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Abstract

:

Comminution is a major contributor to the production costs in a mining operation. Therefore, process optimization in comminution can significantly improve cost efficiency. The mine-to-mill concept can be utilized to optimize the comminution chain from blasting to grinding. In order to evaluate the mill performance of the ore from a specific location of the deposit, a direct link needs to be established between the mill performance and the place of origin in the mine. Today, technology enables the accurate positioning of drilling, loading, and dumping points in the mine, making the ore flow between loading and crushing more transparent. However, the material flow from the crusher to the mill is not yet fully understood and monitored. This paper presents the development of an ore transportation model, based on the virtual silo concept, between the crusher and the mill for Boliden’s Aitik mine in northern Sweden. The proposed model helps to establish a link between in situ ore location and mill performance. Two transportation time calculations are used, one based on mass balance, and one based on momentary values. Historical data are used to test the capabilities of the model and the results are compared with the transportation time calculated from the mean capacity values, commonly used in previous studies to connect mill parameters with in situ ore location. The comparison of the results show that the mean parameter-based values can be as much as 50% lower than the transportation times, even in normal operation. In the tested times, the transportation time based on momentary values systematically underestimated the cumulated times. The developed model will also serve as a starting point to analyze the effect of geotechnical parameters, in addition to drill and blast design, on the mill performance of the blasted ore.
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1. Introduction


The mine-to-mill optimization method addresses the problem of providing appropriate feed to the processing plant by blast design optimization. Appropriateness in this context means feed that ensures, e.g., maximum throughput at the mills, minimum energy consumption in the mills, or minimum cost for the blasting–digging–hauling–comminution chain. McKee et al. [1] showed by modeling that up to 20% lower energy consumption could be achieved in grinding by increasing the proportion of the large fraction for autogenous (AG) mills and the same energy saving can be achieved for semi-autogenous (SAG) mills by decreasing the mean particle size.



Mine-to-mill studies have been published for large-scale operations both in open pit and underground [2,3,4,5]. In these studies, the ore is characterized either based on its loading point in the mine [2,3,4], or based on the ore type, determined by, e.g., hyperspectral imaging above a conveyor belt [5].



In order to assign mill performance to the loading point, the ore should be traced from the production face to the mill or, equivalently, the material in the mill at a given point in time should be traced back to the point of loading. To model the ore flow between the mine and the mill, an average ore transportation time is applied in many cases [2,4,6]. This is based on the capacities of the different components of the ore transportation system such as ore passes, conveyor belts and process hold-ups. Another possibility is to model the ore flow using a detailed mass balance system [3,7].



Bergman [2] evaluated production data both in the mine, the crushers, and in the mills. In his study the loading coordinates of the trucks were binned in blocks with block size equivalent of the production planning block model. The median time of loading in each block was used to represent the loading time of the block. In his model, a 12 h time delay was used to match the median loading time in the block with the mill logs.



Valery et al. [6] stated that previous mine-to-mill evaluation practices used a delay of 8 or 12 h to link data from the production face to data from the mill, corresponding to the duration of one shift in the mine. The study of Nadolski et al. [4] on an underground operation used the average transportation time of 6 h based on ore pass, bin, conveyor, and stockpile capacities. This linked the fragmentation and extraction ratio data recorded at the drawing point to the mill energy consumption and throughput.



The ore flow can be modeled by a detailed queueing or mass balance system. Meech and Baiden [7] used a system of two separate personal computers running an open pit scheduler and a secondary crusher plant model separately, to model the interactions in the mine–mill complex. The model used parameters of an undisclosed test mine. In each simulation round with a duration of one shift, the ore was transported from the primary to the secondary crusher based on mass balance. The study was introduced as a tool to display the capabilities of simulation for dispatch and mill operators. Because of this, the transportation time was not measured explicitly between mine and mill.



Wambeke et al. [3] presented a real-time resource reconciliation pilot study, where a prepared Run-of-Mine stockpile with known source location was fed to the comminution circuit during five days of operation. Based on the power draw and product size, the Bond Work Index of the material at the mill was recalculated and reassessed at every four hours in the resource block model. Even though ore mixing due to secondary crushing and recirculating was a part of the model, the study did not explicitly discuss the transportation time characteristics of the crusher–crushed ore stockpile–ball mill system. This could have provided important insight in the transportation process.



