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ABSTRACT: Commencing with the GBT Mine in 1978, P.T. Freeport Indonesia has consistently ramped-up 
underground mining operations at their Ertsberg District in Indonesia. Approximately 300 km of lateral 
development has been completed with future plans for an additional 900 km of drifting through the life of the 
mines. During 2012 schedules for the operations in this district require +60 km of lateral, and several kilometers 
of vertical development including multiple 6 m diameter raise-bored ventilation shafts and an 8.5 m internal 
winze. Such rapid development places a premium on the construction, maintenance and application of accurate 
ventilation models. Dating back to 1996 comprehensive ventilation surveys have been conducted, during which 
coupled airflow and pressure measurements are taken annually to update certain sections of the operations. These 
measurements have been executed using consistent standards and protocols allowing accurate comparisons to be 
made. This paper examines airway resistance data collected from the ventilation surveys considering specific 
factors such as over-break (design versus actual dimensions), method of excavation, airway type (ramp, conveyor, 
lateral drifting, Alimak, raise-bore), support type and dynamic losses. The measured data are benchmarked against 
published Atkinson friction factors. 
 
1 Introduction 

The Ertsberg District is operated by P.T. Freeport 
Indonesia (PTFI) under contract to the Republic of 
Indonesia. PTFI is currently producing copper and gold ore 
from the Grasberg open pit and Deep Ore Zone (DOZ) 
block cave mine. Commencing in 1980, PTFI has 
sequentially caved a large copper-gold orebody, ramping 
up from early tonnages of 15,000 metric tonnes per day 
(tpd), to present levels of 80,000 tpd. Development of the 
third and present mining lift, called the DOZ Mine, started 
in 1996, with initial production during 2000. The present 
mining level is located at an elevation of 3,120 m, with the 
original surface located at 3,900 m. The DOZ Mine is 
ventilated using five parallel 3.2 m diameter centrifugal 
exhaust fans located at 3,900 m, and three parallel 3.5 m 
diameter mixed-flow exhaust fans located at 3,100 m. The 
combined mine airflow is approximately 2,260 m3/s. 
PTFI’s underground production is planned to increase as 
new and larger underground mines are brought online. The 
underground tonnage is ultimately predicted to peak at 
240,000 tpd commencing in 2022. This rapid rate of 
underground mine development places a premium on the 
construction, maintenance and application of accurate 
ventilation models. 

For ventilation modeling work in existing operations, 
where measured data is available for typical drift profiles, 
average Atkinson friction factor (k factor) and/or resistance 
per unit length values are typically computed and applied. 

For Greenfield operations, mine ventilation planning 
typically relies on the selection of suitable k factor values 
from published literature, which are then used to estimate 
resistance values for future mine airways based on the 
proposed airway geometry. 

2 General Theory – Friction Factor 

The determination of frictional pressure drop in mine 
airways may be obtained from the following relationship: 
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Where: 
f = Chezy Darcy coefficient of friction  
 = Air density (kg/m3) 
Per = Airway perimeter (m) 
u = Air velocity (m/s) 
A = Area (m2) 
L = Length (m) 

 
This is a form of the Chezy-Darcy (Darcy-Weisbach) 

equation applicable to circular and non-circular airways 
and ducts. The Chezy-Darcy coefficient of friction 
(dimensionless) varies with respect to Reynolds Number, 
the trend of which is plotted on the Moody diagram. The 
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Chezy-Darcy equation was adapted by J.J. Atkinson to 
give the following, commonly used, Atkinson Equation: 

 

(Pa)     u
A
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Lk  = p 2      (2) 

 
The k factor is a function of air density, and is 

computed as the product of the Chezy-Darcy coefficient of 
friction and the air density, divided by a factor of two. 
Since the Chezy-Darcy coefficient of friction is 
dimensionless, the k factor has the units of density (kg/m3). 
The Atkinson equation may be expressed in terms of the 
Atkinson resistance (R) for the airway, where: 
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The first section of this equation, relating frictional 

pressure drop and quantity to resistance, is known as the 
Square Law. This important relationship is used to 
establish resistance from measured pressure and quantity 
data. The second section of the equation is used to 
determine resistance from typical k factors, and known or 
proposed airway geometry. It should be noted that the 
frictional pressure drop term in the Square Law is directly 
proportional to air density, as is the k factor, which is the 
combination of the friction factor, air density and constants 
in the Chezy-Darcy equation. Hence, the k factor that is 
applied must be adjusted for actual mine air density. 

