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ВИЗНАЧЕННЯ СТІЙКОСТІ ПОЖЕЖНОЇ АВТОЦИСТЕРНИ ДО ПЕРЕКИДАННЯ ПРИ ЇЇ РУСІ ПЕРЕСІЧЕНОЮ ЛІСОВОЮ МІСЦЕВІСТЮ

К. Д. Алмазов, С. В. Поздєєв, О. А. Тарасенко, О. С. Куліца, А. Я. Калиновський, І. К. Чорномаз

DETERMINING THE STABILITY OF A FIRE TRUCK TANKER AGAINST OVERTURNING WHILE DRIVING THROUGH CROSSED FOREST TERRAIN 
Kamran Almazov, Serhii Pozdieiev, Olexandr Tarasenko, Oleh Kulitsa, Andrii Kalynovskyi, Ivan Chornomaz
Об’єктом дослідження були динамічні процеси у цистерні пожежного автомобіля з різним рівнем заповнення водою. Проблема, що вирішувалася, – визначення даних про флуктуацію центру мас динамічної системи, яку становить цистерна з водою пожежної автоцистерни, при її русі по пересіченій лісовій місцевості з різною швидкістю. Отримані дані дозволяють прогнозувати небезпеку перекидання пожежного автомобіля. У процесі вирішення завдання було створено розрахункову модель пожежної автоцистерни разом із водяною ємністю, використовуючи програмний комплекс моделювання динамічних систем LS-Dyna. Для відтворення динамічного впливу на автоцистерну із водяною ємністю рельєфу пересіченої лісової місцевості було встановлено часові залежності кути поточного положення автоцистерни – кут крену, рискання та тангажу. Отримані залежності використовувалися як граничні умови для відтворення динамічного впливу рельєфу. Кути повороту цистерни з водою пожежного автомобіля визначалися залежно від нерівностей рельєфу, геометрія яких обчислювалася генератором псевдовипадкових чисел. Використовуючи явний метод інтегрування рівнянь динаміки, реалізований у коді програмного комплексу LS-Dyna, було визначено закономірності флуктуацій центру мас цистерни з водою пожежного автомобіля в залежності від рівня заповнення та швидкості руху.

З використанням результатів, отриманих за допомогою математичного моделювання динамічних процесів у автоцистерні, було створено числовий алгоритм даної автоцистерни для збереження її стійкості щодо перекидання. Отже, результати цих досліджень мають безпосереднє застосування на практиці в галузі безпеки проектування автоцистерн і можуть бути використані для покращення та розробки нових технологій у цій галузі.

Ключові слова: пожежна автоцистерна, лісова місцевість, флуктуація центру мас, модель оптимального маршруту.
The object of this study is to consider dynamic processes in the tank of a fire truck with different levels of water filling. The task to be solved is to determine the data on the fluctuation of the center of mass of a dynamic system, which consists of the water tank of a fire truck tanker truck, when it moves through rough forest terrain at different speeds. The data make it possible to predict the danger of a fire truck tipping over. In the process of solving the task, an estimation model of a fire truck tanker truck was built together with a water tank, using the LS-Dyna dynamic systems simulation software package. In order to reproduce the dynamic impact on the fire truck tanker with the water capacity exerted by the relief of the rugged forest area, the time dependences of the angles of current position of the fire truck tanker – roll angle, yaw, and pitch – were established. The resulting dependences were used as boundary conditions to reproduce the dynamic influence of the terrain. The turning angles of the water tank of a fire truck were determined depending on the unevenness of the terrain, the geometry of which was calculated by a pseudo-random number generator. Using the explicit method for integrating the dynamics equations, implemented in the code of the LS-Dyna software package, the patterns of fluctuations of the center of mass of the water tank of the fire truck tanker depending on the level of filling and speed of movement were defined.

Using results from the mathematical modeling of dynamic processes in the fire truck tanker, a numerical algorithm was developed for this fire truck tanker to maintain its stability against overturning. Therefore, the results of this study have a direct practical application in the field of fire truck tanker design safety and could be used to improve and devise new technologies in this field

Keywords: fire truck, forest terrain, fluctuation of the center of mass, optimal route model

1. Introduction 
The general growth of the population and the density of its living, as well as the increase in anthropogenic pressure on the environment, lead to higher risks of large-scale disasters. The complexity of the man-made domain, its manifestation of danger and the impact of global climate changes also contribute to increasing the risks of natural and anthropogenic emergencies and disasters [1–3].