Another way to model the mine–mill complex was introduced by Servin et al. [8]. In their digital twin of an open pit mine, pseudoparticles were used to represent the ore. These are spherical particles with specified radius and mass, with additional properties, such as particle size distribution, assigned to them. The additional properties enable the pseudoparticles to represent a collection of particles, e.g., a shovel or truckload. In their work, the pseudoparticles were transported from the production face through a crusher and a stockpile to a mill. During the different steps of comminution, the particles maintained their size, but their size distribution changed in accordance with the comminution models used in the crusher and the mill. Because the study was a scaled-down operation, no conclusions were made on the transportation time from mine to mill.



The transportation time between the mine and the mill can be evaluated with dedicated measurement systems such as Metso’s Smart Tag system [6,9,10]. This system applies radio frequency identification (RFID) tags in a hard plastic shell in various sizes so that the movement of the tags could be followed by antennas installed in various stages in the production; from instalment of the tags in a drillhole in open pits or drawpoints in underground operation, up to the mill. The capability of the tags was displayed by Jansen et al.’s [10] field test that tracked the material from two drawing points up to the stockpiles.



The flow of the RFID tags in bins and stockpiles was also investigated in various campaigns. In order to ensure that the tags move in bins and stockpiles in the same way as the surrounding media, the tags were encapsulated in shells that mimic the properties of the transported material. Jansen et al. [10] cast the tags in concrete shells; their campaign examined the retention time characteristics of rocks of fractions between 35 and 120 mm in an ore stockpile. Kvarnström and Nordkvist [11] investigated the effect of the shape and the size of the encapsulated RFID tags on the reading rate, following the movement of iron ore pellets from the pelletizing plant to the harbor or the steel mill. Their findings showed that larger sizes significantly increased the reading rate, whereas the shape and the coating material had no effect on it.



A detailed description of the transportation time between the mine and the mill has had lesser significance in the previous studies. It has been treated either as an average value with no consideration of the dynamics of the transportation system or, when mass balance was firmly accounted for, the transportation time characteristics were not discussed explicitly. However, this knowledge may be important in short-term production planning for operating mines. This additional knowledge would enable fast reassessment of the mill performance of the different ore types at various locations, or provide additional knowledge and improve blending practices of ores produced at different faces at the same time.



Mass balance equations have proved useful in the previous cases to model the ore flow between the mine and the mill. Modeling the system through its mass balance has the advantage that the previously presented problem of time delay is incorporated in the model [12,13]. Mass balance models can be applied on single units, as in the case of circulating fluidized bed reactors in energy engineering [14,15], or a sequence of different units in a process line, e.g., in cement production [16]. When the interest lays in the overall transportation properties of the system, one way to model such a transportation system is through the virtual silo concept introduced by Itävuo et al. [12,13]. The virtual silo is the reduction of a generic circuit of a number of inflows and outflows, where mass conservation applies to a single unit with several inflows and outflows. This method is flexible in the sense that there is no restriction to the inner complexity of the transportation system regarding the mass balance [12,13].



The previous studies assume that the flow mode of the material is plug flow, which means that one pre-defined unit, such as a truckload in [3], or a batch of RFID tags in [10], travels at the same speed in the same group of particles, without any blending. It should be mentioned, that, in hopper and silo design there are two major flow modes in general, which are used in various applications from agriculture to mechanical and chemical engineering. The theory of mass and funnel flows is based on the work of Jenike [17], and has been subject to experimental (e.g., [18]), and numerical (e.g., [19]) studies.



This paper presents the development of a mass balance-based model of transportation time between crusher and mill, based on the previously described virtual silo concept. The virtual silo is built with one input and one output, with plug flow as the modeled flow type. The internal structure is set based on the layout of the ore transportation system between the crusher and the mill of the Boliden Aitik mine. The model is applied on historical data from the mine. The study serves as a basis for a detailed, operation data-based mine-to-mill study of the Aitik mine.



Boliden Aitik


Aitik is a porphyry copper-silver-gold deposit 60 km north of the Arctic Circle, 20 km south from Gällivare, Northern Sweden. It is the largest copper mine in Europe and the largest open pit mine in Northern Europe. Mining operation started in 1968, producing around 2 Mtpa ore at the start. After two series of upscaling, the mine currently provides 42 Mtpa ore feed for the mills [20]. Ore is produced in the mine by the drill-and-blast method. The ore model is that of a low-grade, deformed, and metamorphosed porphyry copper deposit with the main rock types identified as biotite gneisses and muscovite schists [21]. The biotite gneisses have approximately double the hardness of the muscovite schists [2,22], and their nominal densities are identical [22].