The k factor is not constant for a given airway, but 
varies with Reynold’s Number. However, in mine 
ventilation it normal to assume that the k factor is constant, 
regardless of the flow regime. This is because for fully 
turbulent flow (which is typically the case in mine 
ventilation) the friction factor is a function only of the 
relative roughness of the airway. The relative roughness of 
the airway is defined as the height of the airway asperities 
(e) divided by the hydraulic mean diameter (d = 4A/Per). 
The Von Kármán equation gives the relationship for k 
factor and relative roughness for fully turbulent flow: 
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From this equation it is apparent that for airways with 

the same surface roughness (asperity height), but different 
hydraulic mean diameters, the k factor should vary. Hence, 
as the airway hydraulic mean diameter increases, and all 
other conditions remain the same, both the relative 
roughness and the k factor will decrease. 

One final consideration is that in modern mining 
methods there is the potential for the flow to be 
theoretically fully developed and turbulent based on the 
Reynolds relationships; however, we can induce local 
instabilities from heat sources in which the buoyancy of 

natural convection over-rides the tendency for turbulence 
to maintain a fully mixed and uniform state. 

2.1 Basis For Comparison of Friction Factor 

The selection of appropriate friction factors is a critical 
component of mine ventilation planning. Resistance values 
for future mine openings are determined by applying a 
suitable friction factor against proposed airway geometry. 
It is important to understand the source and specific 
conditions associated with the friction factors. Historically 
some of the more commonly applied friction factors were 
derived from measurements taken in smaller openings in 
metal mines, such as those by the U.S. Bureau of Mines in 
the 1920’s and 1930’s. The application of these friction 
factors for planning modern mines with larger openings is 
questionable, and three more recent sources have been 
selected as the basis of k factor comparison against those 
gathered at Freeport’s operations. It is understood that 
other suitable reference data exist, however the three 
reference sources were considered adequate for this work. 
The source data are from: 

1. Fytas and Gagnon (2008). The paper presents 
results from 137 friction factor measurements 
carried out in ten underground metal mines in 
Quebec. The friction factors are classified and 
statistically analyzed in four different categories 
based on small and regular drifts, ramps and 
raises. In addition to the data set, the authors 
provide a detailed summation of previous 
published work addressing mine friction factor 
measurements from 1893 through present day. 
This will not be repeated and those with interest 
are advised to reference this paper. 

2. Prosser and Wallace (1999) provide a list of 
typical friction factors based on measurements 
conducted in a variety of metal and coal mines. 
The measurements taken in the metal mines are 
divided into lateral drifts, ramps, Alimak raises, 
bored raises, conveyor drifts and tunnel bored 
horizontal airways. The data set is based on a total 
of 83 friction factor measurements. Average, 
minimum and maximum friction factors are 
provided in addition to standard deviation. 

3. McPherson (1993) provides a reasonably detailed 
list of friction factors in his textbook, which have 
been compiled from a combination of reported 
tests, and the results from numerous unpublished 
ventilation surveys. Friction factors are listed for 
both hard and soft rock mines. 

