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Abstract

:

Forest roads, as a prerequisite for high-quality forest management, should be optimally distributed in order to avoid negative environmental impacts and to best fulfill their task. In the design phase of forest roads, it is necessary to know which factors influence most the volume of earthworks to enable the designer to best adapt to the terrain requirements. In this paper the impact of an average cross terrain slope and carriageway value of a forest road on cut and fill volume is analyzed. The research was carried out in the area of the management unit Trovrh–Kik, characterized by irregular terrain with slopes ranging between 27 and 58%, and on some micro locations even up to 84%. On eight forest roads, based on standard cross-section profiles, the influence of the average cross terrain slope and carriageway value (difference between ground level and grade level) of the forest road on the cut and fill volume per 1 m of the forest road route was analyzed. The obtained coefficients of determination indicate a strong correlation between the cut volume and carriageway value (R2 = 0.6841), and a moderate correlation between the fill volume and carriageway value (R2 = 0.5619). Unlike the influence of carriageway value on the cut and fill volume, the correlation between the cross terrain slope and fill volume is weak (R2 = 0.2076) or moderate in the case of the cut volume (R2 = 0.3167). On the basis of the analyzed standard cross-section profiles, it was determined that the carriageway value was 0.051 m, where the difference between the cut and fill volume was minimum and the average actual carriageway value was determined to be −0.09 m. It can be concluded that, on terrains with large and varying slopes, there is no unique model or terrain factor that could describe the earthworks required in the construction of a forest road. However, it is beyond doubt that the increase in the carriageway value and cross terrain slope caused the increase in the aforementioned volumes.
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1. Introduction


A high-quality, regularly planned and evenly distributed forest road network is the basic prerequisite for forest management [1,2,3]. In order to provide a forest road network of high quality and efficiency, it is extremely important to approach each work phase properly, which is necessary for establishing an optimal forest transport network. According to Pentek et al. [4], establishing an optimal primary forest road network is always carried out through the following working phases: planning, designing, supervised construction and maintenance. According to the same authors [5], along with the above stated, always present, phases of optimization of primary forest traffic infrastructure, sometimes, if required, two other working phases appear—the reconstruction of forest roads and closing constructed forest roads for use. These phases are interrelated and dependent, and they should be carried out in the stated order, taking into account that a new phase cannot be initiated unless the previous one has been satisfactorily completed. The importance and complexity of this type of work is also reflected in the fact that in the market there are many guidebooks, primarily intended for private forest owners, which contain guidelines for the optimal management of forest traffic infrastructure. The mentioned guidebooks contain instructions for all phases of establishing a forest road network, with the focus on costs and environmental issues [6,7,8,9,10]. The poor implementation of any of these phases leads to different negative effects of forest roads, the most frequent being the following: changes of stand conditions affecting biodiversity [11,12,13,14,15,16]; erosion, sedimentation and change in soil characteristics [17,18,19,20]; an impact on the water regime and water quality [21,22]; and also a very significant negative perception of people regarding forestry and forest roads [23]. Due to the above (especially in special purpose forests), designers must make great efforts in designing and constructing forest roads [24,25,26].



After completing the designing phase, the construction phase follows, during which the highest costs are incurred in the whole process of building a new forest road. This is also confirmed by Caliskan [27], who states that forest roads are the most expensive constructions in forestry, while according to Epstein and Sessions [28], the phases of planning, designing and construction of forest roads are the most expensive and the most time-consuming elements in the system of timber harvesting. The complexity of the construction phase of forest roads is best described by Caliskan [27], who emphasizes that the construction of forest roads on mountainous terrain is a risky operation that can cause considerable damage to the landscape and forest ecosystem, unless properly implemented. The construction phase of forest roads, depending on the author, is carried out through several subphases. Douglas [29] divides the construction works into the following subphases: land preparation, excavation, formation of embankments, finishing operations and paving.



Kramer [6] divides the construction of forest roads into clearing and grubbing, earthwork and surfacing, while Ryan et al. [8] mention three key phases in the construction of forest roads: road formation (the phase that includes all earthworks), road drainage and road completion. According to the FAO [30] classification, forest road construction works can be divided into clearing and piling, earthwork, finishing grading, surfacing and drainage, which is in line with the classification in force in the Republic of Croatia, where, according to the rulebook [31], the forest road construction works are divided into preparatory works, soil improvement, lower structure works, upper structure works, surface and underground drainage facilities, construction of bridges and other forest traffic infrastructure facilities. The last classification was the one used for defining measures and cost estimates of the forest roads analyzed in this paper.



