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Abstract

:

In the actual context, in which there is a trend of increasing the weight of the vehicles used to transport materials, checking the deformations of road systems as a response to dynamic and static loadings is necessary to better manage the road infrastructure. The goal of the study was to evaluate how the number and the thickness of layers, and the material types could influence the behavior of the road systems subjected to different loads, and to find out which of the road systems have the smallest deformations. The Romania forest roads are classified into three categories, and the most important are the principal forest roads. There were chosen road systems proper to this category. Consequently, nine types of road systems were considered, based on the materials used and the thickness of the layers, and the deformations were evaluated by considering loads of 25, 35 and 45 tons. For modeling the behavior of road systems under different loads, the Finite Element Method (FEM) was used taking into consideration the static domain. The models show that, in all the cases, the deformations depend on the number of layers, while the thickness of the ballast layer can reduce the deformations because of the rigidness of the structure. Those findings are very important because not all the modeled roads systems could provide suitable bearing capacity. Hence, an inappropriate thickness of the layers could negatively influence the behavior of road systems under the traffic with weight increased.






Keywords:


forest roads; finite element method; road structure; loadings; truck; wood transport












1. Introduction


The forest roads, like any other type of construction, undergo a series of structural changes as a result of use [1,2,3,4], which are closely related to the level of traffic at which were exposed [5,6,7,8,9,10,11,12,13]. Because of this, the sizing and the design are in a strong relation to future requests [5,12,14,15,16,17] and the materials used in construction [3,18,19,20,21], but also with the compliance or non-compliance of the proper conditions of the objective’s exploitation and use [12,21,22,23,24,25,26].



Due to the importance that the forest roads have in providing accessibility to resources [27,28,29,30], balancing the harvests at spatial scale [31,32,33,34], supporting a sustainable forest management [32,35,36,37,38] and local communities [11,31,38,39,40,41], it becomes important to maintain them in a state that enables the efficiency and safety of transportation. Furthermore, they need to be planned by considering the forecasted traffic requirements [6,7,11,15,17,22,23,29,42], and are typically designed by including the costs of timber harvesting [34,43]. Nevertheless, the transportation activity has been found to have the greatest impact on the final price of the wood [1,44,45,46,47,48,49]. To balance the behavior of forest roads with the traffic, their design should be adapted to the constructive characteristics of the vehicles [22,23,50], particularly to their transportation capacity [11,51]. Practically, the bearing capacity of the roads has to overcome the additional loads from high-weight traffic [5,6,7,15,16,17,26,35].



In Romania, the forest roads are restricted to public traffic [4,15,52,53], and are classified into three categories (masterly, principal/main and secondary forest roads), depending on the traffic characteristics and the forested areas they serve [4,15,53]; accordingly, the road systems are usually selected based on the category of road [36]. In addition, most forest roads are made of flexible systems [20,54], which are sized based on the traffic requirements [11,15,17,55]. Gravel surfacing is the most common in Romanian forest roads [3,15,22,23,24,56], and most of the forest roads were designed for a maximum permissible weight of 25 tones [57], before 1990 [58]. The current regulations [15] take into consideration a maximum permissible weight of 38 tones, which is closer to the actual traffic requirements [11,59].



Due to the distribution of loads over the road surface, there is a high number of options which can be used to place the layers within a road system [3,17,60,61,62,63]. Undersized road systems are prone to premature failure [56], especially when the traffic occurs in the freezing / thawing periods [11,21,24,25], or during periods of high humidity [11,29,54,64]. It should be noted that the layers have different thicknesses and strengths and are made of materials whose quality may decrease with depth [8,9,54,56]. According to the literature [3,15], the upper layers should be made of stronger, high-quality materials [65,66,67]. The gravel pavements have to be well compacted, so that the entire road system be as impermeable as possible, which will prevent the action of climatic factors on the whole system. On the other hand, the layers’ succession in terms of materials and thickness should provide a decrease in loading, so at the roadbed it will be less than the ground’s load-bearing capacity [3,25,54,68].



Tracking the behavior of forest roads over time can provide useful information on the problems that arise due their overloading [12,13], standing for one alternative to propose improvements. However, it takes time, being difficult to track back the real traffic events and to conclude which management measures to be taken. To this end, a promising alternative is based on the simulation of road systems behavior under various traffic conditions. An important indicator in evaluating the behavior of road systems under different loads is the analysis of the contact between the wheel and the road [69,70,71,72], which depends on many factors, including the tire pressure, the type of vehicle, the number of axles and the distribution of loadings on axles, some aspects of interest in this regard is the shape of the contact trace between the wheel and the road [17], and the way in which the pressure is transmitted to the support surfaces, because the contact surface between wheel and road increase once with the loading on the entire vehicle and the loading of each axle in part [70].