The overwhelming majority of the blasted ore is loaded by rope shovels on trucks, which transport the ore to waste dumps or one of the four crusher stations; two installed in-pit and two on the surface. The Minestar Fleet Management System connects all drill rigs, trucks, and rope shovels. A detailed description of the fleet management system is provided by Bergman [2] and Beyglou, et al. [23]. The crusher stations are built around one or two gyratory crushers. The crushed ore is transported to the beneficiation plant via a series of stockpiles and conveyor belts. The crushers, transportation system and ore processing is monitored and controlled through the ABB 800XA Distributed Control System [23] Figure 1 shows the satellite image of part of the Aitik mine, with the southeast part of the main pit, the crushers, the conveyor lines, the stockpiles, and the mills.





2. Materials and Methods


The methodology of the study is presented on Figure 2. A lack of knowledge was identified regarding the transportation time between the mine face and the mill in the ongoing mine-to-mill study in Aitik. A literature study was carried out on previous mine-to-mill and ore transportation research. Then, the virtual silo approach was selected for the current study, which uses historical production data. The Aitik mine’s ore transportation system between the production face and the mills is described at the end of Section 1. The transportation system was modeled as a virtual silo [12,13] with input data from the truck dispatch and the mineral processing control and monitoring system logs. Data was provided by Boliden Minerals AB, from the ABB and Minestar Data Archives of the Aitik mine.



The average transportation time is calculated based on the most common tonnage and ore levels; then, the mass balance is calculated with both the cumulative and the momentary outflow. The results are compared to each other, and with the mean transportation time based on the mean values of the ore mass in the virtual silo and the outflow.




3. Results


3.1. Calculating Transportation Time in a Virtual Silo by Back Propagation and Prognosis


First, two means of transport time calculations are presented for a general virtual silo. A general form of the virtual silo with k time-dependent mass inflows and l time-dependent mass outflows is presented in Figure 3. At this point, the inner complexity of the silo is not considered, and the mstored(t) time-dependent mass stored in the silo is used.



If only one type of material is transported, the in- and outflows can be simplified to a sum of the inflows and the sum of the outflows. Equation (1) presents the sum of all the inflows at time t.


   m  i n    t  =   ∑   i = 1  k   m  i n ,   i    t   



(1)







Equation (2) presents the sum of all outflows at time t.


   m  o u t    t  =   ∑   j = 1  l   m  o u t , j    t   



(2)







In order to calculate the transportation time in a first in-first out model where the material does not blend, two means are used: calculation by back propagation, or mass balance accounting; and prediction at time t′.



The mass balance accounting is undertaken as follows: the cumulative mass inflow and the cumulative mass outflow are calculated, and the cumulative flows are marked by M(t).


   M  i n    t  =  m  s t o r e d      t 0    +   ∑    t ′  =  t 0   t   m  i n     t ′    



(3)







The mass is calculated at the outflow, after the silo, so the cumulative mass inflow at time t is the sum of the stored mass at t0, the beginning of the time series, and the summed mass inflow from t0 until t, as shown in Equation (3). The cumulative mass outflow is calculated as the sum of the outflow from t0 until t, as shown in Equation (4).


   M  o u t    t  =   ∑    t ′  =  t 0   t   m  o u t     t ′    



(4)







The transportation time at time t in this case is calculated as the minimum Δt, subject to:


   M  o u t     t + Δ t   −  M  i n    t  ≥ 0  



(5)







Equation (5) represents the queueing in the transportation, where the transportation time Δt is the time it takes for the cumulative outflow to reach the same value as the cumulative inflow at a specific time t.



The predicted time Δt is calculated by dividing the mass stored in the virtual silo by the momentary outflow value, as shown by Equation (6).


  Δ t  t  =    m  s t o r e d    t     m  o u t    t     



(6)







The difference between the two types of calculations is graphically presented in Figure 4. As shown, even when mstored(t) is known accurately, the predicted and the back-tracked times may differ due to variations in the outflow.