Regarding cost estimates of forest road construction, i.e., the factors affecting the estimated cost of different components during the phase of road construction, we can say that this is a very challenging task, further complicated by environmental restrictions reflected in varying topography, the presence of different types of soil on the forest road route and varying shares of rockiness [32,33]. Pearce [34] studied the importance and the amount of costs spent for the construction and maintenance of the forest road infrastructure, and he claims that the highest expenditure in total costs of timber production is related to the construction and maintenance of the forest traffic infrastructure. The same is confirmed by Martinić [35], who states that the costs related to the cutting, felling and transport of timber, as well as the costs for the construction and maintenance of forest traffic infrastructure, account for 59% of the total sale price of timber.



Analyzing the total costs of forest road construction, Sessions [36] states that there are six key cost items that are considered influential, namely the costs for: construction staking, clearing and piling, earthwork, finishing grading, surfacing and drainage. A detailed analysis of the share of individual types of costs in the total cost of forest road construction was made by [37]; they concluded that one of the most important factors affecting the cost of forest road construction on steep (mountainous) terrain is the cost of earthwork cuts, amounting to up to 80%. Therefore, the assessment of earthwork volume is indispensable for planning the cost of a forest road construction, as well as for minimizing damage to the forest ecosystem. In the past, many authors have dealt with the influencing factors requiring earthworks during the phase of forest road construction. Thus, assuming a uniform terrain slope, Jeličić [38] develops a model for calculating the surface of cross-sections (calculation of the surface of the cut and fill volume) for different cross terrain slopes using the carriageway value, pavement width and material category as independent variables. Potočnik [39] analyzes the cutting of the road into terrain, i.e., the dependence of the carriageway value and cross terrain slope. The author concludes that with the increase in the cross terrain slope, the carriageway value also increases, and states that it is necessary to increase the carriageway value on steep terrain so that the vehicles moving on the road can keep all wheels on the ground. He emphasizes that this is very important for the stability of the forest road and for the rationalization of construction costs, because in such cases there is no need for the additional soil stabilization of embankment slopes. Additionally, when analyzing the data of cross-section profiles, Sokolović and Bajrić [40] determined the correlation between cross terrain slope, carriageway value and earthwork volume. The authors carried out an analysis on terrains of different categories, “C” (all materials that require no mining) and “A” (all solid materials), and the obtained results of the regression equations indicate an increasing trend of earthwork volume with an increase in cross terrain slope. The authors also found that the dependence of earthwork volume on cross terrain slope or the carriageway value was higher with material of category “C” and conclude that the obtained regression equations can only be used as a rough indicator of the cut volume, while the exact earthwork volume can only be determined based on field measurements and cross-section profiles. The General Technical Requirements for Road Works [41] describe three basic categories of construction material in Croatia:




	
material of category “A” comprises all solid materials, where mining is required in the case of whole cuts;



	
material of category “B” comprises medium-solid rocky soils, where partial mining is required, while the remaining cut is carried out by machinery;



	
material of category “C” comprises all materials that require no mining and can be dug directly by use of proper machinery—a bulldozer, excavator or scraper.








As the use of adequate machines during the construction of forest roads affects the total construction costs [42] and considering the fact that this research was carried out on steep/sloped terrain, it should be emphasized that all analyzed projects were designed for the construction of forest roads with the use of excavators equipped with a hydraulic hammer. The reason lies in the fact that in designing and constructing embankments on steep terrain, there occurs a problem of embankment stability, with the risk of a part or the whole embankment sliding down the slope, and such sliding is among the most severe deformations and can cause the collapse of the forest road [43]. For this reason and with the aim of providing embankment stability on steep slopes, depending on the values of cross terrain slope (α), Jeličić [44] divides the terrain in terms of road construction into four categories, as follows:




	
α ≤ 20.00%—embankment safe from sliding;



	
20.01 < α ≤ 50.00%—it is necessary to design and construct embankment benching;



	
50.01 < α ≤ 67.00%—it is necessary to plan and design retaining walls;



	
α > 67.01%—obligatory construction of retaining walls.








The aims of this paper are as follows:




	
Analyze the impact of an average cross terrain slope and the carriageway value of a forest road (difference between ground level and grade level) on:




	
cut volume per 1 m of forest road route (m3 per running meter),



	
fill volume per 1 m of forest road route (m3 per running meter);








	
Establish the possibility of estimating a cross terrain slope based on a non-interpolated digital terrain model (DTM) and interpolated digital terrain model with pixel size 15 × 15 m (we used the value at the nearest points for creating non-interpolated DTM);



	
Define the carriageway value with minimum differences between cut and fill volumes;



	
Determine which field factors take part in earthwork costs and their share in the total cost of a forest road construction.