Each vehicle that passes on a road induces in the structure an impulse which tends to deform the road system. Until a loading level, the stress is supported by the structure’s layers because of the elastic behavior, but during the time, the road systems progressively deform as a consequence of traffic, as number and type of vehicles, loadings and weather conditions [67,69]. This residual deformation could be bigger when the road’s layers are too thin and composed of improper materials, being a risk for rutting formation [67]. Taking into consideration all these possibilities, some researchers tried to estimate the behavior of road systems by using different software, like Finite Element Method, which was improved along the time [73].



The Finite Element Method (FEM) has been used in various fields of engineering, including in modeling the behavior of road systems [8,9,60,61,64,74,75,76]. In order to simulate the effect of traffic on road systems, many authors have resorted to the Finite Element Method, also applied in the case of the present research, either to analyze the stress and deformations occurring in the case of roads with non-rigid road systems [59,71,72,73], or to determine the number of load cycles that asphalt roads can withstand [8,9,60,77], and to observe the impact of multi-axle vehicles on road systems [17,61,67,78], even to highlight the differences that appear in the case of displacements in the depth of road systems with or without geogrids, at various test cycles [68,71]. These interactions can be analyzed both in the static and dynamic domain [11,54,60,61], while understanding the influence of traffic on the support surfaces is essential both for the design of resistant transport ways, as well as to be able to evaluate, later in use, the factors that influence the behavior of constructions over time [2,72].



The Finite Element Method has not been used to model the behavior of non-rigid forest road systems with three and four layers under different loads in static domain, so the present study is focused on it. The goal of the study was to evaluate how the number and the thickness of layers, and the material types could influence the behavior of the road systems subjected to different loads, and to find out which of the road systems have the smallest deformations. In order to achieve the proposed goal, the following objectives have been set: (i) to establish standard types of road systems characteristic for the roads with an annual traffic between 5000 and 50,000 tons per year (known as principal roads in Romania); (ii) to make a numerical evaluation of road layers by using the Finite Element Method; (iii) to evaluate which one of the modeled road systems could provide a suitable behavior under loads that exceed the maximum permissible weight.




2. Materials and Methods


2.1. Forest Road Systems Taken into Consideration


As was mentioned before, in Romania, the forest roads are classified into three categories [15], and the principal/main roads represent almost a quarter of them [34], and the wood which is transported on secondary forest roads pass on main roads. Those roads were sized and designed to serve from 1000 to 10,000 ha and to support annual traffic between 5000 and 50,000 tons [4,15], at a speed of 20–25–40 km/h. Besides that, the majority of Romanian forest roads were built before 1990 with a maximum permissible weight of 25 tons [57], smaller than 38 tons, which is the limit nowadays. Therefore, the majority of the forest roads are degraded and have to be reconstructed [4] to support the increased weight.



This is the reason in order to run the simulations, three types of road systems were selected as being suitable for the main forest roads (Table 1), according to the forest road design regulations [15]. For each type three variants by sizing the thickness of the ballast layer were studied at 200, 300 and 400 mm, respectively. Each model of road system was studied in three loading situations of the vehicle, respectively for 25, 35 and 45 tons, resulting in nine road systems and 27 calculation models.



For the crushed stone it was considered the basalt, as a volcanic rock, a hard rock, very resistant to traffic, compact, with a fine grain, characteristics which make it suitable for surfacing layer [65,79,80]. Instead, the ballast layer, even if is a moderately hard and durable sedimentary rock, is not so resistant to traffic, being more suitable for base layer [81].



The chosing of those stony materials in the road system was based on the recomandations from the literature, where it is mentioned that the most resistant materials have to be places in the upper part of the structure and the materials with decreased quality and resistance have to be placed in the base layers [3,66,67], because the surfacing layers and the materials from them composition must be durable under different conditions of traffic and weather, well graded and mechanicaly stable [65].



In Table 1 were presented the layer’s thickness, considered after the compactation up to 95%, because the density is strongly related to the compactation and humidity. For modelling, it was considered that the road system is dry and the Poisson coefficient, which is used to quantify the stiffness stress of the materials [70], was 0.27 for each stony layer. The subgrade was considered by gravel with sand, with a plasticity index smaller than 10%, a Poisson coefficinet of 0.42, and a moldulus of elasticity of 70 MPa [15,53].




2.2. The Use of FEM in Evaluating the Behavior of Road Systems


In order to determine the states of displacement and the remaining deformations of the road system under the actions of the loadings, the Finite Element Method was used, the calculations being performed in the static linear domain, considering that the deformations increase progressive from zero to a real value and remain constant. To simulate the road system deformation, a test sector of a forest road with the dimensions of 5 × 2 × 2 (length × width × thickness)[m] was modeled (Figure 1).