3.2. Boliden Aitik Ore Transportation System


Figure 5 shows the ore transportation process layout from the crushers to the primary mills. The intermediate stockpile is a hall with two inflows from the surface and the in-pit crushers, dumping the crushed rock from the top. Five belt feeders draw the piled ore from the bottom and feed a conveyor belt that transports the ore to one of the two main stockpiles. The main stockpiles are similar to the intermediate stockpile, but each with almost triple the capacity of the intermediate stockpile.



The stockpiles are loaded one at a time, with a mobile conveyor belt used to switch between them. The mill lines consist of the conveyors from the stockpiles to the autogenous primary mills, continued by secondary pebble mills and a pebble crusher. The comminution circuits feed the flotation circuit where the ore minerals are separated from the tailings.



A scale is installed after each crusher and after each stockpile. The scales after the main stockpiles are calibrated by a third-party company at regular intervals [24]. The other scales on the conveyor line are calibrated on demand by company technicians [24]. The measurement of the scales after the main stockpiles are used to account for the throughput, so they are accepted as accurate [24]. The tonnages of the other belts have to be checked if there is an offset in their measurement.



To control the outflow below, each feeder to the belt conveyor is equipped with a radar that measures the ore level above the feeder; if the ore level above a feeder is too low, the feeder stops [24]. This is to prevent damage to the feeder from the ore falling from the top. If the ore level is too high in a stockpile, the feeder of the previous station is stopped to prevent overflow [24]. The ore beneficiation process is operated and monitored through the ABB800 XA system, which records all data continuously. The ore level measurements are used as an approximation of the ore stored in the stockpiles. h1, h2, and h3 represent the mean of the ore level measurements in the intermediate stockpile, main stockpile 1, and main stockpile 2, respectively.



Momentary records are saved every 6 s and stored for a week. Averages by the minute are calculated and stored for one year. In this study, per-minute conveyor belt tonnages and per-minute ore level measurements are used from the ABB system. As inputs to the circuit, the truck dumping time and payload records are used from the Fleet Management System. According to local practices, the intermediate stockpile is managed differently during freezing and non-freezing conditions. Due to this, the model was developed and tested on data from two months: February (when temperature was below zero Celsius) and June (when it was above).




3.3. Virtual Silo Model Development for the Aitik Transportation Line


Since the transportation times on the conveyor belt are very similar for the in- and the outflows, one inflow and one outflow is defined for the virtual silo. The virtual silo is modeled as the collection of the three stockpiles without internal flow. Figure 6 presents the inflow, outflow, and mass storage components of the virtual silo.



The virtual silo model is developed in three stages:




	
Based on the available ore level and conveyor belt tonnage data, the accuracy of the tonnage data is checked by comparing the cumulated net mass flow in the stockpiles against the median ore level.



	
The ore level–ore mass relationship is established for each stockpile in the system for the months of February and June.



	
Based on the now available system parameters, the virtual silo is outlined and a mathematical formula is given for the mass stored in it based on the momentary average ore levels in each stockpile.








3.3.1. Scale Accuracy


During the examination of the scale accuracy, the variations in the ore quality are not considered. This is done for two reasons. First, the main ore types are schists and gneisses, which have identical densities [22]; second, there is a huge uncertainty in the actual ore quality in the transportation system at a given time. This uncertainty can be addressed after the basic transportation model is established; therefore, it is out of the scope of the current study.



As mentioned in the ore transportation system site description, the scales after the main stockpiles are regularly calibrated by a third-party company and, as such, they are accepted as accurate. However, the accuracy of the scale of the conveyor connecting the intermediate stockpile to the main stockpiles has to be checked. The possible offset of the conveyor connecting the intermediate and the main stockpiles is measured as follows: the median ore level in meters is selected for the main stockpiles throughout both tested periods. The net flow in the stockpile (inflow-outflow) is summed during the tested periods, as shown in Figure 7. Assuming that the same ore level represents the same ore mass in the stockpile with good accuracy, the mass balance can be assumed to be constant at any arbitrarily selected ore level in the tested periods.



As seen in Figure 7, the net mass in the stockpile increases at the same ore level, which means that more inflow is measured than outflow. Since the outflow measurement is accepted as accurate, this result means that the inflow tonnage measurement is not accurate and more tonnage is registered than the flow-through in reality. Linear regression shows the offset of the conveyor connecting the intermediate and main stockpiles. The slope of the baseline shift is 304.4 t/h in February and 375.7 t/h in June. The designed capacity of the conveyor belt between the intermediate stockpile and the main stockpile is 7 kt/h. This means that the difference in the baseline shift is approximately +4.4% in February and +5.4% in June. The positive value means that the measurement shows higher tonnage than the actual value.