2. Materials and Methods


2.1. Study Area


The research was carried out in the management unit Trovrh–Kik (Figure 1) situated in Lika and Senj County, Croatia (44°48′26.68″–44°40′44.70″ N and 15°52′53.42″–15°43′58.66″ E) covering an area of 4516.63 ha. In terms of altitude, this management unit is situated between 620 and 1613 m a.s.l. (above sea level). The slopes are different, mainly ranging between 27 and 58%. In some parts, there are plateaus, flat or with a very small slope, while in some micro-locations, the slope is more than 84%.




2.2. Analyzed Data and Used Programs


Within the scope of this research, data of 8 main forest road projects developed by the Faculty of Forestry and Wood Technology, University of Zagreb, in 2018 for the needs of the investor Hrvatske šume d.o.o. (Croatian Forests Ltd., Zagreb, Croatia) were analyzed. All 8 designed roads are situated in the management unit Trovrh–Kik under the management of the forest office Korenica, Forest Administration Gospić; it is important to emphasize that all analyzed forest roads are newly planned and designed with the aim of enabling accessibility to inaccessible forest areas. The actual road density is 10.71 km/1000 ha, with an average timber extraction distance of 346 ± 281 m, while the improved conditions after the construction of the newly planned primary forest traffic infrastructure will be 12.99 km/1000 ha, with an average timber extraction distance of 285 ± 252 m. It should be noted that all 8 main forest road projects included in this research were made in the computer program »Cesta« (Road), developed by the Slovenian company »Softdata«. This is currently the official computer program for designing forest roads in the Republic of Croatia, and the projects were designed by the same person so as to minimize the influence of the designer’s style and habits on study parameters. Forest road codes, forest road names, stationing and the total number of analyzed profiles are presented in Table 1. The codes of the forest roads have been made in accordance with the applicable methodology for making a registry of primary forest traffic infrastructure used in the Republic of Croatia [45].



Field data were collected during classical terrain surveying using a theodolite South ET-02 for measuring horizontal lines, and a levelling instrument GEOALLEN DSZ3-32X for measuring vertical lines. For measuring the cross section slope, we used geodetic rods. The first rod was equipped with a measuring tape for reading height differences every two meters of horizontal distance (or less if necessary) and the second rod was equipped with a level for ensuring 2 m horizontal distance. The cross section slope included a measuring cross section profile 8 m wide for each side (16 m in total) for every profile of the forest road. The methodology described was used for field data collection during the stage of forest road designing.



A total of 1153 normal cross section profiles (Table 1) were processed. All analyzed profiles had the planned cut slope in a ratio of 2:1, the planned fill slope in the ratio 1:1, a constant pavement width of 3.5 m, a constant road shoulder width of 0.5 m and trapezoidal drainage ditches in cut sections with a size of 0.30 × 0.30 × 0.90 m (Figure 2). Additionally, for each analyzed normal cross section profile, the estimated material category was recorded in accordance with [41]. The absolute and percentage shares of the individual estimated material categoreis for each analyzed forest road are presented in Results.




2.3. Field Data Processing in Microsoft Excel 2016


After the analysis of data provided from the main forest road projects, the database was compiled in the program Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA, USA).



On the basis of input data from cross-section profiles (Figure 2, Table 2) (number of profile (NP), width of cut/fill slope left (WCFS(L)), height of cut/fill slope left (HCFS(L)), width of cut/fill slope right (WCFS(R)), height of cut/fill slope right (HCFS(R)), pavement width left (PW(L)), pavement width right (PW(R)), grade level (GL), ground level (GRL), cut slope 2:1 (CS), fill slope 1:1 (FS), cut area (CA), fill area (FA)), the parameters presented in Table 2 were calculated (subgrade daylight distance (SDD), Delta H (altitude difference between height of cut/fill slope left and height of cut/fill slope right presented in absolute value), cross terrain slope (CTS), pavement width (PW), carriageway value (CV)). These data required further processing in the program Statistica 14.0.0.15; TIBCO software Inc. Palo Alto, CA, USA.



Each profile will be classified into slope classes according to Jeličić (44) depending on the value of cross terrain slope, Table 3, Figure 3.