3 Measurement Techniques 

Resistances were evaluated from measured pressure and 
airflow data using the Square Law relationship (Equation 
3). The airflow surveys consisted of the measurement of 
mean air velocities and airway cross-sectional areas at 
predetermined locations. A rotating vane anemometer 
attached to an extendible rod was used to traverse the 
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airways for measurement of the mean air velocity. 
Traverses were repeated until two readings were obtained 
within ±5%. The airway cross-sectional areas were 
measured using steel tapes and/or laser distance 
measurement with typically three width and three height 
measurements per cross section. Airway obstructions were 
measured, recorded and subtracted from the gross cross 
sectional area. The air quantities at each station were 
computed as the product of the air velocity and the airway 
cross-sectional area. Where applicable the airflow 
quantities were checked in the field for adherence with 
Kirchhoff's First Law, namely that the sum of airflow 
entering a junction was equal to the sum of airflow leaving 
the junction (in practice within ±5%). 

Frictional pressure drops were determined using the 
gauge-and-tube technique for all lateral airways and ramps. 
The gauge-and-tube (or trailing hose) method allows direct 
measurement of frictional pressure differentials using a 
digital manometer connected into a length of tubing, the 
ends of which are connected to the total pressure tappings 
of pitot-static tubes. When part of a larger pressure survey, 
static pressure drops were taken across regulators, doors 
and bulkheads wherever possible. The pressure differential 
data can then be checked for adherence with Kirchhoff's 
Second Law, namely that the sum of the pressure drops 
around a closed loop equate to zero (in practice within 
±10%).  

An effort was made to take airflow and pressure 
measurements as close to simultaneously as practical, such 
that changes in the system airflow are reflected in both 
pressure and quantity data. In the case that multiple airflow 
measurements were taken along the same airway section 
(preferable) then these were averaged for the friction factor 
analysis. 

4 Examination of Survey Data 

In total 101 k factor measurements were collected and 
analyzed for drifts. These included lateral drifts, ramps and 
entries with conveyor structure. An exercise was conducted 
to exclude those measurements for which the data was in 
doubt. This was based on a screening of high and low k 
factors, when compared against mean values, and also an 
examination of survey notes. As a result 30 measurements 
were excluded and a list of 71 friction factor measurements 
was carried forward for the drifts. 

27 measurements were analyzed for the raises. In this 
case one measurement was excluded and 26 measurements 
were carried forward as the clean data set. For the raises all 
measurements included dynamic losses associated with air 
entering and leaving the raise and any obstructions or 
changes in area within the raise itself. 

It is noted that all measurements presented in the paper 
are reported at a standardized air density of 1.2 kg/m3. 
When used for modeling they must be corrected based on 
specific site air density where kact = kstnd × act/stnd. 

4.1 Drifts 

Figure 1 shows average k factor grouped by drift size for 
standard lateral entries. The data include nominal ground 
support and dynamic losses associated with bends and any 
changes in area of the drifts. The indicated drift size is 
design not actual. Primary ground support at PTFI 
comprises of splitset bolts and mesh. Permanent support 
varies according to specific ground type and drift size, but 
as a general rule consists of grouted threadbar and/or 
cables and frequently a layer of shotcrete. In rare cases of 
poor ground, spiling and/or steel sets are required. Figure 2 
shows a large drift entering a future chamber at one of the 
mines. In this case the ground can be seen to be somewhat 
blocky and has been covered with significant shotcrete. All 
field measurements for area and perimeter account for the 
impact of this ~150mm shotcrete layer. 
 

 
Figure 1.  Measured k Factor by Drift Size (No Conveyors 
or Ramp Drifting) 
 

 
Figure 2.  Large Underground Excavation at PTFI 
 

The data unfortunately lack the resolution to group by 
ground support type. The average k factor for this set of 
data is 0.0099 kg/m3. The data can be seen to be relatively 
scattered with no discernible trend against drift size 
(contrary to the expectation based on examination of 
Equation 4). This indicates that variations in wall 
roughness and dynamic losses outweigh the impact of area 
increase. 