In the following calculations, this estimated correction factor is subtracted from the tonnages of the intermediate stockpile conveyor belt. The conveyor belts after the crushers were not used in this study; instead, the truck payloads were used for the inflow. The total payloads during the examined months were within a difference of 1% compared to the total outflow, not considering the differences in the ore level measurements in the stockpiles. Because of this, the truck payloads are accepted as accurate measurements.




3.3.2. Establishing Ore Level-Ore Mass Relation


For each stockpile, the ore level change in a selected time period is compared with the net mass flow. Since the intermediate stockpile is loaded directly from the crushers, which provide fluctuating inflow, the ore mass change per meter is calculated as follows. Each time section when the inflow is less than 150 tonnes per h was selected with their timestamp and duration. Six scenarios were examined ranging from 5 to 30 min. The different scenarios were selected to check for possible differences in characteristics in short- and long-term decrease. For each section, linear regression was used and the increment of the line was divided by the output tonnage. This yields a coefficient that has a unit of meters per kiloton, which shows how much the mean ore level increases by removing one kiloton ore of from the stockpile.



The determined coefficients for each stockpile in each month and for each minimum duration were statistically tested against each other as follows:




	
Two-tailed t-tests for each minimum duration for the intermediate stockpile February and June coefficients



	
One-way analysis of variance (ANOVA) for the different minimum durations for both the February and June coefficients in the intermediate stockpile



	
One-way ANOVA for each minimum duration for the main stockpiles 1 and 2 coefficients in February and June








The t-test results showed that the February and June coefficients were significantly different for each minimum duration for the intermediate stockpile, with the coefficients in February being 20% higher than in June. This observation is in line with the notation of different operational practices for the intermediate stockpile during winter and summertime, namely, that at cold temperatures the operators aim to keep the ore fill low in the intermediate stockpiles to avoid the freezing of the ore, which could result in problems in the downstream transportation. Analysis of variance (ANOVA) showed that the coefficients were statistically not significantly different for different minimum durations starting from a minimum of 10 min, both for the February and June coefficients of the intermediate stockpile, meaning that the rate of decrease in the intermediate stockpile is similar at shorter and longer durations with constant outflow, except when the outflow time is shorter than 10 min. Figure 8 presents the results of the ANOVA for the intermediate stockpile.



In the case of the main stockpiles, the ANOVA showed that at a 5% significance level, starting at a minimum duration of 25 min, the coefficients are not significantly different for the main stockpiles 1 and 2, regardless of whether it is February or June. The distribution of coefficients for the main stockpiles is presented in Figure 9. It should be noted that the y-scale on Figure 9 ranges from 0 to 1 m/kt, whereas the same y-axis on Figure 8 ranges from 0 to 2 m/kt. The scales were selected to better represent the majority of the stockpile coefficients. The interquartile range of the intermediate stockpiles has a similar length, of between 0.2–0.3 m/kt in all cases.



The results show that the same coefficient is appropriate to use in the main stockpiles in both the February and June data, for both main stockpiles. The results also show that the coefficients are from the same population with high probability for different minimum durations, which indicates that the ore mass in the storage has a linear relationship with the mean ore level in each stockpile. Table 1 presents the mean and maximum of the coefficients and the number of sections for the intermediate stockpile in February and June, and all the sections combined for the main stockpiles. The number of sections decreases radically with a longer minimum length for the intermediate stockpile



The coefficients are calculated at this step, and thus the ore mass in each stockpile is calculated as shown in Equation (7).


   m i     h i    =    h i       c i       



(7)




where:




	
mi is the ore mass



	
hi is the average of the five ore level measurements, and



	
ci is the previously defined coefficient or slope








of the i-th stockpile, where i = 1 is the intermediate stockpile, i = 2 is the main stockpile 1, and i = 3 is the main stockpile 2. The ore mass in the virtual silo is calculated as the sum of the ore masses in the stockpiles, as shown in Equation (8).


   m  s t o r e d    t  =    h 1   t       c 1      +    h 2   t       c 2      +    h 3   t       c 3       



(8)









3.4. Transportation Time Calculations


After establishing the virtual silo model, it was tested on the available ore level, tonnage, and truck dispatch data. Three different scenarios were considered:




	
Average transportation time based on the available ore level and tonnage data.



