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Abstract

:

Transport of wood biomass is one of the key operations in forestry and in the wood industry. An important part is the transport of shredded wood, where the most common forms are chips and sawdust. The aim of the research was to present the variability of the total weight of trucks (gross vehicle weight, GVW), the weight of the empty trucks (tare), and loads of chips and sawdust in different periods of the year. Changes in specific parameters were analyzed: GVW; tare weight; trailer capacity; use of the trailer load capacity; bulk volume and bulk density of wood biomass loads; solid cubic meter (m3) and weight of 1m3 of the load; and load weight depending on the season, with simultaneous measurements of wood chips and sawdust moisture. More than 250 transports from four seasons of the year were analyzed in the research. It was found that the total weight of trucks (GVW) was at a comparable level, on average from 39.42 to 39.64 Mg with slight differences (with SD 0.29 and 0.39). The weight of empty trucks was 16.15 Mg for chip-bearing trucks and 15.93 Mg for sawdust-bearing trucks (with SD 0.604 and 0.526). The type of wood material has an influence on the transported volume. The average quantity of load in the bulk cubic meter was 64.783 m3 for wood chips (SD 3.127) and 70.465 m3 (SD 2.516) for sawdust. Over 30% differences in the volume of transported wood chips and approximately 18% for sawdust were observed. The use of the loading capacity of the trailer was on average 72.58% (SD 5.567) for the transport of wood chips and 77.42% (SD 3.019) for the transport of sawdust. The sawdust bulk density was from 0.3050 to 0.4265 Mg⋅m−3 for wood chips and 0.3200 to 0.3556 Mg⋅m−3 for sawdust. This parameter is significantly dependent on moisture content, and the determined correlation functions can be used for estimating and predicting bulk density. The abovementioned absolute moisture content of chips and sawdust also depends on the season, which also affects the selected parameters of wood biomass loads.
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1. Introduction


Angus-Hankin et al. [1] report that the most common transport of biomass is the transport of shavings, wood chips, and bark from the processing of roundwood. Road transport, used for the transport of chips, is often the only possible method [2], and in many countries road transport is the most popular type of transport [3].



Economically reasonable transport-distances of wood chips depend on their origin. In the production of chips from logging residues, transport distance ranges from 50 to 100 km [4,5], and in the case of chips obtained from the processing of round wood, it is up to 150 km [6]. Wolfsmayr and Rauch [7] indicate that the maximum economically reasonable distance for road transport of wood chips is equal to 145 km. In fact, these distances are longer—for example, in Poland the average distance for transporting this type of wooden materials to power plants is 340 km [8].



The shapes and sizes of the transported wood chips and their moisture content affect the bulk volume (filling empty space) and, consequently, the weight of the transported load [9]. The bulk density of the chips is 111–340 kg/m3 and depends on their moisture content (10–53%) [10,11]. The research of many authors indicates the significant importance of the moisture of the chips in the optimization of transport costs. According to Kühmaier et al. [12] the moisture should be 35% or less, and reducing the moisture by 1–7% gives a profit of 4.7–30€/24 Mg [9]. Differences in the density and moisture of wood materials may affect the load capacity, resulting from the limitations specified by the regulations [13], and at the same time their high variability may contribute to the overloading of trucks [14,15,16,17,18]. According to Schroeder et al. [19] it is difficult to maintain the maximum allowable load of trucks when transporting wood biomass. The variability of cargo moisture results in overloading the trucks in the winter months or not using the permissible weight of the truck capacity in the summer months [20]. This is a correct observation, because in the temperate climate zone in winter the moisture of wood in tree stumps of living trees is higher than in summer, and higher summer temperatures favor faster drying of the wood (loss of moisture) during its storage (after cutting). The moisture content of the fragmented biomass is most often determined by the dryer-weighing method, based on internal procedures (raw material acceptance instructions) applicable in a given company or national or even international standards. The simplified standard ISO 18134-2: 2017 [21] is used to determine the relative moisture content of solid biofuels, including shredded wood. In laboratory tests, it seems more appropriate to accurately determine the absolute moisture content, for example: based on (adaptation of) the provisions of the BS-EN 13183-1: 2002 standard [22]. More sophisticated methods, e.g., electrometric methods [23] and even with the use of X-rays [24], are also applicable.



