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Abstract 

Today mines produce metals which are used for everyday products by people worldwide. When 

metals are produced, waste products known as tailings are generated. These tailings are 

commonly stored in impoundments, surrounded by embankment dams. The demands from the 

society are constantly increasing regarding the quality and safety of dams. One step in 

development towards a better control regarding safety and quality of tailing dams, could be to 

compact the beach. Today there is a lack of methods to easy check the dry densities over large 

areas for a compacted material. Since these dams can be large structures with embankment 

lengths of several kilometers, it is necessary to be able to check the density with a fast method. In 

this thesis it was investigated if the dry density, and correspondingly the compaction, can be 

checked with a Dynamic Cone Penetrometer (DCP). In the thesis the dry density of tailings was 

compared with penetration rate of the DCP. A laboratory setup was made with a test box filled 

with tailings provided by Boliden AB from the Aitik mine. Six different box tests were 

performed, each test with different compaction. From the tests a trend was observed, for which 

the tailings increased in density as the DCP indexes showed an increased resistance. A 

relationship between DCP index and dry densities was found. Though a relationship was found, 

it is important to emphasize that the tests were carried out in an environment that was easy to 

control. One test with high water content showed that water was influencing the DCP index 

results. Therefore it was concluded that if the DCP will be used in field, the water content also 

has to be checked.  
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Sammanfattning 

Gruvor producerar dagligen mineraler för konsumentprodukter världen över. När metall 

extraheras från malm uppkommer det även en restprodukt, kallad anrikningssand eller tailings. 

Anrikningssanden som uppkommer vid utvinningen av metaller bildas i enorma mängder och 

sanden förvaras vanligtvis i anrikningsdammar. När utvinning varje år fortsätter resulterar detta i 

ökande behov av utrymme att deponera sanden. Detta leder till att dammarna höjs varje år. En 

oro gällande säkerheten i anrikningsdammar från samhället gör att kraven på dammarna 

fortsätter att bli mer strikta gällande kvalitetssäkring och dammsäkerhet. För att utveckla och 

förstå dammarnas beteende är det viktigt att kunna kontrollera de olika parametrarna. I denna 

uppsats belyses packningen av anrikningssand och hur denna fortgående kan kontrolleras. 

Sanden som använts i testerna är ifrån Aitiks anrikningsdamm. Innan packning av 

anrikningssand kan börja användas praktiskt behövs en metod för att kontrollera packningen, 

dvs. torrdensitet. Anrikningsdammarna är stora och kan sträcka sig flera kilometer vilket gör att 

det instrumentet som ska användas för kontroll av packning behöver vara lättanvänt och snabbt 

instrument. I denna rapport presenteras resultat från tester rörande om det är möjligt att 

kontrollera packningen av anrikningssand med instrumentet ”Dynamisk Kon Penetrometer” 

(DCP). Arbetet centrerades runt att skapa en empirisk databas för grovkornig anrikningssand, 

ifrån Aitik. Detta relativt grovkorniga material är i regel det material som är närmast 

dammkrönet. Packningen i denna rapport mättes med storheten torrdensitet som jämfördes med 

DCP index (DCPI). Testens upplägg var att fylla en låda med anrikningssand och i denna 

använda DCPn. Totalt sex test utfördes, med olika packningsarbete i varje test. I de olika 

testuppsättningarna användes DCP instrumentet för att observera hur mycket konen på DCPn 

penetrerades per slag. Från testerna kunde författaren observera trenden att för ökande densiteter 

minskade DCP index, dvs. ökat motstånd. Testerna visade att det finns en relation mellan 

densitet och DCP index. Dock fungerar det inte att kontrollera packningen enbart med en DCP. I 

ett test var materialet vattenmättat. Resultatet visade att DCP index är beroende av om 

vatteninnehållet ändras. Detta innebär att om DCP ska användas i fält måste vattenkvoten vara 

känd.  
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1 INTRODUCTION 
Metals and minerals needed for homes, cars and consumer products are obtained from large 

quantities of rock which are mined, crushed and processed. Today the mining industry also 

targets rock with a lower grade of ore as a result from an increasing demand of metals and rich 

ore bodies already mined out. This is resulting in large amount of waste material which is in the 

range of a few microns up to sand-sized particles. These particles are the waste material from 

mines and are known as tailings. 

