction

The efficiency and productivity of the open pits and excavator-and-dump truck complexes has
a significant impact on the performance of mining enterprises. Most open pits in the world use dump
trucks to transport rock mass from excavators to unloading points. The share of transport costs in
energy consumption of the process of mining reaches 55-60% when mining from a depth of 100-150
m, and with an increase in depth to 200-250 m — 65-70%. More than 50% of them are accounted for by
road transport [1]. The decrease in the productivity of dump trucks is 25-39%, with an increase in the
depth of open pits for every 100 meters [2]. Mining enterprises operate in conditions of a decrease in
the percentage of minerals in the rock mass, an increase in prices for fuels and lubricants, and a
tightening of environmental requirements. In such conditions, the importance of the scientific task of
increasing the productivity of excavator-and-dump truck complexes increases.

Automation of all processes, including transport work, is a modern solution to improve the
efficiency of mining enterprises [3]. Robotic transport complexes [4,5], Wheeled Mobile Robots
(WMR) [6], Autonomous Haulage Systems (AHS) [7], as well as Automated guided vehicles (AGVs)
[8-10] are now becoming more widespread.

Such vehicles can potentially consider many factors affecting speed performance and determine
the optimal current speed, depending on the tasks and constraints. For example, in studies [11-13],
the effect on the dynamics of a car of its mass and longitudinal road grade, as well as speed, is shown
[14]. This, in turn, reduces the driving time [15] or travel time along the route [16], increases the
number of trips during the operation of the mining dump truck.

The efficiency of using an Autonomous Driving Vehicle, ADV [14] or AHS makes it possible to
increase the efficiency of vehicle operation also because of reducing emissions of harmful and
polluting substances, reducing tire wear and fuel consumption [17]. Thus, the study [18] shows the
influence of the value of the longitudinal profile of the road on the volume of PM2.5 particulate matter
emissions for various types of vehicles. Moreover, vehicle emissions also depend on experience, and
the gender of the driver [19], as well as his response to changes in the longitudinal road grade and
the intensity of traffic [20]. The results of these studies show the effectiveness of using ADV or AHS
to reduce or eliminate the influence of subjective factors on the speed of the car.
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Research in the field of intellectualization of vehicles and improvement of autonomous driving
systems, at present, is aimed at considering various factors that affect the speed of both an individual
car and the efficiency of vehicle fleet operation. The main factors include: the value of the longitudinal
slope of both individual sections of the road [21-23] and several sections along the entire length of
the highway route [15,16], inertia forces [24], the interaction of vehicles in the traffic flow [25].

Regression models, Bayesian approach [20], nonlinear mathematical models [26], dynamic
programming methods [16], Markov chains [15] are most widely used as research methods and
models of vehicle speed characteristics.

We propose to divide the existing studies of the speed characteristics of mining dump trucks
into three groups. In the first group, we included studies that allow us to justify various design
solutions. Such decisions include: the rationale for the choice of a model of dump trucks depending
on the parameters of the open pit [27], as well as the calculation of the critical length of the inclined
section of the route uphill [22,28]. The second group combines the development and research of
various models of dump trucks' speed profiles [21,23]. The studies of this group are focused on
establishing the dependencies of the vehicle speed on various factors and are designed to build
generalized speed profiles or speed diagrams. These patterns are used to create ADV or AHS control
algorithms. Finally, in the third group, the authors included studies that systematically consider the
effect of the longitudinal profile of open pit roads [26] and the speed of dump trucks [29] on the
performance of excavator-and-dump truck complexes [1], the cost of transportation [30], and the
productivity of the open pit.

Analysis of the studies of the third group shows that the speed of the mining dump trucks has
a significant impact on the performance of the open pit. The need to optimize the speed of dump
trucks is due to the presence of two conflicting requirements. On the one hand, when driving at low
speed, the overhaul mileage of dump trucks is lengthened, fuel consumption and tire wear are
reduced. On the other hand, the productivity of the excavator-and-dump truck complex decreases
and there is a need to increase the number of the working fleet of dump trucks.