	
Transportation time accounting as was introduced with the virtual silo, based on the detailed mass-flow logs based on the dispatch data (min) and the combined tonnages at the mills (mout).



	
Predicted transportation time based on the ore mass calculation at the moment of each truck unloading, and the momentary outflow values.








The average transportation time is calculated as follows. The calculated ore mass in the virtual silo is rounded to 1000 tons, and the mode is selected. Then, the tonnage of the two conveyor belts is rounded to 100 t/h, and the mode is selected. The mode ore mass is divided by the mode outflow, resulting in the transportation time for the most frequent outflow and ore mass values. This results in 16.5 h for February and 18.5 h in June.



The accounted transportation time is calculated as follows. The transportation mode is assumed to be first in-first out; the truckloads are queued after each other. The ore mass in the virtual silo is calculated at the beginning of the time period, and each truckload is queued such that the payload of the trucks is summed and added to the ore mass in the virtual silo, as shown in Equation (9). Each truckload receives an increasing payload value, and trucks dumping at a later time have a higher payload number.


   M  i n    t  =   ∑    t ′  ≤ t    m  t r u c k     t ′   + m    h 1     t ′  = 0   ,    h 2     t ′  = 0   ,  h 3     t ′  = 0        



(9)






   M  o u t    t  =   ∑    t ′  ≤ t    m  o u t 1     t ′   +  m  o u t 2     t ′      



(10)







Equation (10) shows how the outflow tonnages are summed, similarly to the inflow. The transportation time is calculated as the duration of time between the truck payload timestamp and the timestamp of the lowest outflow tonnage that is larger than the payload tonnage, as defined in Section 3.1 in Equation (5).



The predicted transportation time at time t is calculated by dividing the ore mass at t by the outflow at t, as shown in Equation (11).


  Δ  t  p r e d i c t e d    t  =    m  s t o r e d    t     m  o u t 1    t  +  m  o u t 2    t     



(11)







Figure 10 displays the time series of the calculated ore mass and the outflow in the virtual silo, and the calculated transportation times. Figure 10a shows that the ore level-based calculation underestimates the ore mass in the virtual silo compared to the mass balance-based calculation. The mass balance-based line starts with a lag; this is due to the mass balance calculated after the first truck dump in the month, and there was no feed arriving from the mine in the first day of the month. Figure 10b,c show that the predicted times are directly related to the outflow. When outflow drops to near zero, the predicted transportation time increases drastically. Approximately 1% of all the predicted transportation times in February exceeded 100 h, due to occasional drops in the outflow. These values were filtered out. The best example is after 7 February, when the outflow drops to zero for 6 h. This can be explained by a planned or emergency maintenance stop.



Figure 11 presents the distribution of the transportation times in February. The dashed line presents the calculated average, the grey histogram is the distribution of the predicted values, and the patterned line distribution represents the accounted values. The most frequent predicted times and the average time coincide. This is expected, as the average time was calculated based on the mode, the most frequent values of the ore mass in the virtual silo, and the outflow. The most frequent predicted value is between 16 and 17 h, the majority of the predicted transportation times are between 12 and 20 h, and 57% of the times are between 16 and 20 h. The most frequent accounted value is between 24 and 25 h, and 52% of the accounted values are between 18 and 26 h.



Both the predicted and the accounted values have two minor peaks, at 24 and 35 h, and 34 and 39 h, respectively. The distributions show a skewness to the left. This can be explained by the stockpile management: the amount of the ore in the system cannot go too low, because then the feeders cannot operate due to safety reasons. In addition, because there is a risk at low stock that the mills have to be shut down due to the lack of feed, too low stock is avoided. Overfilling was not experienced during the tested time.



Figure 12 shows the calculated ore mass (a) and the outflow (b) in the virtual silo, and the calculated transportation times (c). Figure 12a shows an increasing trend for the mass balance-based calculation. The reason for this may be an additional offset in the scales, which was not considered in the previous calculations. This may originate from the trucks’ side, or from the scales before the mill, even though the calculations accepted them as accurate. A sudden increase can be seen in Figure 12a at the end of June. At the same time, the outflow drops to half the value, which could be seen throughout the month. The drop in the outflow on Figure 12b, combined with the increased quantity of ore in the virtual silo, hints at a planned maintenance stop. There are also short-term drops throughout the month on Figure 12b; these can be explained by short stops of one of the conveyor lines. The reasons for these short stops are not clear.