Statistical analysis of the current situation with fires reveals that the number and scale of forest fires has a tendency to increase, which is caused by modern challenges of a natural, ecological, and man-made nature [1]. The main means of transport that deliver fire extinguishing agents to fire stations and carry out fire extinguishing are fire vehicles, in particular fire trucks [2, 3]. During the operation of a fire truck that is not completely filled with water, there is an increased risk of its overturning due to fluctuations in its center of mass when it moves through rough forest terrain. This leads to the fact that when operating fire tanks, it is recommended for fire departments to avoid moving through forest terrain with an incompletely filled tank, which is equivalent to a ban. Such recommendations have to be violated every time since a strict ban on the operation of fire truck tankers is not economically and practically justified. Therefore, these basic recommendations should be revised taking into account the results of scientific research. In view of the above, the conclusion is that the study of patterns in fluctuations of the center of mass of fire truck tankers, caused by the dynamic impact of unevenness during their movement through forest terrain, is an urgent scientific and technical task.
At the same time, in emergencies, it is possible to determine in advance safe routes for the delivery of a fire extinguishing agent to the source of fire only under certain meteorological conditions with additional assumptions about the volumes of emissions of hazardous substances [4, 5]. And in the case of the occurrence and spread of a forest fire, it is impossible to do this at all since the configuration of the site and, in connection with this, the configuration and connectivity of the transport network (movement along part of the roads may become impossible) are not known in advance. In such cases, an alternative to the evacuation plan could be an operational fire extinguishing plan, taking into account all logistical features and the safe movement of fire vehicles, including fire truck tankers. Such a plan nay be devised only when developing the appropriate software. Its basis should be the forecast of forest fire evolution and mathematical models for finding optimal routes, taking into account the requirements for the resistance of fire truck tankers to overturning. Guaranteeing the safety of the movement of fire truck tankers and reducing the time of transporting the fire extinguishing agent to the sites of forest fires could significantly improve the efficiency of assessing their localization. Therefore, the construction of mathematical models of safe and optimal logistics for special fire equipment, in particular fire truck tankers, is an urgent scientific and technical task.

2. Literature review and problem statement
In work [1], based on the level of danger associated with the scale of spread, socio-economic losses, and ecological consequences, landscape fires are categorized as the most dangerous. In order to create the prerequisites for successfully fighting these fires, intensive scientific research is underway in almost all areas of this industry. The likely reason is the objective difficulties associated with extinguishing landscape fires. However, there is a need to increase the mobility of means for transporting fire-extinguishing agents to fire stations while maintaining safe working conditions of fire departments. Among the main means for extinguishing landscape and forest fires are special fire truck tankers, for which the prevention of their overturning is an essential aspect of increasing efficiency. The danger of overturning is especially evident when the fire truck tankers are not completely filled. As a result, dangerous waves could form in them, which could cause large fluctuations of the center of mass and, as a result, overturn the fire truck tanker. The provision of scientifically based recommendations on the parameters of the movement of fire truck tankers through rugged forest terrain would create prerequisites for increasing their safe operation and would improve the efficiency of their use. Works [2, 5] consider dynamic processes occurring in fire truck tanks. In these works, various approaches to forecasting the dynamics of these systems are formulated. However, the dynamic processes during splashes of water in the tanks due to the influence of the chassis design on these processes were neglected. In [3], an approach to represent the mass of water in the tank in the form of a pendulum dynamic system is proposed. This approach makes it possible to determine the fluctuations of the center of mass of the dynamic system, but the disadvantage of this approach is the limitation when taking into account the influence of the internal system of breakwaters and partitions. Work [6] reports the study of dynamic processes in tanks using a general theoretical approach based on the use of the system of Navier-Stokes equations. This approach fairly accurately reproduces the dynamic processes of the formation and propagation of waves in tanks with partitions; however, difficulties arise in determining the fluctuations of the center of mass of this dynamic system. The smoothed particles hydrodynamics (SPH) method [2, 7] is promising for modeling dynamic processes during the movement of a fire truck. According to it, the water in the tank could be simulated with the help of particles; this method allows modeling the mutual viscous interaction between the particles and the enclosure of the tank. Under such conditions, it is convenient to study the fluctuations of the center of mass of the formed dynamic system. Given the complexity of mathematical models, their implementation is possible only when using special software. In work [8], the LS-DYNA universal software package, developed by Livermore Software Technology Corporation (LSTC) for the study of dynamic systems, was very effectively used to solve scientific and technical problems of fire safety. In the code of the LS-DYNA computing software package, an approach for modeling fluid dynamics based on the SPH method in combination with the explicit method is implemented. The differential equations of dynamics are integrated with their approximation by the finite element method, which is a prerequisite for its use for mathematical modeling of dynamic processes in a fire truck during its movement through rugged forest terrain.
When extinguishing forest fires, special vehicles are most often used, in particular fire truck tankers [2–5]. Automation of the procedure for finding the optimal parameters of the fire extinguishing agent transportation process leads to a significant increase in its effectiveness due to operational efficiency. At the same time, the possibility of using computing equipment, in particular personal computers, requires the availability of appropriate software and input data adapted to their requirements.