Thus, the authors concluded that it is necessary to take a systematic account of many factors that
affect the performance of excavator-and-dump truck complexes of open pits. To implement this
approach, the authors propose to combine the micro-model of the dump trucks' speed profile with
the macro-model of the operation of the dump truck fleet in an open pit. The novelty of the developed
micromodel of the dump truck speed profile lies in the complex consideration of the influence of
several factors on the speed. We propose to consider the influence of the following factors: the value
of the longitudinal road grade in individual sections of the route, the presence of protracted descents
and ascents, changes in the road grade of the route sections, changes in the gear ratio. The macro-
model of the dump truck fleet operation presented in the article allows determining the optimal
number of the working fleet of dump trucks, considering the dynamics of the speed of individual
vehicles, calculated using the micro-model. In addition, the macro-model considers the technical
characteristics of excavators and the geometrical parameters of the open pit.

The rest of the paper is organized as follows. Section 2 describes the algorithm of the micro-
model of dump truck motion. The algorithm illustrates the procedure for calculating the dump truck
speed at specified time intervals, considering the change in the longitudinal profile of the highway
route and the technical characteristics of the dump truck model. Section 3 presents the composition
and structure of a simulation model that implements the micro-model algorithm for a dump truck
within the open pit macro-model. The description of the initial data for the experimental verification
of the developed model and the plan of experiments is presented in Section 4, and the experimental
results — in Section 5. Finally, section 6 contains conclusions, limitations, and future research.

2. Micro-Model of Dump Truck Movement

The main idea of the developed micro-model is to calculate the speed and acceleration of a dump
truck at each moment of the model time, depending on the longitudinal road grade of the highway
route. The speed of the dump truck in the model changes dynamically, using the equation for
calculating the speed through uniformly accelerated or uniformly slowed motion. We use the current
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speed as the zero speed, and we determine the acceleration considering the current longitudinal road
grade of the highway route. The developed algorithm is based on the techniques presented in [31,32].
The initial data set of the micro-model of dump truck motion includes the following variables:

e  The durations of the model time step t and the simulation period T,

¢  Route specified by the set of coordinates of points in three-dimensional space M = {{x1, x2, ..., xu},
{1, y2, ..., yn}, {21, 22, ..., zn}},

° Gear ratios of the main gear, wheel gear, transfer case (if any), the number of gears,

¢  Transmission efficiency,

e  Maximum engine power,

e  The engine speed corresponding to the maximum engine power,

¢ Wheel rolling radius,

e engine displacement,

¢ Dump truck weight without and with fuels and lubricants, carrying capacity,

e  Resistance force of the road surface,

e  Average pressure in the engine, gas constant of air, temperature of gases in the cylinder, filling
ratio of the engine, excess fuel ratio, weight amount of air.

We propose to perform the calculation according to the micro-model algorithm presented below,
sequentially for each moment of the model time .

Step 1. Determination of the coordinates of the dump truck in three-dimensional space M: = {x:,
yt, zt} at the moment of model time ¢.

Step 2. Calculation of the distance L: covered by the dump truck during the model time step t
with the current speed V.
Step 3. Calculation of the value of the longitudinal road grade as follows

Ir = tg((z+1 — z1)/Ly). 1

Step 4. Calculation of the current motor power, the number of revolutions of the motor shaft and
the torque on the motor shaft in accordance with the methodology [31]. The number of revolutions
of the motor shaft is calculated as the product of the crankshaft speed at maximum engine power by
the ratio of the current number of revolutions of the motor shaft to the shaft speed corresponding to
the maximum engine power.

Step 5. Calculation of the traction force on the driving wheels of a dump truck by multiplying
the torque on the engine shaft by the gear ratios of the current gear, main gear, wheel gear, transfer
case and transmission efficiency. The resulting value is divided by the rolling radius of the wheel.

Step 6. Calculation of the current acceleration of the dump truck using the formula (3.11) from
[31]. When calculating the acceleration, the following values are used: the traction force on the driving
wheels of the car, calculated at the previous step of the algorithm, the resistance force of the road
surface, the mass of the dump truck, and the road grade.

Step 7. Calculation of the current speed of the dump truck using the uniform acceleration
formula based on the known speed of the dump truck at time ¢-1 and the acceleration calculated in
the previous step of the algorithm.

Step 8. Calculation of the maximum possible speed (Max. Speed) for the current gear ratio in
accordance with the methodology [31]. This value is used in the algorithm (Figure 1) as a speed limiter
for a dump truck in a micro-model.
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Figure 1. Flowchart for calculation and limitation of a dump truck speed in the micro-model.

Step 9. Calculation the gear shifting speed — the speed at which the gear ratio changes or gear
changes. It is calculated in the same way as the maximum possible speed in the previous step of the
algorithm. The exception is that the ratio of the current engine speed to the speed corresponding to
the maximum engine power is taken to be 0.55. The gear shifting speed value is used in the gear ratio
changes algorithm shown in Figure 2.
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Figure 2. Flowchart for gear shifting algorithm in the micro-model.