Tailings produced from the mines end up being disposed in different storages. In the beginning 

of the mining industry tailings were disposed of as cost-effectively as possible, this often resulted 

in disposal in nearby rivers. Concerns from the people living in these areas rose regarding use of 

the water and about pollution. The concerns led to new means of tailings disposal.  

Today tailings are disposed as backfill in underground mines, free-standing piles and through 

dry-stacking and by the most common method, which is hydraulic deposition as a wet slurry, 

into impoundments. These impoundments are generally surrounded by embankment dams. Such 

dams (tailings dams) can reach several tenths of meters in height and kilometers in length. 

Stability of these dams is a concern. Society is demanding more restrictions and regulations to 

ensure dam stability.(U.S. Environmental Protection Agency 1994)  

In the tailings impoundments there is generally a water pond furthest into the impoundment. The 

area between the dam embankment and the water pond is called the tailings beach. One step to 

increase the understanding of dam behavior, would be to know more about the properties of the 

beach. This in turn could give a better understanding of dam embankments. If the beach was 

controlled it could lead to the information if e.g. change in disposal method was necessary or if 

compaction of the beach could lead to a better control of the dam embankment. Today there is a 

lack of a fast method to evaluate compaction in the beach. Therefore, a first step would be to 

investigate simple methods for evaluation purposes of the beach properties.  

There exists a simple method to control bearing capacities in road embankments, which is rapid 

to use over larger areas and is called Dynamic Cone Penetrometer (DCP). The test results 

indicate loose or hard soil. If the results of a DCP could be correlated to dry densities in the 

tailings beach, this could be a method to be used in the future for evaluating the compaction. 

1.1 PURPOSE  
The purpose of this study was to study possible correlations between dry density in tailings and 

DCP measurements. Such correlations would make it possible to apply the DCP as an instrument 

to check the beach compaction properties in tailing facilities.  
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1.2 SCIENTIFIC QUESTION 
Is it possible to check the dry density in tailings using a Dynamic Cone Penetrometer? 

1.3 METHOD  
The thesis was carried out in a manner of three sections. They were a literature review, 

laboratory testing and analysis of the results. The literature review was done to give a better 

understanding regarding tailings, dry density and the DCP. 

The laboratory testing was done to determine if the DCP could be used to measure the dry 

density in tailings. The laboratory testing consisted of compacted tailings in which DCP was 

used in order to find out if the penetration changed in relation to the dry density. From the tests 

the density was compared to the penetration rate of the DCP.  

In the final part of the study, analysis of the tests was done to determine if correlations between 

the tailings density and the penetration rate existed. 

1.4 DELIMITATIONS 
The material that was used in the tests was taken from the Aitik mine and thereby restricting the 

use of the results to Aitik. The tests were carried out indoors in a cubical test cell of 4 m3, 

therefore conditions as weather and size of the test is not exactly the same as on the site. 
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2 BACKGROUND 

2.1 ORIGIN OF TAILINGS 
In the process of extracting metals from ore, a fine grade residual product is usually produced as 

a result from the ore being crushed and grinded. This emerges from the end or the “tail” of the 

mineral process and is therefore known as tailings. The extraction processes are based largely on 

water, and the tailings are normally disposed as a slurry of solid particles suspended in water.  

Estimations have been made that worldwide, approximately 5,000 million tons of solid tailings 

are generated every year. This means that 3,000 to 5,000 million cubic meters of additional 

tailings storage is needed every year.(ANCOLD, 1999)  

The process of extracting minerals from ore varies depending on the mineral content. But there 

are a number of common steps for the different processes which can be seen in Figure 1. First, 

the ore is excavated in an open pit or underground mine before it is transported to a crusher, 

which grinds the ore to a finer grain size. After the crushing it is grinded to particle sizes of often 

0,1mm or less. Water and chemicals are often then added to extract as much mineral as possible 

from the ore, from this process a tailings slurry is created.  

For each ton of ore that goes through this process approximately 850 kg solid waste and the same 

amount of water is generated. In the thickening process the tailings suspended in water are 

dewatered to a thicker slurry which is normally pumped to the disposal area, often in tailing 

dams.(International Council on Metals and the Environment, United Nations Environment 

Programme, 1998) 

 

Figure 1: Mineral processing.(International Council on Metals and the Environment, United Nations 

Environment Programme, 1998) Modified by the author.  