The increasing use of shredded wood (including sawdust) with increasing transport costs forces us to look for solutions for better management of deliveries, where one of the possible actions is optimization of cargo moisture [25,26]. Reducing the wood biomass moisture allows for increased use of the cargo volume by 25%, which also contributes to a reduction in the number of trucks’ journeys by 20% [27]. In some countries (e.g., Estonia, Ireland, the Netherlands, Finland, Sweden), in order to improve the economics of timber transport, the gross vehicle weight (GVW) of trucks is increased from 40 (44) Mg to 60, and even to 92 Mg [28,29,30,31,32,33].



Good identification of the truck configuration for timber adapted to operational and legal requirements, their own weight, and the possibility of loading timber, with a simultaneous large variation in the weight of the load, may contribute to the improvement of the efficiency of forest transport [34,35,36].



Knowing the actual weight of the transported loads (wood chips and sawdust) and trying to relate them to GVW and load moisture will avoid overloading and increase the load capacity of trucks. This information is of great importance for transport companies as well as producers and buyers of wood biomass.



The aim of the research was to present the variability of the total weight of trucks (GVW), the weight of the empty trucks (tare) and loads of chips and sawdust in different periods of the year. Changes in specific parameters were analyzed: GVW; tare weight; trailer capacity; use of the trailer load capacity; bulk volume and bulk density of wood biomass loads; solid cubic meter (m3) and weight of 1m3 of the load; and load weight depending on the season, with simultaneous measurements of wood chips and sawdust moisture.




2. Materials and Methods


In order to conduct the research and perform the relevant analyses, shipments of wood chips and sawdust from one of the largest sawmills in Poland were used (Figure 1). Chips and sawdust formed as sawmill byproducts in the production of solid wood furniture in the processing phase of round wood, large-size Scots pine (Pinus sylvestris L.). In the factory, previously debarked roundwood is sawn on a line consisting of chipper canter and bandsaws. Sawdust and wood chips are without bark (white chips). Transport from the sawmill to the customer was carried out by external professional companies.



In the conducted research, 254 transports were analyzed, including 211 with wood chips and 43 with sawdust, in different periods of the year. The research was carried out during four seasons of the year. In November (autumn) 2018 and February (winter), April (spring), and June (summer) 2019.



The total weight of trucks (GVW) expressed in Mg is understood as the actual weight of a truck and a semi-trailer with all the equipment, driver, and load. The weight of the empty truck (tare) was determined on the basis of weighing on a stationary scale when it arrived for the load (Figure 2). The raw material (wood chips or sawdust) was then loaded and the entire truck was reweighed to determine GVW.



If it was found that the permissible total weight of the truck was exceeded, part of the load was unloaded. In the case of too-small GVW, it was possible to add material, and the truck was re-weighed (for control purposes). The actual weight (Mg) of each load was obtained from the difference of the GVW and the empty truck.



The volume of transported wood in solid cubic meters, m3, was determined on the basis of the actual measurements of the bulk cubic meter (bulk m3) on the trailer by the seller (sawmill). Quantity of chips or sawdust was calculated using the conversion factor from bulk m3 to solid m3. According to the internal company rules, the factor for chips is 0.42 and for sawdust 0.33. This method is common and used in various countries and regions [37,38]. When the permissible GVW was achieved during loading, the driver was obliged to spread the material evenly on the trailer and the volume of the load was measured. The loading volume of the trailer was determined in cubic meters (with an accuracy of three decimal places) based on realistic measurements of length, width, and height. To calculate the load volume, the difference in height between the upper edge of the trailer’s load box and the upper surface of the material was used. With the known maximum volume of the trailer, it was possible to determine the percentage of use of the loading capacity for each transport.



Transport distances in kilometers for each shipment of wood chips or sawdust were determined based on the location of the buyer’s plant and information from drivers with route verification on Google Maps.



The absolute moisture content of the transported wood chips and sawdust was determined for the samples taken. Samples of chips and sawdust were collected into sealed string bags twice in the morning and afternoon. Samples were taken from the center of heaps, at a depth of about 0.5–0.7 m (Figure 1), from which the trucks were loaded, and from a dozen trucks after loading the semi-trailer during measuring the volume of the load (Figure 3). After each sample was taken, it was (immediately) weighed with an accuracy of 1 g. Finally, the absolute moisture content of each sample taken was determined by the dryer-weight method under laboratory conditions. In terms of the accuracy of mass measurements, the method of drying samples and the methodology of calculating the absolute moisture content, the provisions of BS-EN 13183-1: 2002 [22] were followed.