Step 10. Calculation of the gear shifting acceleration of the dump truck. It is calculated in the
same way as the acceleration of a dump truck for the moment . However, when calculating the
torque on the engine shaft, it uses the gear ratio of the gearbox for the corresponding gear. The gear
shifting acceleration calculation is used in the gear shifting algorithm (Figure 2). In contrast to step 6,
acceleration for the higher gear is calculated here. Step 10 of the algorithm eliminates irrational gear
changes.

Step 11. Checking the condition of the dump truck and determining the maximum possible
speed for each condition (Figure 1). A dump truck can be in the following states, for each of which
the maximum speed is set moving to loading, moving to unloading, moving to a parking, waiting for
the end of loading, waiting for the end of unloading, parking.
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Step 12. Checking the need to change the current gear and changing the gear ratio, if necessary,
in accordance with the algorithm (Figure 2). The recalculation of the traction force on the driving
wheels of the dump truck (Step 5), acceleration (Step 6) and the design speed (Step 7) is performed if
a change in the gear ratio.

Step 13. Simulation of the dump truck's movement at the calculated speed along the M route,
that is, changing the current coordinates of the dump truck in three-dimensional space. This change
corresponds to the increment in the distance traveled by the dump truck during one simulation step.

Step 14. Calculation of fuel consumption during one step of modeling according to the method
[33]. The calculation uses the calculated value of the engine speed (Step 4), as well as the specified
parameters of the engine displacement, average pressure in the engine, gas constant of air,
temperature of gases in the cylinder, filling ratio of the engine, excess fuel ratio, and weight amount
of air.

Step 15. Increasing the estimated time by the size of the simulation step ¢ = t+t. Algorithm
repetition, starting from the first step until the end of the specified simulation period T.

The presented algorithm makes it possible to build the speed profile of a dump truck depending
on the value of the longitudinal road grade. We propose to use the developed micro-model of dump
truck motion in simulation models of road traffic. At present, in such models, the speed of movement
is constant and changes with a given acceleration at the moments of starting or stopping, as well as
to prevent a collision of cars. The developed algorithm makes it possible to simulate the movement
of vehicles more realistically, which improves the accuracy of calculations and the adequacy of
simulation models.

3. Macro-Model of Excavator-and-Dump Truck Complex Operation

The algorithm presented in the previous section is universal. However, the developed micro-
model currently has the greatest practical value for modeling the movement of vehicles along fixed
routes known in advance. These routes are used by mining dump trucks as part of excavator-and-
dump truck complexes. The developed macro-model of such an excavator-and-dump truck complex
allows solving the following tasks:

e  Calculation of the optimal number of dump trucks, according to the criterion of ensuring a given
open pit performance,

e  Substantiation of the optimal, according to the criterion of minimum operating costs, models of
dump trucks and excavators,

e  Justification of the width of the transport berm and open pit slopes.

The authors used the AnyLogic software platform [34] as a tool for macro-modeling the
operation of an excavator-and-dump truck complexes. The choice of this platform is due to the
support in it of the agent-based paradigm of simulation modeling, which makes it possible to
simulate the behavior of individual dump trucks, in this case. In addition, modern versions of
AnyLogic include a Material Handling Library, which allows to simulate the movement of vehicles
along specified routes. Finally, this platform provides visual creation and editing of the road
alignment in three-dimensional space.

The initial data of the developed macro-model are:

e A set of paths (path) of movement of dump trucks. Each path is specified in the model by the
coordinates of the start and end points in three-dimensional space,

e A set of point and rectangular nodes (node), defining, respectively, the points of loading
(excavators) or unloading (dumps), as well as parking of dump trucks. Each point node is specified
in the model by a coordinate in three-dimensional space and size (area, capacity),

e  Duration of loading and unloading dump trucks,

e  Overall dimensions of dump trucks,

e Number of dump trucks fleet.

The basic logic of the functioning of the macro-model of the excavator-and-dump truck complex
is presented by the flowchart (Figure 3).
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Figure 3. Flowchart of the basic logic of the excavator-and-dump truck complex macro-model.

The main functional blocks of this chart are:

e  The “source” block generates material flow, rock,

e The “moveByTransporter” block simulates of loading, movement, and unloading of the dump
trucks,

e The “transporterFleet” block sets the number of dump trucks and their overall dimensions,

o The “transporterControl” block determines the rules for the movement of dump trucks along the
route and prevents collisions.