Carrying out the transportation of fire-extinguishing substances under off-road conditions, fire truck tankers move in different landscape and topographical conditions. Their speed of movement is influenced by the local values ​​of natural factors – the type of soil (underlying surface) and the topography of the area. In this connection, there is a need to adequately assign these factors at each point of the forest fire zone. In addition, safety must be taken into account for ensuring the fire truck tankers do not overturn.

Geographic information systems (GIS) are a software tool that makes it possible to adequately reflect the real natural and man-made situation in the emergency zone. The topographic base of GIS is electronic maps based on digital terrain models (DTMs) [4, 5].
Vector DTMs describe the boundaries of square landscape objects in the form of closed polygons specified by the coordinates of broken peaks. In addition to field objects specified in GIS in the form of polygons, there are a number of objects specified as linear. Later, these objects were assigned some small width, and they were also defined as planar.

In work [9], a vector-functional model (VFM) of the geodata assignment is proposed, which combines the possibilities of a highly accurate vector description of polygon boundaries with a simultaneous functional assignment of physical parameters within their boundaries.

The vector format of geodata is used as input parameters of the model, approximating each original line (polygon boundary) with a broken line, information about which is stored in the form of an ordered array of coordinates of its N vertices.

In order to quickly calculate the optimal routes of vehicles, it is necessary to have at your disposal models of the influence of landscape factors, tactical and technical characteristics, and parameters on the speed of movement of these vehicles.

The terrain affects the speed of vehicles both on roads and under off-road conditions [2–5].

Works [2–5] show data for the speed of vehicles, depending on their technical characteristics and the steepness of the slope.

Having information about the power of the engines, it is possible to obtain the value of the speed of the vehicle depending on the steepness of the slope.
An option to overcome related difficulties is to conduct research on the movement of the vehicle under off-road conditions, which leads to the need to take into account the safety of traffic according to the criterion of their stability on the slope. Works [2–5] propose a model of the azimuthal speed of the vehicle, taking into account its stability on the slope. The disadvantage of this model is the numerical solution procedure for finding limiting azimuthal angles that limit the stable orientation of this vehicle. This procedure significantly slows down the process of immediately finding a logistics route, and therefore it is necessary to find an analytical solution to this problem.

However, the safe movement of the vehicle on the surface of the terrain and, accordingly, the possibility of its movement in the azimuth direction depends on its technical characteristics and the steepness of the terrain in the direction and perpendicular to it. This is the approach used in works [4, 5, 9], in which this limitation is overcome by finding permissible directions of movement of the vehicle on the surface of non-uniform terrain. The forward movement of the vehicle in the direction of its orientation is equivalent in this direction.

All this gives reason to assert that it is expedient to carry out a study aimed at determining the safe and optimal logistics models for special fire equipment, in particular, fire trucks when they move through rough terrain during forest fire extinguishing.

3. The aim and objectives of the study 
The purpose of our study is to identify patterns of fluctuations in the center of mass of fire truck tankers caused by the dynamic impact of unevenness during their movement through forested terrain. This will make it possible to build a mathematical model of optimal logistics for fire truck tankers during forest fire extinguishing, ensuring their resistance to overturning.

To achieve the goal, the following tasks were set:

– to build an estimation model of one of the most common fire trucks with a water capacity using the capabilities of the LS-DYNA software package;

– to construct a mathematical model of rugged forest terrain for its reproduction of influence when applying boundary conditions to the dynamic water tank system of a fire truck tanker during its movement through rugged forest terrain;

– to conduct a numerical experiment on the study of dynamic processes in a container with water during the movement of a fire truck through a rugged forest area and to investigate fluctuations under the predefined conditions;

– to define the optimal safe logistics routes and provide recommendations for the relationship between the level of water filling of the tank of a fire truck and its speed of movement through rough terrain during forest fire extinguishing.

4. The study materials and methods
4. 1. The object and hypothesis of the study 
The object of our study was the dynamic processes occurring in the water tank of a fire truck during its movement through rugged forest terrain, and their influence on the fluctuation of the center of mass of the structural system of the fire truck tanker. In order to take into account the influence of the surface relief on the dynamic processes that take place in the tank of a fire truck during its movement through forest terrain, one of the most common options of equipment was considered. The AC-4,5-60 (TGM 12.240)-364 fire truck can be used to extinguish landscape fires with water and air-mechanical foam. The appearance of the fire truck tanker together with a water tank is shown in Fig. 1. The internal structure of the tanker tank is also depicted.
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Fig. 1. Location of a water tank in the fire truck AC-4,5-60 (TGM 12.240)-364: a – general view of the fire truck; b – water tank of a fire truck tanker; c – the location of the container with water in the fire truck tanker; d – a diagram of a container with water in a fire truck tanker in cross section

The main expected result, which should be obtained during the study of the movement of liquid in the tank, is the pattern of changes in the position of the center of mass of the mechanical system. They include the tank itself and the water in the tank. To this end, an appropriate task must be set, in which the influence of the topography of forest terrain, on which the vehicle moves, on the dynamic processes in the water tank must be taken into account. An appropriate mathematical model was built that reproduces the movement of liquid in the tank with the possibility of predicting the position of the center of mass of the mechanical system, which consists of water and the tank. Determine the appropriate method for the numerical implementation of integration of the dynamics equations of the proposed mathematical model and perform the appropriate calculations based on this method. At the same time, a mathematical description of the topography of the forest cross-country terrain should be specified. Mathematical description of the interaction of the liquid in its inner layers. To describe the interaction of the liquid with the solid walls of the tank, it is necessary to take into account the relevant properties of substances and materials, such as the viscosity of the liquid, the hardness of the surface of the solid material, and the inertial characteristics of the substances.