The obtained results were analyzed statistically using the STATISTICA 12 package. In all analyzed periods, the distributions of the variables for all parameters deviate from the normal distribution. Therefore, the significance of differences was mainly determined using the Mann–Whitney test for two independent variables, as well as the Kruskal–Wallis test, and Dunn’s multi-sample rank mean comparison test. In order to determine the relationship between the examined features, the Spearman correlation coefficient (Spearman’s rank correlation test) was used.




3. Results


3.1. Characteristics of the Parameters of Trucks and Loads of Wood Biomass


Timber transports were carried out by sets consisting of trucks and trailers with a walking floor (Figure 1 and Figure 2). The average values of the parameters characterizing transport sets and loads of chips and sawdust are presented in Table 1.



It was found that the gross vehicle weight (GVW) transporting wood chips or sawdust is at a comparable (equal) level, on average from 39.42 to 39.64 Mg with slight differences (with SD 0.29–0.39). The range of the minimum values for chips is from 38.00 Mg up to 40.05 Mg for chips and sawdust (Table 1). Sets of trucks with trailers transporting wood biomass are characterized by a small variation in the value of the empty set weight (tare) in the range from 14.85 Mg to 18.25 Mg (for wood chips). The average weight of the empty set for the transport of wood chips was 16.15 Mg and 15.93 Mg for sawdust, with a very low SD of 0.52–0.60. The average capacity (volume) of the semi-trailer in the analyzed sets is very similar to 89.527 m3 for the transport of wood chips and 91.022 m3 for the transport of sawdust. However, there are differences in the sets for the chips from 74.860 to 95.260 m3, and for the transport of sawdust—smaller from 88.110 to 92.460 m3 (Table 1).



With a known and similar weight of empty transport sets, the GVW control determines the results regarding the weight (Mg) of the load. The haulage truck and semi-trailer transported similar (with SD 0.6) loads of chips or sawdust with an average weight of 23.27 Mg for wood chips or 23.70 Mg for sawdust within the observed results from 20.80 to 24.75 Mg. The type of material is important for the transported volume. The average load value in bulk cubic meters was 64.783 bulk m3 for chips and 70.465 bulk m3 for sawdust. Over 30% differences were observed in the volume of transported wood chips from 56.266 to 74.826 bulk m3, and for sawdust 18% with values from 62.457 to 73.357 bulk m3.



Bulk density of the load (Mg⋅m−3) of chips and sawdust was calculated by dividing the weight of the load (Mg) by its bulk volume m3 for individual shipments. The average bulk density of the chips is 0.360 Mg⋅m−3 with the differences (SD 0.020) from 0.305 to 0.426 Mg⋅m−3, and the average sawdust is 0.335 Mg⋅m−3 with a very small range of variation (SD 0.008) from 0.320 to 0.355 Mg⋅m−3.



With the data of trailer volume and volume of load (bulk m3), the percentage of the load capacity usage of the trailer was determined. Gross vehicle weight (GVW) limitations do not allow the maximum loading of the semi-trailer, and the average use of the semi-trailer capacity for transport of wood chips was 72.58%, and for sawdust 77.42%. The differences in the capacity utilization when transporting wood chips are significant (about 50% with SD 5.56) from 61.81 to 92.44%, and for sawdust from 70.44 to 81.48% (about 15% with SD 3.01).



An analysis (the Mann–Whitney test) was carried out in order to investigate the significance of the tested features depending on the type of transported wood biomass (wood chips and sawdust). No statistically significant differences (at α = 0.05) were found for the capacity of the semi-trailer (p = 0.0604). There are statistically significant differences for the remaining features between the transports of chips and sawdust, where in most cases the indicated value was p = 0.0000 or p = 0.01280 for the tare.



The Kruskal–Wallis test (due to the heterogeneity of the variance) was used to analyze the significance of the tested features between individual measurement dates for the transports of wood chips and sawdust, and the results are presented in Table 2. Additionally, a multiple comparison test of mean rank was performed, and all analyses were performed at the significance level of α = 0.05.



