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Abstract 
The feasibility of pumping tertiary crushed raw ore together with mine water with centrifugal 
slurry pumps in series is briefly demonstrated in a comparison with truck transport to the 
processing plant. Pumping can also be effective if considered early in the mine planning 
because of less waste rock handling. Furthermore, in large-scale open-pit mining, only a 0.5 
m-diameter pipeline is required for up to 20 Mtonnes per year. Tertiary  crushing with an 
autogeneous type of crusher giving a comparatively wide particle size distribution may gain 
some effectiveness in the pumping, however the system integration potential can mainly be 
related to possible energy savings and increased throughput in grinding operations as outlined 
by Lindqvist (2008). 
 
 1. Introduction 
In open pit mining the blasted rock product is normally loaded on trucks and transported to 
crushing and further beneficiation and processing. Trucks provide a flexible way of handling 
and transportation waste rock and raw ore from the pit. The ore may be trucked all the way to 
crushing at the processing plant on the surface or some distance in the pit to a crushing 
station. Further transportation with a belt conveying system requires crushing to at least about 
0.4 m. 
   
The feasibility of in-pit crushing and the transportation to processing and waste dumps  is 
highly site specific. Generally, primary crushing features particles smaller than 250 mm with 
further reduction to about 70mm in a secondary stage. With tertiary crushing a final product 
may have max. particle sizes of  10 to 15mm dependent on the closed circuit arrangements. 
 
1.1 Slurry pumping
In mining, conversion of particles into a water mixture (slurry),is often part of the normal 
processing. Therefore, from a systems point of view, hydraulic transportation (slurry 
pumping) would be considered as a natural alternative, all the way from working face to the 
final processing. Various applications of hydraulic transportation as a link in integrated 
systems for mining processing and waste handling are shown schematically in Figure1. 
 
Open pit mines often have a drainage water pipeline pumping system to the surface where the 
water may be used in the processing plant. Coarse particle slurries with sizes of up to and over 
100 mm can be pumped with centrifugal slurry pumps, Sellgren and Addie (1995).However, 
pumping of particles of that size is energy demanding in horizontal pipelines  and pump  and 
pipeline wear may be severe, therefore normally only short distances are considered.   
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  Figure1.Hydraulic transportation as a link in integrated systems for mining, processing and          
waste handling, Sellgren (2000). 
 
1.2  Crushing 
Impact type of crushers are based on rock against rock, i.e. autogeneous crushing and mainly 
suitable in the tertiary step in hardrock mining. This type of crushers often produces a finer 
material with a wider size distribution than cone crushers. In the beneficiation chain from 
mine to final product the crushed  raw ore is ground wet in tumbling mills of   ball-category or 
of  semi-autogeneous/autogeneous-type. A finer  product with a wide size distribution from a 
preceding tertiary crushing step may reduce the energy consumption and increase the capacity 
of the grinding operations, Lindqvist (2008).  
 
Lindqvist (2008) estimated schematically the effectiveness of integrating the fine particle 
generation from a crusher of vertical shaft impact (VSI) type in a grinding schema in terms of 
energy consumption. He used data presented by Oghazi et al. (2007) for   three step iron ore 
grinding. The resulting estimations together with operating experience from a full scale   
installation indicated an energy saving potential of the order of 10%. 
 
The performance of a cone crusher and an autogeneous crusher of VSI-type has been 
investigated in a comparison by Lindqvist ( 2008).The crushers operated in close circuit with 
a 9mm final screen aperture size. The results  have here been used to represent the  principal 
differences in particle size distribution between the two types of tertiary  crushing,  Figure 2.                           

                                   
Figure 2.Comparison of overall particle size distributions for secondary and tertiary cone 
crushing and a VSI-machine. Schematically from Lindqvist (2008). 
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It follows from Figure 2 how the VSI-machine produced a finer product with a broader size 
distribution than the cone crusher. The average particle sizes were   1.5 mm  and 3mm, 
respectively. The corresponding content of particles smaller than 0.06 mm were 6 , and 4%, 
respectively. The recirculating load was slightly  higher with the VSI-unit than with the cone 
crusher. When comparing the two crushers for the same net capacity, the tendency was  6.5% 
lower energy consumption for the autogeneous crusher, from 1.55 to 1.45 kWh/ton. The 
average value of 1.50 kWh/tonne will be used in this study. 
 
The finer product and the wider size distribution are also beneficial to the power consumption 
and maintenance in the slurry pumping. The pumping effectiveness increases substantially 
with a wide and even particle size distribution, for example when pumping  tailings from wet 
milling together with  waste rock to one disposal area, so-called co-disposal, see for example 
Sundqvist and Sellgren(2004). Bengtsson and Evertsson(2006) reports that a VSI-crusher 
produces less flaky particles which sometimes is desirable, for example for the flow of 
concrete. 
 