With such features of the statement of the dynamic problem for similar mechanical systems, the mathematical model describing the dynamic processes under such conditions takes on a very complex form. In order for the solution method to be comprehensible, a simplification was adopted regarding the dynamic processes that occur in a water tank during the movement of a fire truck in rough forest terrain:
1. The mechanical system was considered, consisting of a car chassis, on which the body of a container with water is installed, and the inertial characteristics of the latter are assumed to be insignificantly small. This allows us to estimate only the fluctuations of the center of mass of a given system due to the movement of water, and then these fluctuations could be taken into account when analyzing the problem of fluctuations of the center of mass of a mechanical system.

2. The enclosure structure of the tank is represented as a completely solid body, and its elastic characteristics are taken into account only when describing the contact interaction between the liquid and the enclosure.

3. The water in the tank is represented by a finite number of particles characterized only by mass and having vanishingly small geometric dimensions. To describe the movement of particles and their contact interaction, the SPH (Smooth Particles Hydrodynamics) hydrodynamic model is used [2, 7]. Interaction between the particles takes place according to Monaghan's hydrodynamic model [2, 7] of the formed system, the viscosity of which is similar to that of water. This, in turn, makes it possible to calculate the position of the center of mass of the formed system

4. The movement of the system is considered under normal atmospheric conditions, gravity, and temperature, and the heat exchange between the water and the walls of the tank is not considered.

5. When analyzing the contact interaction of particles and the enclosing surface, a corresponding mathematical contact model based on the method of penalty functions is used [2, 8].

6. To describe the dynamics of particles, their contact interaction between themselves and the walls of the tank, the method for integrating the generalized equations of dynamics using the implicit method is used [2, 7, 8].

7. When considering the dynamics of the system, the processes of damping and energy dissipation in the car's depreciation system are not considered.

8. To form the movement of the tank under the influence of the surface relief, the randomness of the appearance of unevenness of the relief is taken into account when using pseudo-random number generators.

9. To simulate the movement of the tank, its turns relative to horizontal axes are used, which reproduce roll and yaw, as well as vertical movement. Rotation around the vertical axis (pitch) is not taken into account.
The structural system of the AC-4,5-60 (TGM 12.240)-364 fire truck tank together with the water tank is shown in Fig. 2. This structural diagram demonstrates that a container with water and additional loads are installed on the chassis of the car, reproducing the structural elements of this fire truck tanker.
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Fig. 2. Structural system of the fire truck tank AC-4,5-60 (TGM 12.240)-364 together with a water tank
An important feature is the presence of holes and windows in the partitions for the normal movement of liquid when pumping in or pumping out water while maintaining the ability to block the formation of large waves in the tank when it moves over terrain. However, a large number of circular contours of holes increases the number of elements, reduces the performance of calculations, and worsens the conditions of contact interaction. Therefore, a simplified reproduction of the geometric configuration of partitions was used for mathematical modeling. The simplified geometric configuration of the tank with partitions is shown in Fig. 3.
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Fig. 3. Scheme of a simplified geometric configuration of a fire truck tanker's water tank with partitions

5. Results of simulating the dynamic processes in the tank of a fire truck moving through forest terrain

5. 1. Construction of an estimation model of a fire truck

Using the obtained geometric model of the structural system of the fire truck tanker, a finite element diagram was constructed, shown in Fig. 4. During the construction of the finite-element scheme of the fire truck, volumetric finite elements of the Lagrangian type, shell two-dimensional elements of the type of Belichka-Tsai shells, beam elements of the Hysal-Liu type, as well as SPH particles that reproduce the liquid were used. The number of volumetric finite elements was 5952, the number of shell finite elements was 177089, the number of beam finite elements was 1515, and the number of SPH particles was 24800; a total of 209356 finite elements.
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Fig. 4. Finite element scheme of the fire truck tank АС-4,5-60 (TGM 12.240)-364 together with a water tank
Two types of materials are used to model the elements of the mechanical system representing the water tank: particle material and tank enclosure material. Basic information about the types of these materials is given in Table 1 [2, 8].

