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ABSTRACT 
 
There has been limited success to date in accurately predicting water quality from waste rock 
dumps at mine sites. Consequently, it has cost the mining industry hugely to implement 
mitigating measures for minimizing potential environmental impacts. Since the length scale of 
waste rock dumps at mine sites is about 3-4 orders greater when compared to lab-based and 
leach-pad tests, the drainage chemistry of rock samples from these tests is likely to be 
significantly different from that of the field. Thus a question arises: how to design the 
experimental models (smaller-scale testing models) so that the test results can be accurately 
scaled-up to the field? The authors of the paper have recently developed a similitude 
approach to design experimental metal leaching models and ground the scaling up process 
on sound scientific foundation. This paper introduces the concept of the similitude approach 
and presents experimental models of metal leaching for predicting the drainage chemistry of 
waste rock dumps at mine sites. The experimental setups here are the same as ordinary 
humidity cell, column-leaching and leach-pad tests; but they are different in that the 
experimental models meet similitude conditions, which involve water-infiltration rate, rock 
particle size, rock-sample volume (depth and diameter) and reaction kinetic constants. By 
doing so, the similitude between the experimental models and the field is kept, and 
accordingly the drainage chemistry between the two would also be kept.  
 
 
1.0 INTRODUCTION 
 
When rain/snow-melt water infiltrates into a waste rock dump at a given mine site, it is 
expected that the water would flow through the waste rock dump, leaching out metals from 
rock surfaces in the form of dissolved metal ions. Government regulators set limits on metal 
concentrations for mine effluents in order to ensure they would not pollute surface or ground 
waters. In a large number of countries with established mining regulations, the situation is 
such that when the metal concentrations exceed the limits set up by regulations, the owners 
of the mine site would be required to manage the potential impacts, which may include 
collecting the effluent water and treating it before releasing it into rivers. Metal leaching and 
acid rock drainage primarily result from waste rock weathering, and weathering is a gradual 
and ongoing process that evolves with the mineralogy of the rock near the surface 
environment. As such, the water quality impacts and mitigating operations pose a significant 
long tremendous financial risk to the owners of mine sites. In addition, it is crucial for mining 
companies to build trust with local communities to obtain and maintain a social license to 
operate. 
 



 

The key question that is posed by all mine operators is: how to know, within a reasonable 
degree of certainty, the future concentrations of dissolved metals in mine effluent before the 
mine waste is placed? The current practice of mine waste drainage quality prediction is 
mainly through lab-scale testing, which relies on testing the metal concentrations of the water 
that has flowed through a sample of rock taken from a waste rock dump under laboratory 
conditions (Price 2009). However, these lab-scale tests face a significant technical challenge 
that still needs a comprehensive solution—that is, the lack of theoretical basis for scaling the 
lab-testing results to real waste rock dumps. 
 
This is one of the major reasons why there has been limited success in accurately predicting 
long-term metal leaching behaviors from waste rock dumps through lab-scale testing.  
 
Over the past 30 years, a lot of efforts (Amos et al. 2015; Dold 2017; Fretz et al. 2011; 
Parbhakar-Fox and Lottermoser 2015; Smith et al. 2013) have been made to develop lab-
scale testing methods for accurately predicting metal leaching. These include humidity cell, 
leach-column and leach-pad tests. Being similar in terms of basic concept, they allow a 
controlled rate at which water flows through a rock sample, and then analyze the water 
chemistry. 
 
Generally speaking, metal concentrations in the water from lab-scale testing are very 
different from those flowing from waste rock dumps. So a natural question arises: how to 
design the lab-scale tests so that the metal concentration in the water from the lab-scale 
testing will be the same as those flowing from the waste rock dumps?  
 
The similitude concept was proposed by Lord Rayleigh (1915) and further explained by 
Bridgman (1931). It has been used in aerospace and civil engineering, such as in wind tunnel 
testing. This paper proposes the application of the similitude approach for designing the lab-
scale metal leaching to tackle the scale-up challenge.  
 
 
2.0 SCALE-UP: PROBLEM STATEMENT 
 
The first task is to establish a theoretical basis for scaling up the lab testing results to the 
field - that is, to determine how to relate the water chemistry from rock samples in the lab to 
that from the whole waste rock dump. 
 
The difference between the water chemistry of the lab-scale testing of the “representative” 
rock sample and the water chemistry of the waste rock dump comes from a few factors: (1) 
the thickness of the sample rock through which infiltrated water flows in the laboratory is 
often thinner than the depth of the waste rock dump through which infiltrated water flows; (2) 
water-infiltration rate in the field is likely very different from the water-infiltration rate in the 
lab; (3) the grain size of the sample rock is often different from that of the waste rock dump. 
These three factors are considered here as the most influential factors contributing to the 
difference between the lab-scale testing and the whole waste rock dump. Of course, the 
other factors such as temperature, pressure, bacteria and the circulation of gas and water 
vapor inside the rock and its ambient also affect metal leaching rate. But for simplicity it is 
assumed here these factors can be neglected without significantly decreasing the scaling up 
accuracy. 
 