Figure 2a,b shows the finite element discretized models for three principal road systems with three and four layers, using the Abaqus CAE technical calculation program; the same program being used by Leonardi and his collaborators [76], Calvarano and his collaborators [71] and Karadag and his collaborators [72]. The 3D finite elements of the hexahedron type simulated the layers of the road system based on the material properties assigned to each layer. The connection between the layers of the pavement was made by the common nodes between the finite elements.



For the application of the Finite Element Method, the considered road layers were fixed, in all directions, on the embankment, and the loading force was applied to the equivalent contact surface between the wheel and the surfacing layer (Figure 3), considering a speed of 25 km/h. The main forest roads were designed for speed between 20 and 40 km/h. Even so, the recommended speed for traveling, specified in the Romanian forest road design normative, is 25 km/h [15].



Using the Finite Element Method, it was followed how bigger is the deformation of the road pavement on the direction of pressure, taking into account the results obtained for each wheel, corresponding to each axle.




2.3. The Vehicle and Loads Characteristics


For the comparative study, three loads were considered, which were assumed to be distributed on the axles of a known truck (Table 2), namely ATF 25 (Figure 4). This type of vehicle is commonly used for design of the forest road pavements in Romania [15].



When the vehicle travels on the road, the structure deforms, causing the settlement of the layers. After the passing of each axle, the road system relaxes, and even if this relaxation extends up to the subground, each layer keeps a residual deformation. The total loading produced by each axle was distributed on each wheel, in order to obtain the deformation of the road pavement, which comes into contact with each wheel at a given time. Thus, it could be estimated which was the remaining deformation of the road pavement after passing the vehicle with a given payload.



The contact area between the wheel and the road was calculated on the basis of tire size and wheel pressure, thus determining an equivalent contact area, which could be expressed by multiplication of the uniform pressure at the surfacing layer, in MPa, with the diameter of the equivalent circle of contact, in mm [15]. The corresponding load of each wheel on the front and rear axles, as well as of the semi-trailer axles, was applied to this equivalent contact surface. Figure 5 shows the equivalent contact surfaces between the vehicle wheel and the road, corresponding to a front wheel and a rear wheel of the truck, respectively.



Figure 6 shows the variation of loadings on each wheel. The displacements and deformations have been calculated for a total load of 25, 35 and 45 tons respectively, distributed over the entire vehicle, in the calculation being considered half of it, due to its constructive symmetry. The force was distributed on each wheel in relation to the maximum load of 40 tons.



For each model, it was determined:




	
The maximum deformation of the surfacing layer after the passage of each wheel;



	
The displacement into the depth of the entire road system after passing the vehicle;



	
The residual deformation after the passage of the vehicle.








In order to highlight the differences between the nine road system types and 27 models of calculation, a comparative study was performed for the maximum and the residual deformations obtained on the contact surface between the road and the wheel. So, the comparative study followed the state of deformation of the entire system during traffic, when the maximum loading force stress the surfacing layer, and the state of residual deformation, when the vehicle has left the road.





3. Results


3.1. Residual Deformation Distribution and Vector Distribution of Residual Deformations


Figure 7 shows the distribution of the surfacing layer deformation, after passing the front wheels (single axle—Figure 7b), and after passing all the wheels (Figure 7c), in the direction of loading on pavement. The residual deformations obtained after passing all the axles are indicated in Figure 8, results corresponding to a single pass of the vehicle, with a speed of 25 km/h.



The residual deformation maintained in the road system after the passing the load can be seen in Figure 9. The vectors of the residual deformations have a positive direction on the outside of the pressed surface, but in the pressing area the vectors have a negative direction, which indicates the compaction of the road. This type of deformation, left after the passage of the vehicle, can lead to the formation of ruts. The distribution of the color spectrum of the total deformations, as well as of the residual ones, is identical for all the studied structures types, the difference between them being the numerical value of the deformations. As it can be seen in Figure 7, Figure 8 and Figure 9, for each degree of deformation a different color was used. Taking into consideration that the biggest pressure was applied in the center of the contact area between wheel and surfacing layer, at the same point the highest deformations were obtained, symbolized here with dark blue color. Once with increasing of the distance from this central point, the deformations become smaller and the colors change from light blue to green, yellow and red (area where the deformations are very low and the structure has an elastic behavior).




3.2. Numerical Evaluation of Deformations in the Case of Typical Road Structures


3.2.1. The Displacement of Structure’s Layers in Depth


Type I of Road Systems


The displacements of the layers in depth, recorded for the type I of road systems tested at 25, 35 and 45 tons, indicate a higher rigidity of the I.3 variant, characterized by a thicker ballast layer on the embankment (400 mm), as opposed to variants I.1 and I.2 (200 and 300 mm). Related to the displacements in the depth, it was found that they vary between 0.625–0.653 mm when the road systems are tested at 25 t, between 0.874–0.749 mm at loads of 35 t, and between 1.124–0.963 mm at loads of 45 t (Figure 10a–c), so the increase in load places more stress on the road systems, the displacements of the layers into the depth being greater with the increase in pressure and the decrease in the thickness of the ballast layer placed on the embankment.