Figure 3 shows the average measured k factor for 
standard lateral drifts, ramps and conveyors. A comparison 
is provided against the internal design criteria applied by 

163



PTFI for all recent ventilation projects. In this case the 
measured data closely compares against criteria for the 
lateral, ramps and conveyor drifting. Ramps at PTFI can be 
anything from tight spirals to extended declines with 
occasional bends. For ramps there is additional loss 
associated with the airflow changing direction and likely 
increased surface roughness when drifting around tight 
bends. In the case of a conveyor drift the average k factor 
is about 45% higher than that of a standard drift. This is to 
be expected since the conveyor modules and support 
assembly are a large structure, resulting in significant 
obstruction within the airway (Figure 4). The smooth 
concrete case represents a specialized drift used in block 
cave extraction panels and is essentially a formed-pour 
along the length of the drift creating a fully lined airway 
(Figure 5). The measured wall roughness is subsequently 
low. 
 

 
Figure 3.  Measured vs. Design k Factor by Drift Type 
 

Figure 6 provides a comparison of design versus 
actual cross sectional area for the different nominal drift 
sizes and types at PTFI. The design areas are taken from 
PTFI criteria and account for arching. As an example a 5.5 
× 5.5 m square drift has a design area of 29.8 m2 rather 
than 30.3 m2 derived from straight multiplication of height 
by width. From the graph it is immediately apparent that in 
general the drifts are considerably larger than design (due 
to blasting over-break). On average drifts are +14% larger 
than design (area ratio of 114%). Not shown is that the 
actual perimeter is also larger than the design (averages 
+12%). The combination of this larger area and perimeter 
results in the actual resistance being approximately 75% of 
the design, for a given k factor (as apparent from Equation 
3). One way of looking at this is that a k factor of 
approximately 75% of measured will provide more 
accurate models when using design areas and perimeters 
(to account for consistent over-break). The risk with such 
an approach is any improvement in blasting, and reduction 
in over-break, will result in higher pressure losses than 
predicted. 

From a strictly ventilation perspective we may 
welcome over-sized drifts, since it means that for a given 
airflow the system pressures and air power are lower. It 
also provides the flexibility that for a given pressure the 
total flow of air through the mine can often be increased, 
albeit at a higher cost. However there will likely be 
incorrect specification of fan operation. If the fan is indeed 

operating at a lower and likely less efficient point on the 
performance curve, then there will be an associated 
efficiency cost at the design airflow. 

The issue of over-break also affects more than just the 
ventilation system, having an impact on cost in terms of 
excess drilling, explosive and materials usage and waste 
haulage.   
 

 
Figure 4.  Typical Conveyor Drift 
 

 
Figure 5.  Full Concrete Support in Extraction Panel Area 
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Figure 6.  Comparison of Cross Sectional Area 

 
Figure 7 plots the average k factor measured by year. 

This is for all 71 measurements, inclusive of ramps and 
conveyor entries, and as such there is significant variation 
according to the bias on the type of drifts being measured 
that year. The average overall k factor is 0.0107 kg/m3 for 
all drifting data with a standard deviation of 0.0040 kg/m3. 
Such a high deviation is to be expected in a data set 
comprising of ramps and conveyors as well as smooth 
drifts. Further statistical analysis reveals 95% confidence 
limits for the data set to be 0.0098 – 0.0117 kg/m3. Based 
on the sample data set there is a 95% probability of the true 
average falling between these values. 

The graph shows that there have been consistent sets 
of measurements taken from 1996 through present day 
with a peak of 20 drift k factor measurements in 1998. 
 

 
Figure 7.  k Factor Data by Year 

4.2 Raises 

Figure 8 provides a comparison of average measured k 
factor against PTFI design criteria by raise type. Drop 
raises at PTFI are shorter in length (<20 m) and are 
developed by a vertical-crater-retreat approach. The raises 
are unsupported and the walls are very rough as a result of 
blasting horizontal slabs. Alimak raises have been 
developed at PTFI up to 500 m in length and 6.6 m in 
diameter. The approach for these longer raises is to bore a 
2-3 m pilot, drop down using an Alimak climber or in 
some cases a Galloway platform, then drill rings and blast 
from the bottom retreating back to the collar. The slashed 
raise is generally unsupported and rough, although not so 
severe as the drop raise. The final type of raise at site is 
drilled using a raise bore and is left as a smooth, 

unsupported hole. Large raises have been bored up to 6 m 
in diameter at PTFI, although 2 – 4 m is a more typical 
size. 