Table 1
Basic information about the material types of the mechanical system of the water tank

	Particle modeling material
	Material for modeling a tank enclosure

	This material model serves to describe the properties of an idealized material, in which there is no need to calculate the internal stresses included in the stress deviator. In this case, one can neglect the strength of the material. Viscous stresses are determined by the formula: 
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 ( the rate of accretion of deviator deformations. Also, the use of this material is due to the possibility of establishing a contact interaction between particles and a solid
	This material model is used when there is no need to consider a stress-strain layer in its inner layers. At the same time, it remains possible to set the inertial characteristics of bodies. Also, for this material, the task of its elastic characteristics remains relevant, which is a necessary aspect for the task of elastic interaction when bodies come into contact with this model of material with other bodies. This material is used to specify predetermined conditions of motion of the entire system, since the degrees of freedom of bodies made of this material and their laws of motion are optionally specified


The theory of contact interaction between nodes and surfaces, described in detail in [2, 8], is used for the interaction between particles and the enclosure of a fire truck tank. The method of penalty functions is used to identify the contact between the point and the surface, and the predetermined elastic characteristics of the materials are used for the force interaction conditions.

The parameters of the material properties that were used to build the computer model were taken according to the data given in [2]. Table 2 gives values of the accepted parameters of the material properties.
Table 2
Values of parameters regarding the properties of construction materials of the water tank model of the fire truck AC-4.5-60 (TGM 12.240)-364

	Material
	Density, (, kg/m3
	Modulus of elasticity, Е, MPa
	Poisson's ratio, (
	Viscosity (artificial), μ

	Polypropylene (tank enclosure)
	0.001
	900
	0.25
	–

	Null material (particle material)
	1,000
	–
	–
	0.001


Using the given data, a corresponding computer model of the water tank of the AC-4.5-60 (TGM 12.240)-364 fire truck was built.

5. 2. Construction of a mathematical model of the surface relief

To simulate the movement of a fire truck through a forested terrain, it is necessary to build a mathematical model of surface relief. According to the schemes in Fig. 5, the turning angles of the fire truck could be determined by the vertical movements of the rear and front axles of the vehicle. The roll angle, yaw angle, and vertical displacement due to the mutual movement of the wheels is determined from the following formulas:

α=arctg((Zr–Zl)/lw); 
β=arctg((Zf–Zb)/Lw); 
Z=(Zr+Zl)/2+(Zf+Zb)/2.

(1)
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b
Fig. 5. Calculation schemes for determining the angles of movement of the AC-4,5-60 (TGM 12.240)-364 fire truck tanker: a – roll; b – yawning

When determining the turning angles of the local terrain, a separate sequence of surface irregularities is specified for the right and left wheels of the rear axle. The local topography, taking into account recommendations from [2], is given as a sequence of a typical section of the track, the view of which is shown in Fig. 6.
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Fig. 6. The scheme for determining the area with local unevenness of the reference track for the study of fluctuations in the position of the center of mass of the mechanical system of a water tank

When using the scheme in Fig. 3, a function was written that determines the shape of the unevenness of the reference track for the study of fluctuations in the position of the center of mass of the mechanical system of a water tank in the form:
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Here, quantities 
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 are values obtained using a pseudorandom number generator, belonging to the ranges listed given in Table 3.

Table 3
Ranges of values for reproduction of irregularities of the local topography of the track for the study of fluctuations in the position of the center of mass of the mechanical system of a water tank

	Parameter 
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	0.2–0.5
	0.2–0.5
	0.05–0.2
	1 or 2


To reproduce the possible options, three cases of tanker truck movement at speeds of 6 km/h, 4 km/h, and 2 km/h are considered. In this way, 3 sets of motion laws for the fire truck tank were obtained. In Fig. 7, as an example, the laws of movement of a tanker for a speed of 6 km/h are presented.
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Fig. 7. The laws of movement of the tank when the fire truck is moving along the reference track of the forest rough terrain at a speed of 6 km/h: a – roll angle; b – yaw angle; c – vertical movement

Thus, the unevenness of the relief of the rugged forest area was reproduced for the simulation of dynamic processes in the capacity of a fire truck tanker.
5. 3. Results of a numerical experiment on the study of dynamic processes in a container with water during the movement of a fire truck through rugged forest terrain

After the calculations, the results are obtained in the form of images of the geometric configuration of the water in the tank. Each moment of the movement of the fire truck AC-4,5-60 (TGM 12.240)-364 corresponds to the value of the selected time step of recording information in the output file of the results of the LS-DYNA software package. To visualize the data obtained during the calculations, the time points when the car takes the position with the largest yaw angle when moving at a speed of 6 km/h were selected, as shown in Fig. 8.
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Fig. 8. Time points for visualization of the image of the position of the water tank of the fire truck AC-4,5-60 (TGM 12.240)-364

The position of the water tank with a filling level of 25 % of the AC-4.5-60 (TGM 12.240)-364 fire truck at different time points when it is moving at a speed of 6 km/h along a reference track on forest terrain is shown in Fig. 9.
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Fig. 9. Position of the tank with 25 % water filling level of the AC-4,5-60 (TGM 12.240)-364 fire truck at different time points when it is moving at a speed of 6 km/h along a reference track on forest terrain: a – 0 s; b – 9.3 s; c – 28.4 s; d – 47.7 s

Analyzing the image of the geometric configuration of the water in the tank at the time of movement of the AC-4,5-60 (TGM 12.240)-364 fire truck and the general results of the calculations, it was noticed that the implemented system of breakwaters and partitions effectively prevents the formation of large waves. They could significantly affect the displacement of the car's center of mass.