The statistical analysis confirmed the lack of differences between the values of the examined features for the transport of wood chips only in the case of the capacity of the trailer (m3), depending on the measurement date. The Kruskal–Wallis test for weight of load (Mg) showed significant differences for chips transports (p < 0.05); however, the Dunn’s test (multiple comparison test of mean rank) showed no differences between the seasons. In the case of sawdust transport, no statistically significant differences were found for the five examined features (0.2056 < p< 0.9030) (Table 2).



The scope of the obtained results for the tested features depending on the transported material and the time of measurements is shown in figures from 4 to 10. Statistically significant differences (p = 0.0053) for gross vehicle weight (GVW) were found in the transport of wood chips between February and April 2019, where the mean-rank multiple comparison test (Dunn’s test) was p = 0.01107 (Figure 4a). The empty weights of transport sets (tare) differ only between the measurements in February and April and June 2019 for chips transports (p = 0.023312 and p = 0.002630) (Figure 5). There are no differences for the capacity of the trailer in the analyzed periods for the transports of chips and sawdust according to the Kruskal–Wallis test—p = 0.8054 and p = 0.5911 (Figure 6). There are also no statistically significant differences in the use of the trailer load capacity (%) for sawdust transports (p = 0.2056), and for wood chips transports only between the measurements from April and June 2019 (Dunn’s test p = 1.0000) and November 2018 and February 2019 (p = 0.1504) (Figure 7).



The volume of the transported material in solid cubic meters (m3) and bulk volume of the load (bulk m3) (Figure 8b) of sawdust differs only in II from IV 2019 (p = 0.0314) and November 2018 from IV 2019 (p = 0.0036), and for wood chips in all dates, except for the comparison of IV with VI 2019 (Figure 8a). There were no statistically significant differences in the weight of the load (Mg) between the measurement dates for the transport of wood chips and sawdust (p = 0.6005) (Figure 9). Bulk density (Mg/m3) values do not differ only between the transports of wood chips in April and June 2019 (p = 1.0000) and November 2018 and February 2019 (p = 0.0664) (Figure 10a). In the transport of sawdust, differences in bulk density were found only between transports in November 2018 and April 2019 (p = 0.0444) (Figure 10b).




3.2. Moisture Content Characteristics of Chips and Sawdust Loads


The absolute moisture content was determined for 40 wood chips and 16 sawdust samples. The results are summarized in Table 3. They show that the average moisture of the chips (108.5%) is significantly higher than the average moisture of sawdust (86.3%).



The analysis with the Kruskal–Wallis test and the mean rank comparison test (Dunn’s test) (control performed despite a small research sample) showed statistically significant differences in the moisture content of loads between the measurements from June, February, and November for wood chips and between June and February for sawdust. These differences are clearly visible in Figure 11, i.e., the differences are mainly between summer, winter, and autumn. These differences are probably responsible for the observed and previously described significant differences for Mg⋅m−3 in particular seasons of the year (between VI and II and XI for wood chips and between XI and IV for sawdust). The season of the year determines the absolute moisture content of the wood biomass in the form of sawdust and wood chips, which affects the selected parameters of loads.




3.3. Relationships between the Analyzed Parameters


Statistical analyses of the results confirmed the differences between the analyzed parameters depending on the date of transport. The control of gross vehicle weight (GVW) during loading of chips and sawdust ensured that the transport sets were not overloaded above the permissible weight (40 Mg). Nevertheless, the results differ statistically, which contributed to the transport of different bulk volumes of the load. As described in the introduction, the problem in the transport of wood products is the definition of GVW. Three-factor regression models were developed for the GVW (Mg) value as a function of the tare weight of the transport set (T, Mg), the bulk volume of the load (Bv, Bulk m3) and the bulk density (Bd, Mg⋅m−3) (Table 4 and Table 5). The presented linear regression models were developed using the least squares method (OLS), and the significance of the calculated coefficients was assessed using the Student’s t-test at α = 0.05. Drivers know the weight of empty sets and with the use of a simple method of determining the bulk density of chips and sawdust [38], this relationship may be applied in practice. Linear regressions on GVW for wood chip transports, as shown in formula 1, and the parameters and their evaluation are presented in Table 4.