Type II of Road Systems


In the case of type II road systems, it is observed, once again, that the greater thickness of the ballast layer on the embankment leads to a greater stiffness of the type II.3 road system, regardless of the loading level (25, 35 or 45 tons). In addition, an increase in stiffness is observed between layers 2 and 3, which can be attributed to the materials used in the type II forest road systems compared to type I. Thus, they consist of three layers, with a thickness of 370 mm, to which the ballast layer of 200 mm (I.1), 300 mm (I.2) or 400 mm (I.3) is added, in time, that type II road systems consist of two layers, 270 mm thick, to which the ballast layer is added (200, 300 or 400 mm), which means that the optimal mix ballast layer (100 mm) and the broken stone sort 63/90 (150 mm), which are part of type I road systems, play an important role in reducing the displacement of layers in depth. For type II, the displacements in depth vary between 0.743–0.616 mm when they are loaded at 25 t, between 1.040–0.862 mm when they are loaded at 35 t, and between 1.337–1.108 mm at loads of 45 t (Figure 11a–c).




Type III of Road Systems


Compared to the displacement of the layers into the depth for type III road systems, a reduction in them is found, as well as an increased rigidity of the III.3 structure, conferred by the thicker ballast layer. In addition, the same increase in stiffness between layers 2 and 3, found in the case of type II road systems, is noted, which draws attention to the rough stone blocking layer which, regardless of thickness (150 mm—type II, and 250 mm—type III), confer properties similar to type II and III road systems, the values obtained for displacements being very close in those two situations. The recorded displacements ranged from 0.737–0.632 mm for 25 t loads, between 1.031–0.885 mm for 35 t loads, and between 1.326 and 1.138 for 45 t loads (Figure 12a–c).



Comparatively analyzing the displacement of the layers into the depth for the three types of road systems, with their own variants (Table 3), it was found that the values obtained for type II and III are relatively close and much higher than those obtained following the application of type I road systems, consisting of three layers, with a thickness of 370 mm, to which the layer of ballast is added (200, 300 or 400 mm). The lack of a layer in the structure, as happen in the case of types II and III, consisting of two layers (270 mm and 350 mm), to which the layer of ballast is added on the embankment (200, 300 or 400 mm), has a significant impact in increasing the value of displacements into the depth, values that rise with the increase in the pressure level (25, 35 or 45 t), but also with the reduction in the thickness of the ballast layer (400–300–200 mm).



On the other hand, analyzing the materials that enter in the composition of analyzed road systems and the number of layers, it was found that types II and III were similar in terms of layers and component materials, while types I and III road systems were similar in terms of the entire structure’s thickness. However, the layers of broken stone sort 63/90 (150 mm) and optimally mixed ballast (100 mm), which are part of type I road systems, give them better resistance to stress, the displacements into the depth being less in the case of these structures, probably due to the better wedging between the stony materials.





3.2.2. The Maximum Deformations Recorded at 25, 35 and 45 Tons Loadings


Type I Road Systems


In the case of type I road systems (Figure 13a–c) it was found that the maximum deformations vary both with the ballast layer’s thickness on the embankment and with the increase in pressure, noting that the maximum deformations differ depending on the axle taken into consideration. Thus, for the front axle of the truck, the maximum deformations vary from 0.18 mm (I.3—25 t) to 0.37 mm (I.1—45 t), for the rear axles it oscillates from 0.48 mm (I.3—25 t) and 1.00 mm (I. 1—45 t), and for the semi-trailer axles, from 0.53 mm (I.3—25 t) to 1.12 mm (I.3—45 t). These values highlight, once again, the impact that the ballast layer’s thickness at the embankment level has on the deformations, with greater deformations being recorded in the case of road systems with a lower thickness of this layer (I.1 and I. 2) and smaller deformations if the ballast layer has the maximum thickness considered in the present analysis (400 mm), which gives the structure greater rigidity and better behavior under loading pressure.



In addition, a progressive increase in deformations was observed with increasing of pressure level. Thus, for the front axle, there are differences of 0.03 mm between the considered road systems variants (I.1., I.2 and I.3) tested at 25 t, of 0.04 mm at 35 t and 0.05 mm for loadings of 45 t. For the rear axle, the values vary by up to 0.08 mm for the 25 t loads, by 0.11 mm for the 35 t loads, and by 0.14 for the 45 t loads. For the semi-trailer axles, greater differences were found between the maximum deformations, in relation to the type of road system and the load, these being 0.09 mm for 25 t, 0.12 mm for 35 t and 0.16 mm for 45 t loads.