For a more detailed study of the influence of the level of filling the tank and the speed of its movement on the fluctuations of the car's center of mass on the reference track of the forest terrain, the curves of the changes in the coordinates of the center of mass of the water in the tank were constructed. The curves express the dependences of the coordinates of the center of mass of the tank depending on the amount of linear movement of the fire truck tanker along the reference track on a forested terrain for the possibility of comparing these graphs for different speeds of the vehicle.

Fig. 8 shows dependence plots of the local coordinates of the center of mass of the tank. They depend on the magnitude of the linear movement of the fire truck tanker along the reference track on forest terrain. They are made for different filling levels of fire truck tanks AC-4.5–60 (TGM 12.240)-364.
The plots shown in Fig. 10 demonstrate that the largest fluctuations of the center of the mechanical system, which is a tank with water, occur when the tank is filled with water by 25 %. The same result is repeated for cases of fire truck tanker movement with other speeds. It should also be noted that the local relief has a much smaller influence on the fluctuations of the center of mass of the mechanical system. It is a tank with water rather than a large-scale relief. Since the plots of local coordinates in the horizontal plane in Fig. 10 retain a periodic character, it is possible to analyze the data on the movement of the fire truck along the reference track only for its first half. Taking into account such considerations, analysis of the influence of the speed of movement of a fire truck on the fluctuations of the center of mass of the mechanical system, represented by its water tank, was carried out. Fig. 11 shows dependence plots of the local coordinates of the center of mass of the tank depending on the speed of the fire truck tanker. Moving along the reference track on forest terrain to fill the tank of the fire truck AC-4,5-60 (TGM 12.240)-364 with 25 % water.
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Fig. 10. Local coordinates of the center of mass of the tank with different levels of its filling when the fire truck tanker moves along the reference track of the forest terrain at a speed of 6 km/h: a – Хс coordinate; b – Yс coordinate; c – vertical movement Zc
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Fig. 11. Local coordinates of the center of mass of the tank with a level of its filling of 25 % when the fire truck tanker moves along the reference track of the forest rough terrain at different speeds: a – Хс coordinate; b – Yс coordinate; c – vertical movement Zc
Plots in Fig. 11 show that the fluctuation of the center of gravity relative to the longitudinal horizontal and vertical axis of the fire truck is insignificantly affected by its speed along the reference track. The greatest influence of the speed of movement could be seen in relation to the transverse axis of the fire truck tanker.

In order to track the position of the center of mass of the tank with different levels of its filling with water during the movement of the fire truck, the trajectory of its movement was constructed at a vehicle speed of 6 km/h. Fig. 12 shows a curve that reproduces this trajectory.
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Fig. 12. Trajectories of the position of the center of mass of the tank at the speed of the fire truck tanker of 6 km/h along the reference track of the forest rough terrain with different levels of filling with water: 1 – 25 %; 2 – 50 %; 3 – 75 %
The movement trajectories of the position of the center of mass of the tank at the speed of fire truck movement of 6 km/h along the reference track of the forest rough terrain are built taking into account the initial position of the center of mass. Fig. 12 demonstrates that the geometric center of the area of the center of mass positions is shifted by a certain amount relative to the initial position of the center of mass of the water tank. Fig. 13 shows the configurations of the areas of the positions of the center of mass of the tank with different values of the level of its filling with water.
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Fig. 13. Configurations of the areas of the positions of the center of mass of the tank when the fire truck tanker is moving at 6 km/h along the reference track of the forest rough terrain with different values of the level of filling the tank with water: 1 – 25 %; 2 – 50 %; 3 – 75 %
In order to establish the largest values of displacement of the center of mass of the tank when the fire truck tanker is moving, curves of dependence of this value on the most significant parameter – the level of filling of the tank – were constructed. Fig. 14 shows dependence of the largest transverse displacement of the center of mass of the tank during the movement of the fire truck tanker on the level of its filling.
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Fig. 14. Dependences of the largest transverse displacement of the center of mass of the tank during the movement of the fire truck on the level of its filling at a speed of: 1 – 6 km/h; 2 – 4 km/h; 3 – 2 km/h

Fig. 14 demonstrates that the dependence of the maximum transverse displacement of the location of the center of mass of the tank during the movement of the fire truck tanker on the level of its filling has a character that is close to linear. The most significant parameter that affects the displacement of the location of the center of mass of the tank when the fire truck is moving is the level of filling the tank, but to a certain extent this parameter is also affected by the speed of the fire truck.