The flow diagram of the simulation model for the case of one excavator and loading point
generating one material flow is shown in Figure 3. Concerning several excavators in an open pit, for
each of them it is necessary to create a separate “source” block.

The algorithm for calculating the speed and acceleration of a dump truck (Section 2) is
implemented as a function of the “Transporter” agent. The simulation model calls this function at the
specified simulation time intervals. The “transporterFleet” block creates a population of "Transporter”
agents in the specified number at the time of the simulation model initialization.

4. Initial Data and Experiment Plan

The authors used as a model example an excavator-and-dump truck complex, which includes
three excavators. Unloading of rock is carried out at one point. The layout of the route, the placement
of excavators, the point of unloading and parking of dump trucks is shown in Figure 4.
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Figure 4. The scheme of the road route and the placement of the excavator-and-dump truck complex'

elements.

The authors chose BelAZ 7540 as a mining dump truck [35]. The average duration of loading a
dump truck is taken equal to 4 minutes, unloading — 0.5 minutes. The technical characteristics of a
dump truck (Figure 5a) are the parameters of the “transporterFleet” simulation model block, and the
time spent on loading and unloading operations is the “moveByTransporter” block (Figure 5b).
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Figure 5. a) Dump truck fleet parameters, and b) Loading and unloading parameters in the simulation
model.

The duration of the model time step t =1 s, the simulation period T = 86400 s (24 h).

The authors experimented with the model to assess the effect of the speed profile of a dump
truck on the performance of an excavator-and-dump track complex. For this, the authors made the
following experimental plan (Table 1).

Table 1. Experiment plan.

Experiment Number of

No. dump trucks Road grade Experiment task
1 1 Constant, slope = Obtaining control data for assessment of the impact of
0 the road grade, model verification
’ 1 Variable, from -  Assessment of the impact of the road grade on the
11° to +20°36’ dump truck' speed profile
Constant, slope = Obtaining control data for assessing the influence of
3-33 2-30 0’ the road grade on the excavator-and-dump track
complex performance
Variable, from - Assessment of the influence of the road grade on the
34 - 64 2-30
11° to +20°36’ excavator-and-dump track complex performance
5. Results

We obtained the results of the first experiment (Table 1), characterizing the speed profile of a
dump truck during one hour of operation of an excavator-and-dump truck complex (Figure 6). Figure
6a shows the change in the speed of a dump truck considering the downtime for cargo operations,
and Figure 6b — without considering the downtime, but considering the deceleration and acceleration
of the dump truck. The presented graphs prove the adequacy of the model of the excavator-and-
dump truck complex under the condition of movement on the road with a zero slope of the
longitudinal profile.
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Figure 6. Changing the dump truck speed on a road without slope a) considering stops and b) not
considering stops.


https://doi.org/10.20944/preprints202312.0993.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 December 2023

The dynamics of the speed of a dump truck with a change in the road grade is shown in Figure
7. When moving uphill, the speed of the dump truck in the model, as a rule, decreases, and when it
goes downhill, it increases.
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Figure 7. Changing the speed of a dump truck with variable road grade.

We built a trend of speed variation depending on the magnitude and sign of the slope (Figure
8) to evaluate the effect of the slope on the speed of the dump truck in the model. Each point on the
graph corresponds to the speed of the dump truck, measured at one-second intervals.

.. .o :...1200 T o .
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: TE
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Grade, grad

Figure 8. The dependence of the dump truck speed on the road grade.

We excluded zero values of the speed of dump trucks during parking from the resulting data
set as independent of the value of the longitudinal slope of the road. We made this decision to
improve the accuracy of the assessment.

The trend line shows (Figure 8) that when driving downbhill, the speed varies within the range
from 25 to 45 km/h, while when driving uphill — in the range from 5 to 35 km/h. The relatively large
value of the approximation error (R? = 0.325) is explained by the influence of other factors on the
speed of the dump truck accelerations and deceleration, including at the moments of gear shifting.

The presented results show the adequacy of the developed micro-model of the dump truck
movement, considering the change in the road grade.