2.4. Field Data Processing in AutoCAD 2022 and ArcMap 10.8


Furthermore, the lines of all analyzed cross section profiles were derived from the computer program »Cesta« (Road) in .dxf form. Their further processing was undertaken in the program AutoCAD 2022 (Autodesk, Inc., San Francisco, CA, USA); using the options “trim”and “extend”, profile line ends could be brought into the exact position of contact between embankment feet/cut and ground soil on the left and right of the forest road route. The arranged profile lines were entered into the program ArcMap 10.8 (Esri, Redlands, CA, USA), where each profile line end received a point, for which the altitude was later determined, on the basis of a digital relief model of the Republic of Croatia with a pixel size of 15 × 15 m. Based on the difference in altitude of the profile line on the left and right, and data on their horizontal distance, the cross terrain slope of each analyzed cross-section profile can be calculated based on the accurateness of a non-interpolated and interpolated digital relief model of the Republic of Croatia with a pixel size of 15 × 15 m. DTM is considered a continuous, usually smooth surface, which, in addition to height values (as DEMs), also contains other elements that describe a topographic surface: slope, aspect, curvature, gradient, skeleton (pits, thalwegs, saddles, ridges, peaks), and others. An interpolated digital relief model of the Republic of Croatia was made in the program ArcMap 10.8 based on non-interpolated digital relief model using the option “bilinear interpolation” within the tool “extract multi values to points”. The aforementioned option “bilinear interpolation” uses the value of the four nearest input cell centers to determine the value on the output raster. The new value for the output cell is a weighted average of these four values, adjusted to account for their distance from the center of the output cell. This interpolation method results in a smoother-looking surface than can be obtained using the nearest neighbor test.





3. Results


Based on the processed data and the analysis of all 1153 profiles, the average terrain slope was 41.35%, while the average carriageway value was negative, namely −0.09 m, i.e., the grade level was on average lower that the ground level. The maximum depth of the carriageway value was −2.06 m, and this was recorded on forest road “Maričića vrh” in the 45th profile, while the maximum height of the carriageway value was recorded in profile no. 198 on forest road “Škipina 4”, amounting to 1.54 m. The cut volume of earth material ranged from the minimum 0.16 m3 per running meter recorded in the profile No. 137 on the forest road “Maričića vrh” till the maximum 17.12 m3 per running meter in profile no. 198 on the forest road “Škipina 3”. The average value of the cut volume of all analyzed profiles was 3.47 m3 per running meter, while the average value of the fill volume of earth material was somewhat lower and amounted to 2.37 m3 per running meter. The fill volume of 54 observed profiles was 0.00 m3 per running meter, which means that these were cross-section profiles of full-section or part-section cuts. The maximum fill volume was recorded on the forest road “Škipina 4” in cross-section profile no. 198 and amounted to 14.15 m3 per running meter. The basic statistical data analyzed are presented in Table 4.



Figure 3 presents the values of cross terrain slope or, to be precise, the distribution of slope classes obtained by the direct measurement of cross-section profiles in the field, i.e., by the analysis of profile lines in the program AutoCAD 2022 and ArcMap 10.8 based on a non-interpolated digital terrain model with a pixel size of 15 × 15 m and interpolated digital terrain model with a pixel size of 15 × 15 m. The graph clearly shows that the interpolated digital model provides more reliable data in estimating the class of the actual cross terrain slopes.



3.1. Impact of Cross Terrain Slope on Earthwork Volume


Based on the analyzed cross sections gathered by field measurements of profiles, an increasing tendency of the cut volume was observed with an increase in the cross terrain slope, with the obtained coefficient of determination R2 = 0.3167 (Figure 4), which is a moderate correlation between the observed variables according to the Chaddock scale [46].



It should be noted that the coefficient of determination between cross terrain slope and fill volume is lower in relation to the dependence of the cut volume on cross terrain slope; it is R2 = 0.2076 (Figure 5), which is a weak correlation according to the Chaddock scale.



When the impact of the cross terrain slope on cut and fill volume by defined classes was analyzed individually, coefficients of determination were much lower than was the case when all profiles were analyzed together. The lowest coefficients of determination (R2) were recorded with cross terrain slope class 4 (>67.01%) and it was 0.0466 for the dependence of the cut volume on cross terrain slope, and only 0.0047 for the dependence of the fill volume on cross terrain slope. The said coefficients of determination, i.e., the observed dispersion of data, are attributed to the small sample size, n = 23, i.e., the small number of analyzed profiles classified into the highest class of cross terrain slope—class 4.




3.2. Impact of Depth of Carriageway on Earthwork Volume


It is beyond doubt that the influence of the carriageway value has a high impact on the earthwork volume on the forest road. The obtained coefficients of determination are higher and correlations are stronger compared with the previous analysis of the impact of cross terrain slope on earthwork volume. The results obtained indicate that the increase in the carriageway value leads to a decrease in the cut volume on the forest road, with the obtained coefficient of determination R2 = 0.6841 (Figure 6), which is a strong correlation between the observed variables according to the Chaddock scale.



On the other hand, the increase in the carriageway value leads to the increase in the cut volume on the forest road, with the obtained coefficient of determination R2 = 0.5619 (Figure 7), which is a moderate correlation between the observed variables according to the Chaddock scale. Similarly to the previous analysis, the coefficient of determination shows a stronger correlation between the carriageway value and cut volume when compared to the correlation between the carriageway value and fill volume.