Figure 12c shows that the ore level-based calculation underestimates the ore mass in the virtual silo compared to the mass balance-based calculation. An increasing trend can be seen in the mass balance-based calculation. This may be due to inaccuracy in the scales of the trucks or in the transportation line.



In the bottom graph, the predicted times are directly related to the outflow; when outflow drops to near zero, the predicted transportation time increases drastically. Approximately 0.25% of all the predicted transportation times in June exceeded 100 h, due to occasional drops in the outflow. These values were filtered out. It should be noted that the accounted and predicted transportation times do not show as much difference as the mass balance- and ore level-based ore mass.



Figure 13 shows the distribution of the transportation times in June. The dashed line presents the calculated average, the grey histogram is the distribution of the predicted values, and the patterned line distribution presents the accounted values. The most frequent predicted times and the average time coincide. This is expected, as the average time was calculated based on the mode, the most frequent values of the ore mass in the virtual silo, and the outflow. The most frequent predicted value is between 18 and 19 h, and 68% of the predicted transportation times are between 16 and 24 h. The most frequent accounted values are between 30 and 31 h and 52% of the accounted transportation times are between 26 and 34 h.



In the June dataset, the accounted and predicted times differ more than in the February dataset. Two explanations arise. One is related to the remnant baseline shifting in the ore mass in the system that was shown on the top graph in Figure 12. As the mass balance indicated increasingly more mass in the silo than calculated by the ore level measurements, the increasing difference in mass resulted in an increased transportation time. The second reason is that at the end of June, a significant rise can be observed in the ore mass in the system, and a sudden drop in the outflow at the same time. This behavior is due to a maintenance stop in one of the mill lines. The grinding capacity halves, but is not compensated for at the time by the lower quantity of ore being fed to the crushers from the mine, resulting in mass accumulation in the system. Because it is backwards calculated, the accounted times start to increase even before the maintenance stop happens, increasing the difference between the two types of calculations.





4. Discussion


In this study, the authors presented two methods to calculate transportation time between the crusher and the mill. One of the calculations was based on mass balance between the in- and outflows in the transportation system. This was modeled as one virtual silo, containing the summed ore mass of the stockpiles in the system where the flow type was set as first in-first out. The other calculation was based on the momentary outflow and the mass in the stockpile, calculated using the momentary ore level measurements.



Based on the data from the two test periods, the following conclusions can be made for the transportation model:




	
As was shown in the ore level vs. ore mass calculations in the presented case, the average ore level measured above the feeders in the stockpiles’ operational height range changes linearly with the mass decrease caused by a constant outflow rate.



	
All calculated transportation time distributions are skewed to the left. This can be explained by stockpile management practices, namely, that the ore mass stored in the transportation system should be large enough to provide feed for the mill for a certain time in case of disruption at the mine. It is possible to stock more ore in the transportation systems, but keeping significantly more ore in the stockpile for an extended time is not necessary because it does not happen often.



	
The predicted times have a larger skew than the accounted times. This is explained by the direct dependency on the momentary outflow of the predicted values. At low outflows, the predicted values significantly exceed the accounted ones.



	
The predicted transportation times are generally several hours lower than the accounted ones, as was shown on Figure 10 and Figure 12. The key explanation for this is that the outflow is rarely operated at a constant level for long times, e.g., 24 h or more. The outflow can be decreased due to various reasons in the milling operation, e.g., because of feeding harder ore to the mill that takes more time to grind, or because of low ore levels in the system, when the outflow has to be decreased to avoid shutting down due to a lack of feed.



	
The largest differences between the queuing and momentary outflow-based calculations were found in the beginning of February and at the end of June. These were connected to longer disturbances in the outflow, which can be explained in terms of stopping one of the two outflow lines in the physical system, e.g., for maintenance purposes. In Figure 10, in the beginning of the month, the outflow fluctuates between zero and half of the outflow during most of the month. In Figure 12, a large accumulation of ore mass can be seen at the end of the month, which implies a mine-scale maintenance stop. If decisions are made regarding production during times when one mill line does not work, the transport times are underestimated badly if momentary values are used.