2. Objective and scope 
The objective is to briefly evaluate the technical-economical feasibility of pumping  raw ore 
from open pit mines based on  in-pit tertiary  crushing and  integration with the mine water 
drainage  system. Any further evaluation of integrating the fine particle generation from the 
crushing with the grinding operations will not be included here, in addition to what have been 
covered with reference to Lindqvist ( 2008). 
 
3. Slurry pumping 
The maximum particle size and the particle size distribution determine together with the 
concentration of particles in the slurry the choice of pipeline diameter, the required operating 
velocity, pressure requirement and  wear.  
 
The energy requirement in horizontal slurry pumping systems can typically be about 25% 
smaller for the wider size distribution in Figure 2.It is a combined effect of less pipeline 
friction losses (see for example Wilson et al. 2007) and the  influence on the performance of 
the pumps, see for example Addie et al. (2007). In a pumping system dominated by vertical 
pipeline transport, the feasibility  will be much less affected by the particle size, the symmetry 
of the flow diminishes the influence of the particle size. Therefore, in a vertical system, it is 
mainly the effect on the performance of the centrifugal pumps. In that case, the reduction is 
limited to about 5%.For the system considered here with transportation in an inclined 
pipeline, the effect will thus be  less than 25%.A similar discussion can be related to the wear 
in pipelines and pumps, however any wear effects related to the different size distributions are 
not evaluated in this study. 
 
  3.1  A schematic example
The feasibility will be investigated in a schematic example for 600 tonnes per hour of  tertiary 
crushed raw ore  transported in a pipeline  a  total vertical length of 275 m from the pit to the  
processing plant located a total horizontal distance of 300m away from the crushing station.  
The slurry pumping from the crushing station in the pit to the surface is assumed to take place 
in an inclined pipeline at 45-55o to the rim and then horizontally to the adjacent plant. In order 
to simplify the hydraulic analysis, the pipeline is conceptually assumed  to consist of   vertical 
and horizontal parts. The hydraulic design shows that a  pipeline diameter is 0.25 m  is 
sufficient for a concentration by mass of about 55%.The  pumping energy consumption were 
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estimated to 2.48 and 2.23 kWh/tonne with the  conventional and autogeneous crushing 
systems, respectively, which corresponds to about 10% less for the autogeneous crusher. 
 
It is here decided to use an average value of 2.35 kWh/tonne for the pumping, dependent on 
the strong influence of vertical transport here resulting in small differences between the 
crushing methods. No distinction will be made between the two tertiary crushing methods in 
the example.  
 
The resulting operation conditions for the pumping system are summarized in Table 1. 
 
Table 1.Operating data for slurry pumping of 600 tonnes/h (4.8 Mtonnes/year) in a 0.25 m –
diameter pipeline  with centrifugal pumps in series from in-pit  tertiary crushing to further  
grinding in the processing plant. The power requirement for drainage water corresponds to 
with an assumed pipeline diameter of 0.3 m for 490 m3/h (4.3Mm3/year). 
_________________________________________________________________________ 
                                                                         
Water requirement                                                      490  m3/h or 4.3 Mm3/year                          
Total number of pumps in series                                7 plus 2 boosters along the pipeline                               
Power requirement, for slurry,                                   1410  kW  or 2.35 kWh/tonne                                           
Power requirement for drainage water                       545  kW  or 0.90 kWh/tonne                            
_________________________________________________________________________ 
  
Ten percent of the power requirement for drainage water in Table 1 here assumed to be used 
to deliver water to the crushing station from the water pond at the lowest elevation of the pit. 
When comparing conventional handling and hydraulic transportation the cost of pumping 
drainage water should be deduced from the slurry pumping alternative when comparing 
various alternatives of transportation, see Table 2.  
 
Table 2.Energy requirement in kWh/tonne related to the availability of water for the  pumping 
of slurry and water in Table 1 , 275 m vertically and 300 m horizontally to the processing 
plant. 
___________________________________________________________________________                         
Pumping 
 In-pit drainage water availability                      100%                  0% 
 Slurry pumping                                                  2.35                  2.35 
Drainage water pumping                                   -0.80                     -                       
 Total net energy requirement                             1.55                  2.35    
                  
 
It follow from Table 2 that the net energy consumption with all required water available in the 
mine in Table 1  is 1.55 kWh/tonne compared to 2.35 with no water available. 
 

4. An overall cost comparison 
 4.1  Trucking 
The overall feasibility of in-pit secondary and tertiary crushing, independent on the crushing 
method, together with slurry pumping can be put into perspective when comparing the cost 
when using large mining trucks. State-of-the-art information of utilization of trucks  was 
mainly obtained from Renström (2007). 
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 Transport of 600 tonnes of primary crushed raw ore per hour from a pit depth of 275 m  and 
then 300 m horizontally to the processing plant can be handled with one big  truck loading 
220 ton in a fleet of several trucks serving raw ore and waste rock handling. With an average 
utilization time of 67%.i.e. 16h a day, then the capacity is 147 tonne/h on a long time basis.  