GVW = −21.9928 + 0.9716·T + 0.3527·Bv + 63.5796·Bd



(1)







In the case of sawdust transports, the regression model took the form (Table 5):


GVW = −22.8719 + 0.9895·T + 0.3341·Bv + 68.9311·Bd



(2)







From the practical point of view of organizing transports of wood biomass, it is important to be able to determine the load volume that can be loaded on the transport set in order to maintain the maximum GVW permitted by law (40 Mg for a five-axle set). For the transport of wood chips and sawdust resulting from the processing of round wood (one species) and in the same technology, i.e., with similar parameters (bulk density Bd, Mg⋅m−3), with a known empty weight of the export set (T, Mg), a nonlinear regression model was determined on the bulk volume of the load of chips (3) and sawdust (4). The evaluation of the model parameters is presented in Table 6 for chip loads and in Table 7 for sawdust.


  B v =   40 − 0.970076 · T   1.045960 · B d     ( Bulk    m 3  )  



(3)






  B v =   40 − 1.062124 · T   0.973537 · B d     ( Bulk    m 3  )  



(4)







An analysis of the relationship between the absolute moisture content of chips and sawdust with selected tested load characteristics was performed, using the Spearman rank order correlation test. The obtained statistically significant coefficients of Spearman’s correlation between the selected examined features are presented in Table 8. The statement shows that in the case under consideration the moisture of the wood biomass (both chips and sawdust) is a factor significantly affecting the bulk volume of load (bulk m3) and the bulk density of the load (Mg⋅m−3). The influence of absolute moisture content on other features is negligible.



The literature [10,11,12,13,14,15] refers to the high dependence of bulk density (Mg⋅m−3) on moisture content, which was confirmed by the obtained correlation coefficients (Table 8). Therefore, a more detailed analysis of this relationship was carried out, and its results are presented in Figure 12 and Table 9 and Table 10.



The obtained equation coefficients were checked for their statistical significance. The obtained equation parameters are statistically significant, and the results of these analyses are presented in Table 9 for chips, where the standard error of the estimation was 0.0088 with the correlation coefficient r2 = 0.2968.



The dependence of bulk density (Mg⋅m−3) on moisture content for sawdust is greater with r2 = 0.63999 and the standard error of estimation equal to 0.00403. (Table 10).



The described correlations are an important guideline for estimating and thus predicting the value of bulk density.





4. Discussion


Transport efficiency depends on a number of factors. These include, among others, vehicle load capacity, driving time, distance traveled, and fuel consumption [15,39,40,41]. The transport of larger loads of timber is beneficial for haulers, where, for example, increasing the weight of the transport sets to 76 tonnes in Finland has been used to the greatest extent in forestry [32]. An important factor influencing the mass of wood load is its density [9,13,18,27,42].



The analyzed transports of chips and sawdust are characterized by the usage of the load capacity of the semi-trailer at an average level of 72.5% and 77.4%. This is the result of the activities of the manufacturer (sawmill) producing wood biomass, where the gross vehicle weight (GVW) of the transport sets for chips and sawdust to recipients is controlled, so that it does not exceed the weight allowed by law. At the same time, these actions allow the driver to use the maximum load capacity of the trailer. The lack of statistically significant differences between the capacity of the semi-trailer and the weight of the load (controlled to the permissible GVW) indicate the importance of the bulk density of chips and sawdust, although it is a very homogeneous material as a residue in the processing of large-sized round wood of Scots pine. This results in large differences in the volume of loads for the transports of wood chips and sawdust, which is consistent with the data presented by other authors [26,43]. The analysis of the differences in transported loads of chips and sawdust can be concluded that they occur between the autumn–winter period (XI and II) and the spring–summer period (IV and VI). It results from the initial moisture content of pine round wood, which depends on the season [44,45]. For example, according to Millers and Magaznieks [45] studying Scots pine steamwood in the whole territory of Latvia in 2011, Scots pine heartwood absolute moisture content changes a little during the year: 30– 34% for 71–146-year-old trees; and 34–41% for 37–70-year-old trees. Sapwood absolute moisture content changes from 113% (in the summer) to 130% (in the winter), without any reference to the age of the tree.



Significantly higher moisture content of the chips is also observed compared to sawdust. This is due to the initial distribution of moisture content in pine logs and logs with naturally drier heartwood and wetter sapwood [44,45] and the method of their processing by chipper canter. Canter heads chip mainly the perimeter layers of round wood, with a predominantly damp sapwood. The produced two-side cants containing mainly the drier heartwood are sawn onto the lumber. This operation produces sawdust. Chips and sawdust are sent to separate heaps on an ongoing basis (photo 1), from where they are successively loaded on transport sets. The storage time of a given batch of chips and sawdust in heaps usually does not exceed three days, hence the original differences in absolute moisture content are maintained. During transport and pouring onto heaps, the chips obtained from subsequent logs are partially mixed and therefore the moisture content level in the heap is even. A similar process, with increased intensity, also occurs with sawdust.