Type II Road Systems


As in the case of type I road systems, in the case of type II (Figure 14a–c) it was found that the values of the maximum deformations vary with the axle that passes over the support surface, but also with the level of pressure, and being reducing to greater thicknesses of the road system. Compared to the variation in values, it was observed that the maximum deformations oscillate for the front axle between 0.21 and 0.25 mm at 25 t, between 0.25 and 0.35 mm at 35 t and between 0.37 and 0.45 mm at 45 t loads. The upward trend was also preserved in the case of double axles, the highest values being registered at the rear axle, when the maximum deformations are 1.34 mm for road system II.1, 1.21 mm for type II.2 and 1.11 mm for II.3, which highlights once again the fact that a greater thickness of the ballast layer on the embankment gives the structure greater rigidity, behaving better under loading pressure.




Type III Road Systems


The tendency to increase the maximum deformations with the increase in the loading level was also found in the case of type III road systems (Figure 15a–c). There were significant differences between the values recorded at the front axle of the truck compared to the two double axles, the values being 3 times higher. Thus, the maximum deformations oscillate between 0.21 mm (III.3—25 t) and 0.44 mm (III.1—45 t) for the front axle, between 0.56 mm (III.3—25 t) and 1.18 mm (III.1—45 t) for the rear axles, and between 0.63 mm (III.3—25 t) and 1.33 mm (III.1—45 t) for the semi-trailer’s axles.



Compared to the deformations recorded for the type of road systems required at 25, 35 and 45 t loads, it was found that the maximum values were located in the middle of the pressure surface, varying depending on the axle that passes over the surface subjected at pressure. Thus, it was observed that regardless of the road system and load, the lowest values appear in the case of the front axle (Table 4), after which the deformations increase in the case of the rear axles and reach maximum values in the case of the semi-trailer’s axles, when the deformations tend to be three times higher than those recorded at the front wheels.



Comparing the maximum deformations recorded for those nine variants of road systems subjected to tests (Table 4), it could be observed that equal or very close values appear between type II and III road systems, which were composed of three layers, and not of four, as occurs in the case of type I structure. Regardless of the loading level (25, 35 or 45 t) and the ballast layer’s thickness on the embankment (200, 300 or 400 mm), the type I recorded the lowest values of the maximum deformations, which indicates that the broken stone layer sort 63/90 (150 mm) and the optimum mix ballast layer (100 mm) play an important role in their behavior. In addition, for all types of road systems, the maximum deformations recorded were smaller as the ballast layer on the embankment was thicker, which makes the structure more difficult to deform due to increased stiffness.





3.2.3. The Residual Deformations Recorded at 25, 35 and 45 Tons


Type I Road Systems


From the analysis of Figure 16a–c, it could be seen that, regardless of the loading level, the residual deformations in the case of type I road systems were greater when the ballast layer’s thickness on the embankment was smaller (I.1). This was due to the elasticity of this structure compared to types I.2 and I.3, where the ballast layer’s thickness was greater and stiffened the structure, making it better resist the loading forces that tend to deform it.



Compared to the impact of the loading on the same type of road system (I.1, I.2 or I.3—Figure 16a–c), it was found that there were significant increases between the residual deformations resulting from loadings of 25 and 35 t (0.136 mm—I.3 and 0.162 mm—I.1); and from 35 to 45 t increases occur, the residual deformations increasing by 0.181 mm (I.3) and 0.218 mm (I.1) at 45 t loadings compared to those recorded at 35 t.




Type II Road Systems


Figure 17a–c illustrates the residual deformations in the case of type II road systems, subjected at 25, 35 and 45 t. As in the case of type I, in the case of type II a greater elasticity of the road system with a smaller thickness (II.1) could be seen, the residual deformations being greater in the structures that have a layer of ballast on the embankment of greater thickness (II. 2 and II. 3). On the other hand, a significant increase in the residual deformations from the 25 t to the 35 t loadings was also observed (0.199 mm—II.3 and 0.254 mm—II.1). In the case of increasing the loading level, from 35 to 45 t, a significant increase in the residual deformations was observed, the values increasing by 0.245 mm at II.3, respectively by 0.338 mm at II.1.




Type III Road Systems


The tendency to increase the residual deformations in the case of road systems with a thinner layer of ballast was found in type III road systems (Figure 18a–c), the most elastic, regardless of the level of loading, being the III.1 structures, where the residual deformation oscillates between 0.300 mm at 25 t loads and 0.972 at 45 t loads. Furthermore, the tendency to decrease the size of the residual deformations with the increase in the thickness of the ballast layer at the level of the embankment was also observed.