By the analysis of cross-section profiles by individual slope classes, coefficients of determination were obtained that indicate a strong correlation between the carriageway value and the occurrence of the cut and fill volume during the construction of forest roads on steep terrain. The highest recorded coefficient of determination, R2 = 0.8346, was established for the correlation between the carriageway value and occurrence of cut volume at slope class 3 (cross terrain slope 50.01–67.00%) and, at the stated slope class, a strong correlation was established between the carriageway value and the occurrence of fill volume R2 = 0.7767. Similarly to the analysis of the impact of cross terrain slope on the occurrence of the cut and fill volume, this analysis showed that the coefficients of determination are the lowest in slope class 4 (>67.01%) due to a small number of samples n = 23.




3.3. Optimal Carriageway Value


Further processing of data dealt with the calculation of differences in cut and fill volumes for each analyzed profile (Figure 8), where again a strong correlation (coefficient of regression R2 = 0.6681) was observed between the carriageway value and difference in cut and fill volumes of each analyzed profile.



As the intent of each designer of forest roads is to minimize the difference in cut and fill volumes in each profile, with the aim of minimizing the costs of forest road construction, and consequently also minimizing the adverse effect on the environment, a calculation was made based on the regression equation (Figure 8) of the coordinates of the vertex of the quadratic function with the use of Equations 1 and 2. Further to the above, based on profiles included in the analysis, the optimal carriageway value is +0.051 m, with the differences in cut and fill volumes being 1.714 m3 per running meter in favor of the fill volume.


    X   0   = −   b   2 a    



(1)






    Y   0   = −   4 a c −   b   2     4 a    



(2)







a has a value of 5.254



b has a value of −0.54



c has a value of 1.7283




3.4. Share of Earthwork Cost in Total Cost of Forest Road Construction


Finally, an analysis was made of the influencing factors (cross terrain slope, carriageway value, material category) affecting the share of earthwork costs in the total cost of a forest road construction, because on the analyzed forest roads a very large difference was observed in the share of the mentioned costs, which ranged from the maximum of 74.22% on the forest road “Poljana Borje” to the minimum, 43.63%, recorded on the forest road “Tičevo”, in relation to the total cost of construction Table 5.



When comparing the mean values of the cross terrain slope and the share of estimated earthwork volumes in the total cost of construction of the analyzed forest roads, it can be concluded that with the decrease in cross terrain slope, the share of earthwork cost in the total cost also decreases (Figure 9A), while such a trend was not observed in comparing the carriageway value and the share of earthwork cost in the total cost of construction (Figure 9B).



As expected, the lowest share of earthwork cost (Figure 9A and Figure 10) in relation to the total cost of construction was recorded on the forest road “Tičevo”, where the lowest average cross terrain slope (25.24%) was observed, i.e., it had the lowest share of material of category A (the heaviest) (9.52%) during the field assessment of the construction material category (Table 6).



The largest share of earthwork cost (Figure 9A and Figure 10) in relation to the total cost of construction was recorded on the forest road “Poljana borje”, where the largest average cross terrain slope (48.33%) was observed, i.e., it had the highest share of material of category A (the heaviest) (45.06%) during the field assessment of construction material category (Table 6).





4. Discussion


The phases of planning, designing and the construction of forest roads on steep terrain have always been challenging for the designers. Unless properly implemented, the construction of forest roads can cause serious damage to the forest ecosystem [27]. This was clearly confirmed by this research, where earthwork volumes per 1 m of road reached maximum values of 17.12 m3 m’ for cut volume and 14.15 m3 m’ for fill volume. For this reason, it is of the utmost importance to make sure that each phase in establishing an optimal primary forest road network is completed in a timely way and satisfactorily [4]. In other words, although a moderate correlation was established between the cross terrain slope and occurrence of cut volume, i.e., a weak correlation between the cross terrain slope and occurrence of fill volume, it is indisputable that with the increase in the cross terrain slope, the earthwork volume also increases (Figure 4 and Figure 5). It is therefore essential to take into account the cross terrain slope during the planning phase of forest roads, and to avoid as much as possible steep slopes, in order to minimize the earthwork volumes and hence the adverse impact of the forest road on the environment. Furthermore, by establishing a strong correlation between the carriageway value and occurrence of earthwork volume on the forest road route, we get the confirmation that each mistake in any phase of establishing an optimal primary forest road network will be reflected in its non-harmonious horizontal or vertical development, which will surely mean an increase in carriageway value, i.e., an increase in earthwork volume during the construction and consequently a higher adverse impact of the forest road on the environment. The estimate of infrastructure construction costs, i.e., the assessment of earthworks in the construction of forest roads on steep terrain, depends on the effect of different factors, which is further complicated by the environmental restrictions reflected through changing topography, different types of soil on the forest road route and the changing share of rockiness, as confirmed by previous research [32,33].