The presented bulk densities from 0.3050 to 0.4265 Mg⋅m−3 for round wood chips without bark, with material moisture ranging from 63.3 to 138.9% (Table 3, Figure 11), are consistent with the data presented by Laitile and Route [46] and adopted for the calculation of economic effects and optimization of biomass transports [47].



Transport sets, i.e., trucks with walking floor semi-trailers, are very similar in design regardless of the manufacturer and allow the transport of wood chips and sawdust, hence the similar weight values of empty sets. The weight of empty sets 14–18 Mg for wood biomass is much smaller than the various transporting sets for round wood, where the average is 20.50 Mg [14,16,17,35] and the maximum 23.70 Mg [48]. It may result from the lack of necessity to equip with a loading device (HDS) and from the light construction of the semi-trailer.



Summing up the considerations about the weight of the empty truck (tare), the volume of the trailer and the percentage of its use, gross vehicle weight, and the bulk density of chips and sawdust, it can be concluded that in the absence of GVW control (weighing) during the load, significant overloading of transport sets would take place. In Poland, gross vehicle weight (GVW) for five-axle sets is 40 Mg. If the maximum volume of the semi-trailer was used, the export sets would be overloaded by 4 to 12 Mg for wood chips transport and by 5 to 9 Mg for sawdust. The fact of unused capacity of the semi-trailer in the transport of forest biomass or trucks overloading is confirmed by the research of other authors [1,20,25]. Sosa et al. [20], analyzing transport sets with gross vehicle weight (GVW) of 42 Mg, gives a possible overload of 6.4 Mg in the transport of forest biomass, which is consistent with our results, taking into account the set of 40 Mg GVW.




5. Conclusions


As part of the work, research and analysis of transports of wood biomass, chips, and sawdust were carried out, which were obtained in the processing of large-size pine wood in different seasons of the year.



In the case under consideration, the average annual absolute moisture content of chips was significantly higher than the average absolute moisture content of sawdust. In addition, the moisture content of wood biomass, both chips and sawdust, changes throughout the year, which is a factor significantly affecting the bulk density of transport loads. The described correlations with absolute moisture content make it possible to predict the bulk density of wood biomass.



The analyzed parameters of trucks transporting wood chips and sawdust are very similar, but only for the capacity of the trailer are there no statistically significant differences.



Sawdust transport is characterized by more stable parameters throughout the year. No statistically significant differences were found for the five analyzed parameters, and in the transport of wood chips only two.



The control of the total weight of the trucks did not fully eliminate the differences in this parameter. The solution to achieving gross vehicle weight (GVW) is to load the trailer while weighing it, which is difficult to implement in practice.



With the transported very homogeneous material, in terms of the species and grain size of wood chips and sawdust, the efficiency of transport (bulk volume of the load m3) is significantly influenced by the absolute moisture content of the material, and this depends on the season.
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Figure 1. Wood biomass generated during the processing of roundwood and the method of its storage—chips (a) and sawdust (b). 
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Figure 2. A station for weighing whole trucks set on a stationary scale. 
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Figure 3. A station for measuring the bulk volume of loads. 
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Figure 4. Comparison of gross vehicle weight (GVW) values by measurement date for unit A wood chips (a); sawdust (b). 
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Figure 5. Comparison of tare values by measurement date for unit A wood chips (a); sawdust (b). 
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Figure 6. Comparison of semi-trailer capacity values by measurement date for unit A wood chips (a); sawdust (b). 
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Figure 7. Comparison usage of semi-trailers capacities by measurement date for unit A wood chips (a); sawdust (b). 
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Figure 8. Comparison bulk volume of load values by measurement date for unit A wood chips (a); sawdust (b). 
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Figure 9. Comparison weight of load values by measurement date for unit A wood chips (a); sawdust (b). 
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Figure 10. Comparison bulk density (Mg⋅m−3) values by measurement date for unit A wood chips (a); sawdust (b). 
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Figure 11. Absolute moisture content of load values by measurement date for wood chips (a); sawdust (b). 
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Figure 12. Graph of the dependence of bulk density (Mg⋅m−3) on absolute moisture content for wood chips (a) and sawdust (b). 
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Table 1. Selected measurements by type of load.
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Measure