The impact of the loading level was even more obvious in the case of type III road systems. Thus, unlike the residual deformations recorded at 25 t, increases of 0.239 mm (III.3) and 0.288 mm (III.1) were observed with the increase in load at 35 t, respectively by 0.318 mm (III.3) and 0.384 mm (III.1) when the residual deformations resulting from the loadings of 35 and 45 t were taken into consideration.



The comparative analysis of the residual deformations, specific to the road systems analyzed and subjected to 25, 35 and 45 tons loads (Table 5), highlights the significant impact that the road system’s thickness, the number of layers, and the materials that enter into their composition play in stiffening them. Regardless of the loading and the road system’s type (I, II or III), it could be observed that the residual deformations were greater when the thickness of the structure was smaller. On the other hand, it was found that type I road system show less residual deformations than type II and III, an aspect that can be attributed to the two layers in their composition (the crushed stone layer sort 63/90—150 mm and the optimal ballast layer—100 mm), which gives the structures better resistance to loadings which try to deform them.







4. Discussion


The behavior of road systems, when they are made in accordance with the standards [54], depends on the load level of the vehicle and the speed with which it moves with the load [14], the responses to dynamic loadings being much more pronounced compared to those from static loads, these effects rise with the increase in the vehicle’s speed [60]. In the present study, the maximum deformation always occurs in the center of the pressing surface, an observation which was made by the Marko and his collaborators [82], as well as by the Leonardi and his collaborators [76].



Regarding the distribution of loads on the axles, the research of various authors [17,60,61,74] have once again highlighted their importance, especially since vehicles of high tonnage, which have the load distributed on several axles, subject the roads at very high unit pressures [5,12,54], the stress induced on the road structures being different depending on the loadings on each axis separately [61]. From this point of view, the obtained results indicate that the maximum deformations, for the considered ATF-25 forest truck, always occur at the double rear axle, the road systems deforming more with increasing the total loading of the vehicle (25, 35 and 45 tons). This is fully justified in the case of round wood transport, of large sizes. In the Regulations for the design of forest roads, in force [15], as well as in other specialist books [22,23] it was mentioned that the length of such trucks can reach up to 16.5 m (including the load), which means that a good part of the load is distributed on the rear axle and the semi-trailer axles. Due to the constructive variant of the ATF-25 forest truck, the lowest values of the maximum deformations appear at the front axle, a situation found in three-axle garbage trucks, which Chen and his collaborators [61] referred to.



Comparing the results for the three analyzed parameters (maximum deformation, the displacement into the depth of the entire road system and residual deformation) it was found that one of the main influencing factors was the road system’s thickness, which can stiffen the structure or make it more elastic, as it emerged from the research carried out by Trzinski and Kaczmarzyk [54], which compares road systems of different thicknesses. In addition, the layers of the road system have a significant influence on the analyzed parameters, both through their thickness and through the stony materials used. They must have good resistance to weathering, friction and erosion and be able to interlock well enough to resist traffic loadings that tend to dislodge them, thereby creating permanent degradation and deformation in the structure [59]. In this sense, type I road systems, composed of three layers (370 mm), to which a layer of ballast was added on the embankment (200, 300 or 400 mm), show better values for the three analyzed parameters, compared to the other types of road systems (II and III), even if, in the end, the values are influenced by the thickness of the ballast layer.



Comparing the values obtained for the displacements of the layers into depth, it was found that they have close or even equal values for types II and III road systems, a fact that can be attributed to the similarities between these road systems, composed of three layers of stony materials, the differences being only in the thickness of the layers and not in the type of stone materials (mixed crushed stone, pitching of crushed stone and ballast). In this regard, Trzcinski and Kaczmarzyk [54] state that the lack of differences between the deformation modules at different thicknesses of the road systems can be attributed to other factors, such as the particularities of the earth in the embankment and the road execution method, but not to the loadings or materials which enter in the road systems composition. On the other hand, the same authors [54] state that the greatest increase in deformations, with the increase in loading, was observed in road systems made up of a single layer of gravel, with a thickness of 12–15 cm. The authors [54] also stated the fact that road systems with two layers (gravel and broken stone), used for secondary forest roads in Romania, were characterized by a greater deformation in the case of poor quality embankments, which is why other authors [21] recommend that, in order to support loads that are expected to travel on a road, road systems should be placed on embankments with high bearing capacity, especially since the stress caused by traffic loads affects each layer differently, including the earth in the embankment [11].