This research took into consideration the following factors affecting the estimate of earthwork costs during forest road construction: cross terrain slope, carriageway value and share of different material categories; however, it should be noted that it is very difficult to find reliable data on any of the above mentioned factors without the direct field measurement of profiles [40]. Based on the available data on the three above specified influential factors, we could only make an assessment of the values of the cross terrain slope, where the values of the field measurements or assessments based on the accurateness of non-interpolated DTM with pixel size 15 × 15 m are presented in Figure 3. The assessment model based on non-interpolated DTM proved to be unreliable because it wrongly assessed the slope class in 84.65% profiles, while the assessment model based on interpolated DTM proved to be more accurate with an estimated accuracy in 68.52% cases. Further to the above, it can be concluded that no model, among the ones used, was accurate enough for assessing the slope class when designing forest roads on steep terrain, by which the results of [47] have been confirmed; they state that only digital terrain models of high accuracy can be applied in designing or assessing earthwork volumes during forest road construction. This is also in accordance with the results of [48], which state that the smallest information carrier (grid), with an area of 10 × 10 m, is satisfactory for practical use.



The analysis of the cross terrain slope obtained by reading cross-section profiles made on the basis of field data, i.e., by direct field measurement of profiles, unquestionably indicates that the increase in cross terrain slope and carriageway value result in the increase in the earthwork volume, which is in line with the results of Sokolović and Bajrić [40]. Taking into consideration the coefficients of determination, it can be seen that the impact of cross terrain slope on the occurrence of cut and fill volume on forest road route results in a moderate (R2 = 0.3167) and weak (R2 = 0.2076) correlation. On the other hand, a moderate and strong correlation was established between the carriageway value and occurrence of cut and fill volume; it was defined by the coefficient of determination (R2 = 0.6841) and (R2 = 0.5619), respectively.



Based on the results presented, it can be concluded that the carriageway value is the dominant factor affecting the earthwork volume during the construction of forest roads on steep terrain. As stated above, this value is under the highest influence of the designer, i.e., the carriageway value is the only value which the designer of the forest road can directly influence by fitting the level line into longitudinally terrain configuration. It should be emphasized that the highest data dispersion with the lowest coefficients of determination was observed for the highest slope class (slope class 4, cross terrain slope >76.01%) due to the fact that this class had a small number of samples/profiles, n = 23, which is only 1.99% of all analyzed profiles. Further research should focus on these extreme slopes so as to obtain a larger sample and a higher coefficient of determination. Unfortunately, this research failed to confirm the results of Potočnik [39], who outlines that with the increase in cross terrain, the carriageway value also increases; this is supported by the fact that the impact of the coefficient of determination of cross terrain slope on the occurrence of carriageway value in our sample was R2 = 0.0206, which is a weak correlation according to the Chaddock scale [46].



The analyzed data further show that the average carriageway value of all analyzed profiles is −0.09 m, i.e., the carriageway value is lower than the ground level, which can be explained by the fact that the intent of the designer is always to provide forest road construction of maximum stability at a reasonable cost. In dealing with steep terrain, with the average value of a cross terrain slope of 41.35% and maximum recorded value of 91.83%, the idea of the designer was to minimize the cases of long embankment slopes, which, according to the research of Potočnik [39], require additional soil stabilization, causing an increase in the entire construction cost. The above is also confirmed by the average values of the analyzed profiles, amounting to 3.47 m3 m’ for the cut volume, and 2.37 m3 m’ for the average value of the earth material fill volume, i.e., the average value of the cut volume is 1.10 m3 m’ higher than the fill volume, which clearly indicates that the main intent of the designer was to construct forest roads with maximum stability on the steep terrain of the study area.



Although, in terms of earthwork costs during the construction of forest roads, the ideal scenario is the one in which the carriageway value represents the minimum difference between the cut and fill volume per 1 m of forest road, and in our sample the carriageway value was 0.051 m (Figure 8), in order to provide maximum forest road stability, such a carriageway value cannot be expected and on steep terrain these values will always be somewhat lower. In our case, the difference between the optimal carriageway value, where the difference between the cut and fill volume would be the minimum (0.051 m), and the average actual carriageway value of all analyzed profiles (−0.09 m) is 0.0141 m, meaning that the actual carriageway value is 14 cm lower than the optimal one, but optimal only in terms of the difference between the cut and fill volume. It should also be emphasized that in 96.7% of all analyzed profiles, the carriageway value ranged between – 1 m and 1 m and only in 38 profiles were lower or higher carriageway values recorded. The greatest carriageway depth of –1.81 m was recorded on forest road “Maričića vrh” in the profile No. 45, while the greatest carriageway height of 1.79 m was recorded on forest road “Škipina 4” in the profile No. 45.