The scaling-up problem can be illustrated by Figure 1. Figure 1(a) shows in black the metal 
concentration in the effluent water (C) from the waste rock dump as a function (f) of a set of 



 

quantities (q); Figure 1(b) shows in red that the metal concentration in the effluent water from 
the sample rock shares the same function and the same arguments but with different 
numerical values. The solution to resolve the theory of scaling-up is to answer the question: 
what are the conditions that these quantities in the lab-scale testing have to meet so that the 
metal concentration from the lab-scale testing would be the same as the metal concentration 
in the effluent from the whole waste rock dump?         

 
Figure 1.     Illustration of metal leaching, (a) metal leaching from the waste rock dump, (b) 

metal leaching from the lab-scale testing 
 
 
2.1      The Theory of Scaling-up using the Similitude Approach 
 
The theory of scaling up with the similitude approach is to use Dimensional Analysis for 
finding the form of the function C = f (q1, q2, q, ……, qn )  as C = f (ᴨ1, ᴨ2, ᴨ, ……, ᴨm ), where 
m<n. The process is illustrated as follows. 
 
Two steps are involved in the similitude analysis. The first step is to list the relevant 
quantities. As a principle for selecting the relevant quantities, only those significant quantities 
should be listed and those unimportant ones should be neglected. In practice, this step 
requires insights into the hydrological and geochemical processes of metal leaching; 
otherwise, it would not give any meaningful result. The relevance list (Zlokarnik 1991) for the 
metal leaching problem, as shown in Table 1, consists of  
1) the target quantity: the metal concentration C, 
2) the geometrical variables: the total surface area of the rocks that are packed in a unit 

volume, S, the depth of the rock samples or waste rock dump, β,  
3) the chemical properties: the kinetic constant, k, the saturation concentration, Ce, and 
4) the process-related parameter: the total volume of infiltration through a unit horizontal 

area within a unit time, Q. 
 



 

Table 1.         List of quantities and their dimensions. 
 

Quantity Symbol Dimension 

Metal concentration C ML
-3

 

Flush rate: defined by the total volume of water that flows out 
of a unit length of rock surface boundary within a unit time, with 
its unit as L2 T-1 

Q: the total volume of water that infiltrates through a unit 
horizontal area within a unit time, with its unit as LT-1 
S: the total surface area of the rocks that are packed in a 
unit volume, with its unit as L-1

 L
2
T 

-1
 

Kinetic constant, k,  defined by dM/dt ) k LT 
-1

 
 

Depth of the rock sample or waste rock dump β L 

Saturation concentration (equilibrium concentration) Ce ML
-3

 

 
 
As listed in Table 1, these quantities are the major variables that influence the metal 
concentration C.  
 
The metal concentration C as a function of the four quantities listed in Table 1 can be written 
as 
 

                                                                            (1) 

 
where symbol f denotes a function with the independent arguments listed inside the brackets. 
 
According to the Buckingham π theorem (Bridgman 1931), the function f can be written in the 
format of the products of the powers of the arguments as, 
 

                                                     (2) 

 
where x, y, z and w can be determined by dimensional homogeneity, and α is a non-
dimensional constant, which cannot be determined by the dimensional analysis, but can be 
attained by experiments or analytical approaches. The dimensional homogeneity requires 
that the dimensions in the left side of the equation be the same as the right side of the 
equation.  
 
Inserting the dimensions of the quantities listed in Table 1 into Eq. (2), and making the 
dimensions M, T, and L homogeneous:  
 

                                   (3) 
                                



 

This means: in terms of dimension mass M, w=1; in terms of dimension length L, -3= 2x+y+z-
3w; in terms of dimension time T, 0 = -x-y. Having four unknowns this set of three linear 
algebra equations thus gives its solution with one free variable as: y=-x; z=-x, and w=1. 
                          
Introducing them into Eq. (2) gives, 
  

                                                                                                         (4) 

 
Note that here x can be any number, so Eq. (4) should be written as 
 

                                                                                 (5) 

 
Comparing Eq. (5) with Eq. (1), one can notice the major differences:  Eq. (1) has four 
quantities, and thus is more general than Eq. (5), which has one quantity only. When Eq. (1) 
is used for scaling up a lab-scale testing to the whole waste rock dump, one has to require 

that all of the four arguments (  ) in Eq. (1) stay unchanged from the lab-scale testing 

to the field, which is impossible to carry out in practice. However, when Eq. (5) is used for 

scaling up, the requirement becomes that the value of the quantity   stays unchanged from 

the lab-scale testing to the whole waste rock dump, which can be carried out in practice. That 
is to say, the metal concentration C of the water from the lab-scale leaching test is the same 
as the metal concentration C of the water that flows through the waste rock dump as long as 
the following condition is met:  
 

                                                          (6) 

 

Although Eq. (5) does not tell the exact form of , it tells the relative role that 

each and every quantity plays in contribution to the dependent quantity C in the way as 

. It says clearly that the three quantities (kinetic constant k, rock sample 

depth or waste rock dump depth, and total surface area of the rocks that are packed into a 
unit volume) play exact equal role in contribution to C. In other words, when the contribution 
to C due to a 100% increase in k would be exact the same as a 100% increase in S or in β. It 
also says that the contribution to C due to a 100% increase in water infiltration rate Q can be 
exactly canceled out by a 100% increase in kinetic constant k, or rock sample depth β, or 
total surface area S.  
 