In order to build a mathematical model that describes the dependence of the largest displacement of the center of mass of the water tank on the most significant parameters that determine the conditions of fire truck tanker movement, a full factorial numerical experiment was conducted. Such parameters include the filling level of the fire truck's tank and the speed of its movement through forest terrain. Analysis of the data presented in Fig. 14 reveals that such a dependence could be described by a simple two-factor linear regression of the following type [8, 9]:

y=а0+а1x1+а2x2+а3x1x2,



(3)

where x1, x2 are factors determined by the parameters that express the conditions of movement of a fire truck through forest terrain.

Since the factors of this regression are independent in nature, its coefficients could be obtained using the simplest orthogonal plan of the first order according to [10, 11].

According to the matrix of the accepted plan, the values of the largest transverse displacement of the center of mass of the water tank during the movement of the fire truck should be determined. At the same time, these values are determined by varying the accepted most significant factors of the model.

By varying the accepted most significant parameters according to Table 5, based on the results of calculations shown in Fig. 12, the corresponding values of the maximum displacement of the center of mass of the water tank during the movement of the fire truck were derived. The resulting values are given in Table 6.

Table 5

Factor variation intervals according to the numerical experiment plan

	Filling level, V, %
	Vehicle speed, v, km/h

	Least value, V-1
	Average, V0
	Greatest value, V1, 
	Least value, q-1
	Average, q0
	Greatest value, q1

	25
	50
	75
	2
	4
	6


Table 6

Values of the maximum displacement of the center of mass of the water tank during the movement of the fire truck, obtained as a result of conducting a numerical experiment according to the plan

	Experimental situation
	1
	2
	3
	4

	Maximum displacement of the center of mass of the water tank, y, mm
	108
	78
	226
	175


Using the data of Table 6, the regression coefficients (3) are determined in coded form according to the following formulas [10, 11]:
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(4)

where N=4 is the number of separate experiments according to the adopted plan;

хі – parameter value according to the plan matrix;

уі – the value of the maximum displacement of the center of mass according to Table 6.

The obtained values of the coefficients are given in Table 7.

Table 7
Regression coefficients for the maximum displacement of the center of mass of the water tank when the fire truck is moving

	Regression coefficients
	а0
	а1
	а2
	а3

	In coded form
	146.75
	20.25
	–53.75
	–5.25

	Real coefficients
	192.75
	1.23
	–21.625
	– 0.105


Using the constructed mathematical model of the displacement of the center of mass of the water tank during the movement of a fire truck tanker in the form of a regression dependence, a corresponding nomogram was constructed. Determining the value of the maximum displacement of the center of mass of the selected most significant parameters of the movement of the fire truck tanker during its movement through forest terrain. The constructed nomogram is shown in Fig. 15.
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Fig. 15. Nomogram for determining the value of the maximum displacement (mm) of the center of mass of a water tank depending on the speed of the fire truck tanker during its movement through forest terrain and the level of its filling

The resulting mathematical model makes it possible to predict the maximum displacement of the center of mass of the water tank depending on the speed of the fire truck tanker when it moves through forest terrain and the level of its filling

5. 4. To determine the optimal safe logistical routes of a fire truck tanker when moving through rough terrain during forest fire extinguishing

The above information about the maximum displacement of the tank's center of mass could be used to calculate the mass displacement of the entire car as a whole. Taking into account the information about the dimensions of the car, it is possible to calculate those directions of movement that would lead to the loss of stability of the tanker truck on an inclined surface of the terrain, depending on the angle of its inclination. Accordingly, it is possible to obtain forbidden directions of movement, as it is done in works [5, 12] but already taking into account the dynamic position of the center of mass and, unlike the deterministic model of the topographic base in the mentioned works, taking into account the random component of the relief surface. This, in turn, makes it possible to build a field of indicators of the speed of the fire truck tanker, that is, to find the speed of the vehicle at each point of the topographic base in any direction. The use of the Huygens principle when obtaining areas of transport reach [5, 12] makes it possible to build optimal (in the sense of arrival time) routes of tanker traffic under off-road conditions, taking into account real topographical conditions.

Using the devised methodology, optimal routes were built through rough forest terrain for the AC-4,5-60 (TGM 12.240)-364 fire truck, from the point of view of its safety and time to overcome it. Fig. 16 shows examples of the construction of such routes.
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Fig. 16. Examples of building optimal routes through rugged forest terrain for the fire truck AC-4,5-60 (TGM 12.240)-364, from the point of view of its safety and the time it takes to overcome it: a – example 1; b – example 2
The first diagram shows the consideration of dangerous zones (for example, steep slopes), which affects the laid route to ensure stable movement of the fire truck. The algorithm avoids areas with a high level of risk, such as steep climbs or slopes, which minimizes the possibility of accidents or overturning of the tanker.