We evaluated the influence of the road grade on the efficiency of the excavator-and-dump truck
complex by gradually increasing the number of dump trucks in the macro-model. We compared the
results obtained with the control data obtained on the macro-model of the movement of dump trucks
on the road with a zero slope. Our hypothesis was that considering the longitudinal profile of the
road in the macro-model of the excavator-and-dump truck complex increases the accuracy of
modeling. This, in turn, leads to an increase in the adequacy of the model and the possibility of a
more accurate solution of macro-modeling problems (Section 3) and the calculation of the optimal
number of dump trucks fleet.

The dynamics of the indicators of the excavator-dumping complex, calculated on the model
example (Section 4), is shown in Figure 9. It can be seen from the graph that with an increase in the
number of dump trucks over 24 units, the growth of rock mass production stops. This is because
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dump trucks are starting to stand idle while waiting for loading. As a result, there is an increase in

the average turnover time, a decrease in their average operating speed. At the same time, maximum
utilization of excavator productivity is observed as a result of reduced excavator downtime.
Excavator performance does not increase as the number of dump trucks in the simulation model

grows.

tons, liters

g
g

mmm Rock, tons
Fuel, liters
—e—Average turnover time of dump trucks, minutes
—o—Average technical speed of dump trucks, kph
Average operating speed of dump trucks, kph
—e—Excavator downtime, hours

18 21 24 27 30
Number of dump trucks

Figure 9. Simulation results of the excavator-and-dump truck complex.

The increase in fuel consumption in experiments is because this consumption mainly depends
on the number of dump trucks that consume fuel not only in motion, but also when idle while waiting

for loading.

We assessed the influence of considering of the road grade on the results of the excavator-and-
dumping track complex' simulation modeling by comparing the results of experiments No. 3-33 and
No. 34-64 (Table 1). Deviations of the results obtained in percent for each experiment depending on
the number of dump trucks are shown in Figure 10.
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Figure 10. The gap of simulation results of the excavator-and-dump truck complex, %.

The analysis of the results obtained showed that the largest deviations (+ 45%), regardless of the
number of dump trucks, are observed for the “average technical speed” indicator. This result also
proves the need to consider of the road grade in the simulation modeling. The difference in the
turnover time of dump trucks tends to 0% as the number of dump trucks increases. This indicates a
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gradual decrease in the impact of the road grade on the performance of the excavator-and-dump
truck complex due to an increase in the idle time of dump trucks while waiting for loading.

The simulation results showed insignificant deviations in fuel consumption in the model
considering the slopes in comparison with the control model of the movement of dump trucks on
roads with zero longitudinal slope (from -0.3% to + 0.85%). This indicates a stronger influence on this
indicator of the number of dump trucks, compared to the road grade. On the other hand, the
developed micro-model does not consider the driver's regulation of the fuel rate depending on the
change in the slope of the road. This conclusion motivates the authors to improve the micro-model
of vehicle movement in future studies by modeling different driving styles.

6. Conclusion

Analysis of the research results proves the need to consider the road grade when modeling the
operation of excavator-and-dump truck complexes and open pits in general. Furthermore, it is
necessary when creating algorithms for automated control of the movement of mining dump trucks.
The use of such algorithms will help reduce investment and operating costs for dump trucks.

The authors presented a micro-model of car movement on a road with a changing longitudinal
slope and applied it to calculate the speed and acceleration of mining dump trucks in a macro-model
of an excavator-and-dump truck complex. We have experimentally proved the hypothesis that
considering the road grade in the simulation macro-model of the excavator-and-dump truck complex
increases the accuracy of modeling. This, in turn, leads to an increase in the adequacy of the model
and the possibility of a more accurate solution of macro-modeling problems and the calculation of
the optimal number of dump trucks fleet.

The main limitation of the developed micro-model is insufficient accounting for the intensity of
fuel supply, that is, regulation of the speed of movement considering the road grade. This intensity
is constant in the presented algorithm.

We propose to improve the developed simulation model by including an algorithm for
scheduling the work of dump trucks into its composition. We plan to obtain the optimal distribution
of dump trucks between excavators to reduce the total downtime of the elements of the excavator-
and-dump truck complex. Thus, the influence of the optimal speed control of a dump truck on the
efficiency of the excavator-and-dump truck complex will increase as a result of a reduction in the idle
time of dump trucks while waiting for loading.

Finally, the authors consider a promising direction in the development of the study to conduct
a series of experiments with a micro-model of the movement of dump trucks under the control of
drivers with different driving styles. Such experiments will make it possible to evaluate the efficiency
of application of algorithms for auto-driving of mining dump trucks.

Funding: The study was supported by the Russian Science Foundation (RSF) Grant No. 23-11-00164:
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