In summary, the theory of scaling up using the similitude approach is to find non-dimensional 
quantities, which comprise all of the important relevant dimensional quantities. When the non-
dimensional quantities are kept unchanged between a lab-scale testing to its full-scale 
testing, the dependent quantity would not change from the lab-scale testing to its full scale 

testing. In this metal leaching case, there is only one non-dimensional quantity: . When  

is kept unchanged between the lab-scale testing and the whole waste rock dump, the metal 
concentration would not change accordingly. In this way, the metal concentration measured 
from the lab-scale testing would be the same as the metal concentration of the water flowing 
through the whole waste rock dump. 
 



 

2.2 The Important Assumptions behind the Theory of Scaling Up 
 
Behind the theory of scaling up with its result expressed by Eq. (5), some assumptions need 
to be clarified further. There are five important assumptions here: 
 
1) Steady state: here it is assumed that the flow of infiltrated water through the rock sample 
or rock dump has reached a steady state. The steady state here means that flow speed, 
water-film thickness and metal concentration at any physical location does not change with 
time. For example, in a kinetic free draining leaching test, the very beginning when infiltrated 
water flows through a rock sample would behavior as a transient state, but gradually 
approaches to a steady state. How long this takes to achieve the steady state varies between 
columns of different mineralogy. 

 
2) All of the rock surfaces are wet by infiltrated water and thus participate in metal leaching: 
in Eq. (5) there is a quantity S, the total surface area of rocks that are packed in a unit 
volume. This quantity S in Eq. (5) tells how large the total surface area of rocks participates in 
metal leaching. In reality, not all of the rock surfaces are wet by infiltrated water, but only a 
portion is wet. On the top surface indeed almost all of the rock surfaces are wet, and the 
percentage of wet surface decreases from top to the lower surface. At the bottom it is 
common that the portion of wet surfaces is around 30% (Elboushi 1975). How much would 
the effect be due to any deviation from this assumption? The authors plan to investigate it as 
the next step of work. 
 
3) Fast diffusion: Metal leaching happening at the interfaces between rock surfaces and 
water is a chemical reaction. It involves mass transport for transporting reactants to reaction 
sites and transporting products out of the reaction sites. However, in the relevant quantities in 
Table 1, diffusion coefficients are not listed there. Here the assumption is: the water film on 
rock surfaces are relatively thin and the water flow on rough rock surfaces help mixing, so 
mass transport is not considered as influential factor for chemical reactions. 
 
4) Secondary minerals: Rock surface areas could be partially covered by secondary 
minerals. This coverage would affect chemical reaction rate. Here we assume the effect of 
this coverage is counted into kinetic constant k. That is to say, the scaling up would work 
better when kinetic constant k is counted as an effective kinetic constant. 
 
5) Representative sampling: Rock sample taken randomly from a waste rock dump would not 
statistically represent the whole waste rock very well. Hence, a number of samples can be 
tested and the averaged result can be considered as a statistically acceptable. The degree of 
representation can be improved by increasing the number of the samples and can be 
quantified by statistical calculations. For simplicity, as part of this study we do not consider 
the issue of sample representation (this is a separate line of research questioning in its own 
right), but assume the sample is a perfect representation of the whole rock dump in terms of 
minerology, that is, the properties of metal leaching from the surfaces of the rock sample is 
the same as that of the waste rock dump.  

 
 
3.0 CONCLUDING REMARKS 
 
Using the similitude concept, this paper proposes an experimental model of metal leaching 
from rocks. In the model, the four relevant quantities (infiltration rate Q, rock depth β, total 
surface area of rocks packed within a unit volume S, kinetic constant k) are picked up as 



 

significant quantities affecting metal concentration C. The dimensional analysis reveals that 

the four quantities affect metal leaching concentration C in a specific format . 

This format tells how to scale up. When this argument   does not change, metal 

concentration C would not change. Thus, the objective here is to design a testing method that 

can keep  , a non-dimensional quantity, unchanged.  

 
Although the science behind the similitude approach is sound, its application to metal 
leaching testing involves assumptions and neglecting some factors, such as mineral 
reactions and transformations, changes in porosity over time, etc. The application needs 
confirmation and validation or invalidation. The authors hope that this paper would generate 
interests in further research and development of the method so that the accuracy of 
predicting metal leaching from mine waste will greatly advance. 
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