Truck transportation 275 m vertically means 2750 m  on inclined roads with slope 1:10.The 
round time for a truck including loading  and unloading was  estimated to 14.7 minutes, which 
corresponds to 600 tonnes per hour. The corresponding fuel consumption was predicted to 
about 0.26 m3/h, matching a fuel cost of  about 1200 SEK/h or 2 SEK/tonne, assuming 4500 
SEK/ m3 (1 SEK= 0.11Euro=0.16US$, January 15,2008) 

For the example considered here the truck fuel and capital cost can each roughly be estimated 
to be ¼  of the total cost per hour. This gives  an operating cost of about 6 SEK/tonne. With 
about 0.5 SEK/tonne for road maintenance, then the total operating cost may end up with 6.50 
SEK/tonne or about 31 MSEK per year. The investment cost for a truck of the type considered 
here may be of the order of 30 MSEK. 
 
 4.2    Pumping 
The economical feasibility of the pumping was evaluated based on investments in fully 
equipped and  wear protected pumps and pipelines( rotated in intervals), power supply, 
foundations and buildings and  pump seal water supply.Furthermore,20% was added for 
projecting and unforeseen items. The operating costs include power for pumps, heat , light 
and maintenance and personnel. Yearly maintenance costs for pumps and pipeline was simply 
based on full replacements after 2 years.   
 
4.3 Overall  cost comparison 
The brief estimation of costs is summarized in Table 3. 
 
Table 3.Estimated overall costs for pumping 600 tonnes/h of crushed raw ore compared to  
truck transportation in the considered example. Assumed electrical energy cost= 0.30 
SEK/kWh  and diesel fuel cost= 4500 SEK/m3

 
                                                            Slurry pumping                         Truck transport
 
Investments                                            75 MSEK                                    30 MSEK      
 
         
Operating cost                                   MSEK     SEK/tonne                MSEK    SEK/tonne 
               Energy:                                 4.8         1.0 (Electrical)              9.6       2.0 (Diesel fuel)                       
               Maintenance and labour       4.8         1.0                               21.6       4.5                            
              Totally                                   9.6         2.0                               31.2       6.5    
___________________________________________________________________________ 
 
 
5.  Discussion and conclusions 
It follows from Table 3 that slurry pumping can be an interesting alternative for the 
transportation of raw ore  based in in-pit tertiary crushing  and use of drainage water, in case 
of truck transportation of raw ore from an in-pit mine to a nearby processing plant. 
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It can also be seen from Table 3 how the truck transportation is dominated by operating costs 
while the pumping system means a comparatively large investment. The dependence on local 
conditions and the essential difference between the two modes of transportation means that it 
is difficult to draw any far-reaching conclusions of the results in this schematic example.  
 
With insufficient inflow of drainage water compared to the planned capacity of solids, reuse 
of water from the processing plant and make up water will be needed, see Table 2.The 
corresponding increase in pumping energy cost will be about 0.6 SEK/tonne in Table 3. 
 
The cost for the additional secondary and tertiary crushing has not been included here in 
Table 3. This expresses a situation were the cost balances downstream benefits obtained in the 
further beneficiation operations. In this integrated system, autogeneous crushing with the 
wider resulting size distribution may has a special potential through reduced energy 
consumption and increased throughput, as discussed earlier with reference to Lindquist 
(2008).Dependent on the effectiveness in this integration, parts of the in-pit additional 
crushing costs may be associated with the slurry pumping system.  

The energy requirement for the secondary crushing step was here roughly estimated to 1.2 
kWh/tonne. Together with the average consumption of 1.5 kWh/tonne in the tertiary step then 
the crushing after the primary step requires about 2.7 kWh/tonne which can be compared to 
the corresponding energy consumption for the slurry pumping in Table 2. 
 
In large-scale open pit mining a slurry pumping system has an substantial capacity in relation 
to the required space. A 0.5 m in diameter pipeline has the capacity of nearly 20 Mtonnes of 
dry solids per year. Slurry  pumping as described here may also be an economically 
interesting alternative in small and narrow open pit mines, especially if the concept is 
considered early in the development of the mine. With a substantial part of the raw ore 
transported in a pipeline, the requirement of wide roads may be smaller which means a 
smaller amount of waste rock, Figure 3. 
                              

 
                           
                                                                                                                                                 
Figure 3.The dashed marks represent waste rock volumes which may not be needed to take 
out for the alternative with slurry pumping of raw ore, due to less requirement for wide roads 
within the pit. 
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Potential cost savings can be achieved from less required handling, transportation and storage 
of waste rock as schematically shown in Figure 3.Furthermore,in an open-pit mine planned 
for underground development ,an extension of an open pit slurry pumping system can be 
effectively developed  to a hydraulic hoisting system, Sellgren et al.(1989). 
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