	
Load

	
Mean

	
SD

	
Min

	
Max

	
Q1

	
Median

	
Q3






	
Gross vehicle weight (Mg)

	
Wood chips

	
39.424

	
0.396

	
38.000

	
40.050

	
39.200

	
39.425

	
39.700




	
Sawdust

	
39.641

	
0.294

	
38.600

	
40.050

	
39.550

	
39.700

	
39.850




	
Tare

(Mg)

	
Wood chips

	
16.154

	
0.604

	
14.850

	
18.250

	
15.800

	
16.100

	
16.450




	
Sawdust

	
15.938

	
0.526

	
15.200

	
17.800

	
15.500

	
15.900

	
16.200




	
Semi-trailer capacity (m3)

	
Wood chips

	
89.527

	
4.241

	
74.860

	
95.260

	
89.720

	
90.720

	
91.664




	
Sawdust

	
91.022

	
1.110

	
88.110

	
92.460

	
90.060

	
91.700

	
92.130




	
Bulk volume of the load (bulk m3)

	
Wood chips

	
64.783

	
3.127

	
56.266

	
74.826

	
62.776

	
64.804

	
66.945




	
Sawdust

	
70.465

	
2.516

	
62.457

	
73.575

	
69.187

	
1.048

	
72.051




	
Solid cubic meter (m3)

	
Wood chips

	
27.209

	
1.313

	
23.632

	
31.427

	
26.366

	
27.218

	
28.117




	
Sawdust

	
23.253

	
0.830

	
20.611

	
24.280

	
22.830

	
23.446

	
23.777




	
Weight of load (Mg)

	
Wood chips

	
23.270

	
0.685

	
21.050

	
24.750

	
22.850

	
23.345

	
23.700




	
Sawdust

	
23.703

	
0.643

	
20.800

	
24.750

	
23.450

	
23.750

	
24.100




	
Weight of 1 m3 of the load (Mg)

	
Wood chips

	
0.856

	
0.034

	
0.770

	
0.934

	
0.826

	
0.856

	
0.883




	
Sawdust

	
1.019

	
0.027

	
0.969

	
1.087

	
1.001

	
1.014

	
1.036




	
Bulk density of the load (Mg⋅m3)

	
Wood chips

	
0.3600

	
0.0207

	
0.3050

	
0.4265

	
0.3475

	
0.3586

	
0.3749




	
Sawdust

	
0.3358

	
0.0085

	
0.3200

	
0.3556

	
0.3297

	
0.3345

	
0.3417




	
Usage of semi-trailer capacity (%)

	
Wood chips

	
72.585

	
5.567

	
61.817

	
92.448

	
69.228

	
71.428

	
74.339




	
Sawdust

	
77.420

	
3.019

	
70.440

	
81.484

	
75.098

	
77.825

	
79.860








Notes: SD. standard deviation; Q1. first quartile; Q3 third quartile.
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Table 2. The results of the assessment of the significance of differences of selected features depending on the load.
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	Measure

Type of Load
	Gross Vehicle Weight (Mg)
	Tare

(Mg)
	Semi-Trailer Capacity (m3)
	Bulk Volume of the Load (Bulk m3)
	Usage of Semi-Trailer

Capacity (%)
	Solid Cubic Meter (m3)
	Weight of Load (Mg)
	Weight of 1 m3 of Load (Mg)
	Bulk Density of the Load (Mg⋅m−3)





	Wood chips
	0.0053
	0.0285
	0.8054
	0.0000
	0.0000
	0.0000
	0.0361
	0.0000
	0.0000



	Sawdust
	0.7638
	0.9030
	0.5911
	0.0035
	0.2056
	0.0035
	0.6005
	0.0478
	0.0478










[image: Table] 





Table 3. Statistical characteristics of absolute moisture content of the loads.
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	Type of Load
	Mean
	SD
	Min.
	Max.
	Q1
	Median
	Q3





	Wood chips
	108.5
	10.9
	86.1
	138.9
	100.4
	107.0
	115.5



	Sawdust
	86.3
	12.6
	63.3
	116.0
	78.3
	84.1
	92.2







Notes: SD, standard deviation; Q1, first quartile; Q3, third quartile.