An interesting fact was noticed related to the share of earthwork cost in the total cost of forest road construction, which ranged from a maximum of 74.22% on forest road “Poljana Borje” to a minimum 43.63% recorded on forest road “Tičevo”. The strongest correlation of the share of earthwork cost in the total construction cost was recorded when analyzing the average cross terrain slope, where the share of earthwork costs gradually decreased with the decrease in the average cross terrain slope (Figure 9A). Such relationship was not recorded between the share of the earthwork cost in the total cost of forest road construction and the average carriageway value (Figure 9B) and share of material of category A (the heaviest) (Figure 10). We would like to draw attention to the case of the forest road “Tičevo”, where the lowest average cross terrain slope was recorded, as well as the lowest share of material of category A (Figure 9A and Figure 10) and at the same time the highest average carriageway value. Therefore, it can be seen that the carriageway value is most highly affected by the designer, who has the greatest possibility to increase the carriageway value on moderate sections of the route with a lower share of material of the highest category in order to minimize the cut and hence the damage to the forest ecosystem.




5. Conclusions


Based on the presented results, the following conclusions can be drawn:




	
Due to the direct impact of the earthwork volume on the total costs of forest road construction, which are very high, the optimization of earthworks should be the main focus of designers in each working phase that ends with developing the main forest road project and the construction of forest road. Based on experience and respecting the rules of the profession, the designer of a forest road can have a great impact on the carriageway value, and hence also the earthwork volume on a forest road route.



	
It is improper and inaccurate to make an assessment of cross terrain slope values based on non-interpolated DTM and interpolated DTM with pixel size 15 × 15 m, because the obtained results are not accurate and reliable enough.



	
Based on the coefficient of determination, it can be concluded that the impact of the cross terrain slope on the occurrence of cut and fill volume on the forest road route is moderate or weak, while the correlation between the carriageway value and the occurrence of cut and fill volume is determined as a moderate or strong correlation.



	
The analyzed profiles involved a small number of profiles located on cross-section slopes greater than 67%; it is therefore necessary to undertake further research into earthwork occurrence on such terrain.



	
The intent of providing maximum stability to forest roads on steep terrain inevitably causes a difference between the carriageway value, where the difference between the cut and fill volume is minimum, and the average actual carriageway value, in favor of the carriageway value, where the difference between the cut and fill volume is minimum.



	
On moderate cross sections of the route with a lower share of material of the highest category, the designer has the greatest possibility to increase the carriageway value with the aim of minimizing the cut and hence also the damage to the forest ecosystem.
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Figure 1. Map of research area. 
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Figure 2. Example of cross section elements used in analysis of cross sectional profile 10, forest road “Maričića vrh”. 
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Figure 3. Share of slope class according to type of measurement. 
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Figure 4. Impact of cross terrain slope on cut volume. 
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Figure 5. Impact of cross terrain on fill volume. 
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Figure 6. Impact of carriageway value on cut volume. 






Figure 6. Impact of carriageway value on cut volume.



[image: Land 12 00400 g006]







[image: Land 12 00400 g007 550] 





Figure 7. Impact of carriageway value on fill volume. 
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Figure 8. Impact of carriageway value on difference between cut and fill volume. 
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Figure 9. The influence of the cross terrain slope (A) and the carriageway value (B) on the share of earthwork costs in the total costs of the forest road construction. 
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Figure 10. Influence of the share of material of category A on the share of earthwork cost in total cost of forest road construction. 
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Table 1. Forest road stationing and number of total/analyzed profiles.
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Forest Road

Code

	
Forest Road

Name

	
Stationing

(hm)

	
Number of Profiles

in Total

	
Number of Analyzed

Profiles

(Pavement Width 3.5 m)






	
646 B 3015

	
“Poljana Borje”

	
23 + 43.44

	
257

	
162




	
646 B 3016

	
“Maričića vrh”

	
23 + 07.50

	
231

	
167




	
646 B 3017

	
“Škipina 1”

	
15 + 99.85

	
163

	
134




	
646 B 3018

	
“Škipina 2”

	
15 + 13.43

	
161

	
138




	
646 B 3019

	
“Škipina 3”

	
25 + 38.89

	
266

	
198




	
646 B 3020

	
“Škipina 4”

	
20 + 11.00

	
211

	
157




	
646 B 3021

	
“Škorina poljana”

	
16 + 71.57

	
167

	
134




	
646 B 3022

	
“Tičevo”

	
08 + 93.55

	
90

	
63




	
TOTAL

	
148 + 79.23

	
1546

	
1153








Stationing (hm) describes the distance of any given profile from the first profile of the road (1 hm = 100 m).
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Table 2. Read/analyzed data on example of cross section profiles 8–11 for forest road “Maričića vrh”.
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	NP
	WCFS(L)