5. Future Work


The presented virtual silo model will be upgraded by adding internal flow to the virtual stockpile, and treating the two physical output lines as two virtual outputs instead of one. This will enable separate evaluation of the mill feed on the two mill lines.



The first in-first out flow will be replaced with mass and funnel flow states. Mass flow is similar to first in-first out flow, but a mixing effect should be considered in the stockpiles; in funnel flow, a large part of the stockpile becomes stagnant, which results in a significantly reduced active zone and transportation time.
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Figure 1. Overview of the southeast part of the mine, with the crushers, stockpiles, and the mills marked with white arrows, triangles, and circles, respectively. The yellow line shows the approximate trace of the conveyors. Created with Google Earth Pro. 
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Figure 2. Process map of the study. 
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Figure 3. General form of a virtual silo with k inflows and l outflows. Redrawn after [13]. 
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Figure 4. Graphical representation of the cumulative mass inflow Min(t) (dashed) and cumulative mass outflow Mout(t) (dotted). The transportation time is calculated at time 4. The horizontal distance of Min(4) and Mout(t) represents the back-calculated time. The predicted time is the horizontal distance between the Min(4) and the solid black tangential line at Mout(4). 






Figure 4. Graphical representation of the cumulative mass inflow Min(t) (dashed) and cumulative mass outflow Mout(t) (dotted). The transportation time is calculated at time 4. The horizontal distance of Min(4) and Mout(t) represents the back-calculated time. The predicted time is the horizontal distance between the Min(4) and the solid black tangential line at Mout(4).



[image: Minerals 12 00147 g004]







[image: Minerals 12 00147 g005 550] 





Figure 5. Layout of the ore transportation system between the crushers and the primary mills. 
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Figure 6. The defined virtual silo with a time-dependent mass inflow, mass outflow, and stored mass dependent on the time-dependent ore heights in the stockpiles. 
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Figure 7. Cumulative ore mass of the two main stockpiles at the median ore level based on the measured net ore flow. The accumulation of ore at a constant level means that more inflow is measured than outflow, which indicates inaccuracy at the scales. 
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Figure 8. Box plot of the coefficients for different minimum durations in February and June for the intermediate stockpile. 
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Figure 9. Analysis of variance of the main stockpile coefficients for the different minimum durations. 
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Figure 10. Subfigure (a) shows the calculated ore mass based on the mass-balance (black) and the ore levels (grey). Subfigure (b) shows the outflow. Subfigure (c) shows the average (dashed), the accounted (black) and the predicted (grey) transportation times in February. 
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Figure 11. Distribution of the transportation times. The dashed line is the calculated average, grey represents the predicted times, and striped represents the accounted transportation times in February. 
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Figure 12. Subfigure (a) shows the calculated ore mass based on the mass-balance (black) and the ore levels (grey). Subfigure (b) shows the outflow. Subfigure (c) shows the average (dashed), the accounted (black) and the predicted (grey) transportation times in June. 
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Figure 13. Distribution of the transportation times. The dashed line is the calculated average, grey represents the predicted times, and striped represents the accounted transportation times in June. 
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Table 1. Mean coefficients and number of separate unloading events at the intermediate February stockpile, the intermediate June stockpile, and the main stockpiles.
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Min Section Length [min]

	
5

	
10

	
15

	
20

	
25

	
30






	
Intermediate Stockpile

Coefficients February

	
Mean

	
0.631

	
0.632

	
0.612

	
0.612

	
0.619

	
0.621




	
Max

	
1.680

	
1.402

	
0.867

	
0.867

	
0.867

	
0.867




	
No sections

	
99

	
56

	
45

	
42

	
38

	
37




	
Intermediate Stockpile

Coefficients June

	
Mean

	
0.789

	
0.769

	
0.806

	
0.794

	
0.768

	
0.768




	
Max

	
1.988

	
1.146

	
1.093

	
1.019

	
1.019

	
1.019




	
No. sections

	
92

	
40

	
29

	
24

	
21

	
21




	
Main Stockpiles coefficients

Feb and June

	
Mean

	
0.458

	
0.427

	
0.412

	
0.404

	
0.401

	
0.394




	
Max

	
5.962

	
2.888

	
2.888

	
1.421

	
1.369

	
1.369




	
No sections

	
567

	
521

	
488

	
452

	
424

	
402
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