[image: Table] 





Table 4. Evaluation of model parameters on GVW for wood chips transport.
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Parameter

	
Parameter Value

	
Standard Error

	
t-Statistic

	
p-Value

	
r2 Coefficient of Determination

	
Standard Error of Estimation






	
Constant term

	
−21.9928

	
0.516796

	
−42.5521

	
0.0000

	
0.9862

	
0.04684




	
Tare (T)

	
0.9716

	
0.009850

	
98.6462

	
0.0000




	
Bulk volume m3(Bv)

	
0.3527

	
0.003095

	
113.9627

	
0.0000




	
Bulk density Mg⋅m−3 (Bd)

	
63.5796

	
0.529833

	
119.9994

	
0.0000
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Table 5. Evaluation of model parameters on GVW for sawdust transport.
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Parameter

	
Parameter Value

	
Standard Error

	
t-Statistic

	
p-Value

	
r2 Coefficient of Determination

	
Standard Error of Estimation






	
Constant term

	
−22.8719

	
0.906769

	
−25.2236

	
0.0000

	
0.9927

	
0.02603




	
Tare

	
0.9895

	
0.017680

	
55.9639

	
0.0000




	
Bulk volume m3

	
0.3341

	
0.004897

	
68.2297

	
0.0000




	
Bulk density Mg⋅m−3

	
68.9311

	
0.964805

	
71.4456

	
0.0000
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Table 6. Evaluation of model parameters for the bulk volume of the chips load.
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Parameter

	
Parameter Value

	
Standard Error

	
t-Statistic

	
p-Value

	
r-Coefficient of Determination






	
Tare (T)

	
0.970076

	
0.029073

	
33.36740

	
0.000

	
0.9349




	
Bulk density Mg⋅m−3 (Bd)

	
1.045960

	
0.020183

	
51.82264

	
0.000
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Table 7. Evaluation of model parameters for the bulk volume of the sawdust load.
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Parameter

	
Parameter Value

	
Standard Error

	
t-Statistic

	
p-Value

	
r-Coefficient of Determination






	
Tare

	
1.062124

	
0.048359

	
21.96310

	
0.000

	
0.9392




	
Bulk density Mg⋅m−3

	
0.973537

	
0.032528

	
29.92936

	
0.000
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Table 8. Spearman’s correlation coefficients for the analyzed parameters.
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	Measure
	Bulk Volume of the Load (Bulk m3)
	Usage of Semi-Trailers Capacities (%)
	Weight of Load (Mg)
	Bulk Density of the Load (Mg⋅m−3)
	Absolute Moisture Content of Load (%)





	Bulk volume of the load (bulk m3)
	x
	0.8008

0.7829
	0.6479

-
	−0.5284

−0.7748
	−0.5038

−0.9009



	Usage of semi-trailers capacities (%)
	0.7819

0.8004
	x
	0.5112

-
	−0.4079

-
	-

-



	Weight of load (Mg)
	0.6479

-
	0.5112

-
	x
	-

-
	-

-



	Bulk density of the load (Mg⋅m−3)
	−0.5284

−0.7748
	−0.4079

-
	-

-
	x
	0.5015

0.8214



	Absolute moisture content of load (%)
	−0.5038

−0.9009
	-

-
	-

-
	0.5015

0.8214
	x







Bold for chips, not bold for sawdust; ‘-’ means no statistically significant correlation.
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Table 9. Assessment of model parameters on the dependence of bulk density (Mg⋅m−3) chips on absolute moisture content.
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Parameter

	
Parameter Value

	
Standard Error

	
t-Statistic

	
p-Value

	
r2-Coefficient of Determination






	
Constant term

	
0.269488

	
0.022933

	
11.7511

	
0.0000

	
0.2968




	
Absolute moisture content of load

	
0.000743

	
0.000220

	
3.37616

	
0.002243
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Table 10. Evaluation of model parameters on the dependence of sawdust bulk density (Mg⋅m−3) on absolute moisture content.






Table 10. Evaluation of model parameters on the dependence of sawdust bulk density (Mg⋅m−3) on absolute moisture content.





	
Parameter

	
Parameter Value

	
Standard Error

	
t-Statistic

	
p-Value

	
r2-Coefficient of Determination






	
Constant term

	
0.191677

	
0.046166

	
4.1519

	
0.008893

	
0.63999




	
Absolute moisture content of load

	
0.001485

	
0.000498

	
2.9814

	
0.030751
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