(m)
	HCFS(L)

(m)
	WCFS(R)

(m)
	HCFS(R)

(m)
	SDD

(m)
	Delta H

(m)
	CTS

(%)
	PW(L)

(m)
	PW(R)

(m)
	PW

(m)
	GL

(m)
	GRL

(m)
	CV

(m)
	FS
	CS
	CA

(m3 per Running Meter)
	FA

(m3 per Running Meter)





	8
	3.67
	1259.73
	3.12
	1258.01
	6.79
	1.72
	25.33
	1.75
	1.75
	3.50
	1258.88
	1258.64
	0.24
	1:1
	2:1
	2.00
	0.74



	9
	3.69
	1258.95
	3.46
	1256.84
	7.15
	2.11
	29.51
	1.75
	1.75
	3.50
	1258.04
	1257.88
	0.16
	1:1
	2:1
	2.36
	1.13



	10
	3.49
	1257.72
	3.54
	1255.93
	7.03
	1.79
	25.46
	1.75
	1.75
	3.50
	1257.21
	1257.01
	0.20
	1:1
	2:1
	1.52
	1.37



	11
	3.34
	1256.73
	3.74
	1255.04
	7.08
	1.69
	23.87
	1.75
	1.75
	3.50
	1258.52
	1255.89
	2.63
	1:1
	2:1
	0.58
	2.68







Yellow highlighted text represents calculated values based on terrain survey data and the red bold text represent values graphically shown in Figure 2.
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Table 3. Share of analyzed profiles by slope classes.
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	Slope Class
	Number of Analyzed Cross Sections
	Share of Slope Class

(%)





	1 (<20.00%)
	67
	5.81



	2 (20.01–50.00%)
	806
	69.90



	3 (50.01–67.00%)
	257
	22.29



	4 (>67.01%)
	23
	1.99
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Table 4. Share of analyzed profiles by slope classes.
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	Statistical

Parameters
	Cross Terrain Slope

(%)
	Carriageway Value

(m)
	Cut Volume

(m3 per Running Meter)
	Fill Volume

(m3 per Running Meter)
	Difference between

Cut and Fill Volume

(m3 per Running Meter)





	Arithmetic mean
	41.35
	−0.09
	3.47
	2.37
	2.79



	Median
	42.53
	−0.09
	3.05
	1.89
	2.18



	Modus
	0.00
	−0.25
	1.27
	0.00
	1.27



	Standard

deviation
	13.16
	0.43
	2.37
	2.06
	2.43



	Minimum value
	0.00
	−2.06
	0.16
	0.00
	0.01



	Maximum value
	91.83
	1.54
	17.12
	14.15
	16.97



	Number of analyzed profiles
	1153
	1153
	1153
	1153
	1153
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Table 5. Construction cost by phases.
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	“Poljana

Borje”
	“Škipina

2”
	“Škipina

4”
	“Škipina

1”
	“Škorina

Poljana”
	“Škipina

3”
	“Maričića

Vrh”
	“Tičevo”





	Preparatory work (%)
	4.93
	8.21
	7.87
	7.16
	7.91
	7.57
	9.03
	11.66



	Earthworks (%)
	64.44
	49.97
	49.68
	52.80
	52.26
	50.40
	46.97
	36.24



	Drainage system construction (%)
	9.79
	7.03
	5.95
	2.64
	2.49
	3.63
	2.88
	7.39



	* Earthworks ALL (%)
	74.22
	57.00
	55.62
	55.44
	54.75
	54.03
	49.85
	43.63



	Surfacing (%)
	20.85
	34.79
	36.51
	37.40
	37.34
	38.39
	41.13
	44.71



	Arithmetic mean of cross terrain slope (%)
	48.33
	47.84
	44.52
	40.43
	40.54
	42.64
	32.12
	25.24







* Since the drainage system construction works include the excavation of trapezoidal side ditches we have included those costs in the costs of Earthworks ALL.
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Table 6. Number of cross section profiles per material category.
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	Material Category
	“Poljana

Borje”
	“Škipina

2”
	“Škipina

4”
	“Škipina

1”
	“Škorina

Poljana”
	“Škipina

3”
	“Maričića

Vrh”
	“Tičevo”





	B
	89
	106
	114
	81
	89
	117
	119
	57



	A
	73
	32
	43
	53
	45
	80
	48
	6



	B (%)
	54.94
	76.81
	72.61
	60.45
	66.42
	59.09
	71.26
	90.48



	A (%)
	45.06
	23.19
	27.39
	39.55
	33.58
	40.91
	28.74
	9.52
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