5. Conclusions


	
In the present study, the maximum deformation always occurs in the center of the pressing surface;



	
The deformation of the roadbed depends on the road system composition (as a number of layers), its deformation being various for each case studied;



	
A higher road system’s thickness can reduce the displacement into the depth of the layers and the maximum deformations;



	
Among all nine types of road systems evaluated, it was observed that type III road systems was the most rigid, and it had the smallest deformations at the level of the contact surface, a fact due to the ballast layer’s thickness;



	
In all the road systems studied, the largest deformations occur at the semi-trailer axles, the values being higher when the road system is of less thickness, and the loading is higher;



	
By verifying the nine variants of standard road systems at loadings of 25, 35 and 40 tons, it was found that not all of them provide the necessary bearing capacity for the current traffic imposing themselves, as the case may be, increasing the thickness of system’s layers.
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Figure 1. Dimensions [m] of the considered road test section (ballast layer—blue color, pitching of crushed stone—red, crushed stone, assortment 63/90—gray, mixed crushed stone—green). 
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Figure 2. Hexahedron finite element models: (a). for the first type of road system; (b). for the second and the third type of the road systems. 
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Figure 3. Boundary conditions. 
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Figure 4. The axles of ATF 25 truck. 
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Figure 5. Force application area: (a). for a front wheel; (b). for the double wheels of the rear axle of the tractor. 
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Figure 6. Distribution of loadings on each axle at ATF 25 truck. 
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Figure 7. General view of the distribution of deformations: (a). an isometric view of the road; (b). the distribution of deformations after passing the front axle; (c). the distribution of the deformations after the passing of all the axles. 
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Figure 8. General view of the distribution of residual deformations: (a). an isometric view of the road; (b). the distribution of residual deformations after passing the front axle; (c). the distribution of the residual deformations after the passing of all the axles. 
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Figure 9. Depth section of the road—Vector distribution of the remaining deformations: (a). an isometric view of the road; (b). the distribution in deep of the remaining deformations after passing of all the wheels. 
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Figure 10. The displacements into the depth recorded at type I of road systems subjected at 25 tons (a), 35 tons (b) and 45 tons (c). 
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Figure 11. The displacements into the depth recorded at type II of road systems subjected at 25 tons (a), 35 tons (b) and 45 tons (c). 
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Figure 12. The displacements into the depth recorded at type III of road systems subjected at 25 tons (a), 35 tons (b) and 45 tons (c). 
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Figure 13. The maximum deformations recorded at type I road systems loaded at 25 tons (a), 35 tons (b) and 45 tons (c). 
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Figure 14. The maximum deformations recorded at type II road systems loaded at 25 tons (a), 35 tons (b) and 45 tons (c). 
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Figure 15. The maximum deformations recorded at type III road systems loaded at 25 tons (a), 35 tons (b) and 45 tons (c). 
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Figure 16. The residual deformations recorded at the type I road systems subjected at 25 tons (a), 35 tons (b) and 45 tons (c). 
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Figure 17. The residual deformations recorded at the type II road systems subjected at 25 tons (a), 35 tons (b) and 45 tons (c). 
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Figure 18. The residual deformations recorded at the type III road systems subjected at 25 tons (a), 35 tons (b) and 45 tons (c). 






Figure 18. The residual deformations recorded at the type III road systems subjected at 25 tons (a), 35 tons (b) and 45 tons (c).



[image: Forests 13 01872 g018]







[image: Table] 





Table 1. The evaluated road systems as component layers, materials and thickness.
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Road System Type

	
Layer’s Thickness [mm] and the Modulus of Elasticity [MPa]




	
Mixed Crushed Stone

	
Crushed Stone, Assortment 63/90

	
Pitching of Crushed Stone

	
Ballast Layer




	
[mm]

	
[MPa]

	
[mm]

	
[MPa]

	
[mm]

	
[MPa]

	
[mm]

	
[MPa]






	
I.1

	
120

	
500

	
150

	
400

	
100

	
300

	
200

	
152




	
I.2

	
120

	
500

	
150

	
400

	
100

	
300

	
300

	
182




	
I.3

	
120

	
500

	
150

	
400

	
100

	
300

	
400

	
208




	
II.1

	
120

	
500

	
-

	

	
150

	
300

	
200

	
152




	
II.2

	
120

	
500

	
-

	

	
150

	
300

	
300

	
182




	
II.3

	
120

	
500

	
-

	

	
150

	
300

	
400

	
208




	
III.1

	
100

	
300

	
-

	

	
250

	
300

	
200

	
152




	
III.2

	
100

	
300

	
-

	

	
250

	
300

	
300

	
182




	
III.3

	
100

	
300

	
-

	

	
250

	
300

	
400

	
208











[image: Table] 





Table 2. Loading distribution on each axle of the ATF 25 truck.






Table 2. Loading distribution on each axle of the ATF 25 truck.