It is noted that PTFI criteria excludes entry and exit 
shock losses (these are separately added in the modeling) 
whereas the measured values already include these losses. 
When considering this the measured k factor data 
compares reasonably against design. Measurement of 
actual area was generally not conducted in the slashed and 
drop raises due to the limited access. However the limited 
data suggests ~10% over-break in the slashed raises, with 
nominal 6 m diameter raises being closer to 6.6 m. 
 

 
Figure 8.  k Factors for Raises 

4.3 Comparison Against Reference 

Table 1 provides a comparison between the three published 
lists of friction factors and those measured at PTFI. 
Minimum, maximum and average values are provided 
where available. Figure 9 plots the average data as a chart. 
In general there is agreement between the various data, as 
would be expected for measurements in metal mines using 
similar methods of excavation and ground support. The 
value from Fytas is significantly less for the bored raise, 
however it is noted that this represents just one 
measurement and likely does not include the same dynamic 
losses as those in the measurements by Prosser and at 
PTFI. 
 

 
Figure 9.  Comparison of k Factor Against Literature 
 

Measured values include dynamic 
losses. Design values do not. 
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Table 1: Comparison of PTFI Measured k Factors vs. Reference 

Airway Prosser & Wallace Fytas & Gagnon (Typical) McPherson (Typical) PTFI Measurements 

Type Min Ave Max Min Ave Max Min Ave Max Min Ave Max 

Lateral Drift 0.0047 0.0088 0.0128 0.0059 0.0107 0.0151 0.0040 0.0120 0.0160 0.0039 0.0099 0.0177 

Ramps 0.0070 0.0116 0.0174 0.0059 0.0171 0.0279   0.0140   0.0052 0.0117 0.0181 

Conveyor Drift 0.0123 0.0140 0.0166         0.0140   0.0091 0.0143 0.0181 

Slashed Raise 0.0087 0.0113 0.0158 0.0035 0.0120 0.0209   0.0130   0.0049 0.0129 0.0356 

Bored Raise 0.0023 0.0047 0.0070   0.0015     0.0050   0.0033 0.0041 0.0051 

Number 83 Measurements 137 Measurements N/A 71 Drift + 26 Raise 

 

5 Summary and Conclusions 

The intent of the paper was an analysis and review of 
resistance data collected during the past 15 years at PTFI’s 
operations. Key comparisons are made between measured 
k factor, PTFI design criteria and three applicable data sets 
obtained from references. 

In general the measured drift k factors compare 
closely against PTFI criteria (Figure 3). This is to be 
expected since the criteria were originally based on a 
combination of early site measurements supplemented with 
McPherson’s reference. The criterion for the conveyor 
drifts could perhaps be increased but otherwise there is 
confidence that the actual k factor will be close to that of 
the models, albeit a little conservative. Due to the cube 
relationship, the difference in measured versus design areas 
has a much greater impact on actual versus predicted 
airway resistance. It is apparent that there is over-break 
associated with drifting at PTFI, which is resulting in an 
over prediction of mine resistance (approximately +30%) 
and likely error in the specification of fans. Having 
understood this, an effort will be made in the future to run 
sensitivity studies to understand and correctly account for 
over-break on new ventilation infrastructure. 

When examining PTFI and typical reference data the 
use of an average k factor of 0.01 kg/m3 is suggested for 
general metal mine drifts developed using modern 
equipment with typical support. Similarly a value of 0.014 
kg/m3 is suggested for conveyor drifts, 0.012 kg/m3 for 
slashed raises and 0.0045 kg/m3 for bored raises (inclusive 
of dynamic losses). There is significant variation across the 
reference with regards to ramps, and the value of 0.014 
kg/m3 recommended by McPherson is considered a 
reasonable number to use. 
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