The second diagram illustrates an optimized route that takes into account not only safety but also the minimum time to cover the segment. Reducing the curvature of the route and avoiding unnecessary obstacles indicates optimization in the context of time, which is critically important in firefighting.

The devised methodology has proven effective in building optimal routes for the fire truck, providing a balance between safety and recovery time.

6. Discussion of results describing the oscillating process of water in the tank of a fire truck

In order to obtain detailed data on the fluctuation of the center of mass of the structural system of the fire truck tank during its movement through a rugged forest area, a calculation method was devised with mathematical models of its components and materials that could have an effect on oscillatory processes, including the dynamics of the movement of liquid in the container of the fire truck tanker when it is partially filled. Fig. 2–4 and Tables 1, 2 show calculation schemes and basic data on the mathematical models used. As boundary conditions, the calculation scheme took into account the influence of the surface relief in the form of the laws of its rotation angles in accordance with formulas (1), (2), and Fig. 5–7. These laws are derived using a generator of pseudorandom numbers. Calculations were carried out using complex calculation schemes and mathematical models. As could be seen, these fluctuations do not have critical values at speeds less than 6 km/h, as shown in Fig. 13, 14. This result could be explained by the presence of partitions in the tank of the fire truck, as shown in Fig. 6. The results of our study indicate the effectiveness of modeling the fluctuating processes of water in the tank of a fire truck when moving through rugged forest terrain and have an important application in the field of safety in the design of fire truck tankers.
In order to generalize our calculation results, the regularities of fluctuations of the center of mass were investigated. The regularities of the maximum displacement of the center of mass of the fire truck tanker depending on the speed of movement and the level of filling of the container with water are obtained in the form of a regression dependence. This makes it possible to predict the danger of movement at different combinations of speed and level of capacity filling when solving engineering problems of the safety of fire truck movement when extinguishing forest and landscape fires. The nomogram constructed using the obtained regression is shown in Fig. 15, it could be the basis for an express method for assessing the danger of tanker traffic in these connections and could be used as a tool for compiling recommendations regarding the traffic parameters of these vehicles. However, this pattern is limited to a speed of 6 km/h. At the same time, it should be noted that this restriction is imposed by safety considerations since faster movement is difficult to control when moving through rugged forest terrain. For greater confidence in the validity of our results, we compared them with the data from other studies [3]. The results are explained by the increased accuracy of reproduction of dynamic processes in the structural system of the fire truck tanker when using advanced mathematical models of its component materials. 
The obtained data on the fluctuation of the center of mass of the fire truck tanker allow us to develop software, the mathematical base of which is the construction of the field of indicators of the speed of the fire truck tanker to obtain areas of transport reach. This will make it possible to solve the complex logistical problems of transporting fire-extinguishing substances to the sites of forest fires by fire truck tankers. The comparison showed that the results correspond to the general trend and are consistent with known data.

The devised calculation methods, based on the use of our results, have certain limitations since they do not yet take into account all the designs of tanker trucks and their water tanks, which have different configurations of partitions. The identified shortcomings could be eliminated by conducting further research for other types of fire truck tankers. When summarizing the results, it is possible to cover and devise the most general methods based on the proposed methodology.

7. Conclusions 
1. The design of the water tank of the AC-4,5-60 (TGM 12.240)-364 fire truck has been analyzed. Based on this, an estimation model of one of the most common fire truck tanks with water capacity was built using the capabilities of the LS-DYNA software package. The features of this model are the reproduction of all the structural elements of the fire truck, including the water tank, which was modeled using the SPH method.

2. A mathematical model of the relief of rugged forest terrain was constructed for reproduction on the basis of a generator of pseudo-random numbers of its influence when applying boundary conditions to the dynamic system of a water tank of a fire truck tanker during its movement through rugged forest terrain. The obtained function determines the shape of the unevenness of the reference track for the study of fluctuations in the position of the center of mass of the mechanical system of the water tank. In particular, in order to reproduce possible options, three cases of the movement of a fire truck tanker with speeds of 6 km/h, 4 km/h, and 2 km/h were considered, which made it possible to obtain 3 sets of laws of movement for a fire truck tank.
3. The regularity of change in the maximum displacement of the center of mass of the water tank depending on the speed (v, km/h) of the AC-4.5-60 (TGM 12.240)-364 fire truck during its movement through forest terrain and the level of filling of the tank (V, %) was derived in the form of a regression dependence у=192.75+1.23(V(21.625(v(0.105(V(v.

4. Optimum safe logistic routes have been defined, and recommendations have been given for the relationship between the level of water filling of the tank of a fire truck and its speed of movement over rough terrain during forest fire extinguishing. This made it possible, in particular, to build safe and shortest routes for the AC-4,5-60 (TGM 12.240)-364 fire truck.
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