	Truck Payload [tons]
	Front Axle Loading [tons]
	Rear Axles Loading of the Tractor [tons]
	Loading on Semi-Trailer Axles [tons]





	25
	3.750
	10
	11.250



	35
	5.250
	14
	15.750



	45
	6.750
	18
	20.250
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Table 3. The displacements into the depth of layers recorded at 25, 35 and 45 tons.






Table 3. The displacements into the depth of layers recorded at 25, 35 and 45 tons.





	
Loading [tons]

	
25 tons

	
35 tons

	
45 tons






	
Type of structure

	
I.1

	
I.2

	
I.3

	
I.1

	
I.2

	
I.3

	
I.1

	
I.2

	
I.3




	
Displacement [mm]

	
0.625

	
0.577

	
0.535

	
0.874

	
0.807

	
0.749

	
1.124

	
1.038

	
0.963




	
Type of structure

	
II.1

	
II.2

	
II.3

	
II.1

	
II.2

	
II.3

	
II.1

	
II.2

	
II.3




	
Displacement [mm]

	
0.743

	
0.673

	
0.616

	
1.040

	
0.943

	
0.862

	
1.337

	
1.212

	
1.108




	
Type of structure

	
III.1

	
III.2

	
III.3

	
III.1

	
III.2

	
III.3

	
III.1

	
III.2

	
III.3




	
Displacement [mm]

	
0.737

	
0.681

	
0.632

	
1.031

	
0.953

	
0.885

	
1.326

	
1.225

	
1.138
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Table 4. The maximum deformations recorded in road systems subjected at 25, 35 and 45 tons.






Table 4. The maximum deformations recorded in road systems subjected at 25, 35 and 45 tons.





	

	
Maximum Deformations (mm)




	
Front Axle

	
Rear Axle

	
Semi-Trailer’s Axles






	
Type of structure

	
I.1

	
I.2

	
I.3

	
I.1

	
I.2

	
I.3

	
I.1

	
I.2

	
I.3




	
Loading (tons)

	
25

	
0.21

	
0.19

	
0.18

	
0.56

	
0.51

	
0.48

	
0.62

	
0.58

	
0.53




	
35

	
0.29

	
0.27

	
0.25

	
0.78

	
0.72

	
0.67

	
0.87

	
0.81

	
0.75




	
45

	
0.37

	
0.35

	
0.32

	
1.00

	
0.92

	
0.86

	
112

	
1.04

	
0.96




	
Type of structure

	
II.1

	
II.2

	
II.3

	
II.1

	
II.2

	
II.3

	
II.1

	
II.2

	
II.3




	
Loading (tons)

	
25

	
0.25

	
0.22

	
0.21

	
0.66

	
0.60

	
0.55

	
0.74

	
0.67

	
0.62




	
35

	
0.35

	
0.31

	
0.29

	
0.92

	
0.84

	
0.77

	
1.04

	
0.94

	
0.86




	
45

	
0.45

	
0.40

	
0.37

	
1.19

	
1.08

	
0.98

	
1.34

	
1.21

	
1.11




	
Type of structure

	
III.1

	
III.2

	
III.3

	
III.1

	
III.2

	
III.3

	
III.1

	
III.2

	
III.3




	
Loading (tons)

	
25

	
0.25

	
0.23

	
0.21

	
0.65

	
0.60

	
0.56

	
0.74

	
0.68

	
0.63




	
35

	
0.34

	
0.32

	
0.30

	
0.92

	
0.85

	
0.79

	
1.03

	
0.95

	
0.89




	
45

	
0.44

	
0.41

	
0.38

	
1.18

	
1.09

	
1.01

	
1.33

	
1.22

	
1.14
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Table 5. Residual deformations recorded at 25, 35 and 45 tons loadings.






Table 5. Residual deformations recorded at 25, 35 and 45 tons loadings.





	
Loading [tons]

	
25 tons

	
35 tons

	
45 tons






	
Type I road systems

	
I.1

	
I.2

	
I.3

	
I.1

	
I.2

	
I.3

	
I.1

	
I.2

	
I.3




	
Residual deformations [mm]

	
0.170

	
0.153

	
0.142

	
0.332

	
0.301

	
0.278

	
0.550

	
0.497

	
0.459




	
Type II road systems

	
II.1

	
II.2

	
II.3

	
II.1

	
II.2

	
II.3

	
II.1

	
II.2

	
II.3




	
Residual deformations [mm]

	
0.264

	
0.225

	
0.199

	
0.518

	
0.441

	
0.389

	
0.856

	
0.729

	
0.643




	
Type III road systems

	
III.1

	
III.2

	
III.3

	
III.1

	
III.2

	
III.3

	
III.1

	
III.2

	
III.3




	
Residual deformations [mm]

	
0.300

	
0.270

	
0.248

	
0.588

	
0.529

	
0.487

	
0.972

	
0.874

	
0.805
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