This man-made material is treated as soil because in general it is of similar characteristics. The 

difference between tailings and soil particles is that tailings have been crushed and grinded. The 

crushing and grinding make the tailing to be of a more angular shape form compared to natural 

soil.  

The properties of tailings widely differ because of the many factors involved in the process i.e. 

depending on how the mineral process has been performed or if the ore is oxidized from 

weathered rock or not, and what particle size distribution the tailings material consists of. 
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According to Fell, MacGregor (2005) some general characteristics of geotechnical engineering 

behavior can also be used for tailings, see Table 1.  

Table 1: Generalized engineering properties of tailings material. (Fell, MacGregor et al. 2005) 

Type of tailings General characteristics 

Ultra-fine tailings, phosphatic clays, alumina 

red mud 

Clay and silt, high plasticity, very low density 

and permeability 

Washery tailings, coal, bauxite some iron and 

nickel ore 

Clay and silt, medium to high plasticity, 

medium to low density and permeability 

Oxidized mineral tailings. Gold, copper, lead, 

zinc etc. 

Silt and clay, some sand, low to medium 

plasticity, medium density and permeability 

Hard rock mineral tailings, gold, copper, lead, 

zink etc.  

Silt and some sand, non-plastic, high density, 

medium to high permeability 

2.2 TAILINGS STORAGE 
The most economical and common method today is to dispose and store the tailings in 

impoundments. The impoundments may consist of hill sides and raised embankment dams. The 

different impoundment designs can roughly be divided into four general categories: cross-valley 

impoundments, hill side impoundments, ring-dike impoundments or in-pit impoundments. 

2.2.1 Impoundment designs 

In this chapter some examples how the embankments are designed depending on the local 

topography are given.  

The cross-valley impoundment design, see Figure 2. The natural depressions of the landscape are 

used to store the tailings by placing a dam across the valley. The tailings are stored in between 

the embankment and the valley sides, this means a large area can be impounded with a relatively 

short embankment. This is one of the most common methods to use in areas where the landscape 

is hilly because a major reduction of the construction material can be achieved. In these areas 

this makes the cross-valley impoundment ideal and as a good option from an economic stand 

point.  

The cross-valley impoundment can be done as a single or multiple impoundments. Multiple 

impoundments consist of several cross-valley embankments after each other in the valley, see 

Figure 2. (U.S. Environmental Protection Agency 1994) 
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Figure 2: Single and multiple cross-valley impoundment. (U.S. Environmental Protection Agency 1994) 

If suitable valleys cannot be found, side-hill impoundment can be used. The side-hill 

impoundment stores the tailings against one side of a hill and three sides of embankments, see 

Figure 3. This kind of impoundment design is best suitable for slopes with less than 10% 

inclination. If the slope is steeper the embankment normally becomes too large to be 

economically viable. (U.S. Environmental Protection Agency 1994) 

 

Figure 3: Side-hill impoundment. (U.S. Environmental Protection Agency 1994) 

If the slope grade exceeds 10% and the catchment area is too large to construct a cross-valley 

impoundment, a combination of valley- and side-hill impoundments can be used, called valley-

bottom impoundment. These impoundments are constructed in the bottom of the valley, 

impounding the tailings with embankments on two sides and the other two consisting of natural 

sides, see Figure 4. (U.S. Environmental Protection Agency 1994) 

 

Figure 4: Single and multiple valley-bottom impoundment. (U.S. Environmental Protection Agency 1994) 

If the local topography lack depressions and solely consists of plains, another design is needed to 

create an impoundment for the tailings. A ring-dike impoundment can be used in flat areas. The 

ring-dike impoundment are done with manmade embankments on four sides. 
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This makes the design more demanding when it comes to fill material for embankments 

compared to storage capacity and therefore more expensive compared to the other methods. The 

advantages with the ring-dyke impoundment are that the impoundment design becomes more 

flexible because all the dikes are man-made compared to the other designs. The ring-dike 

embankment can be made relatively low in height, compared to a hill-side design and thus a 

simpler embankment to construct. The typical ring-dike impound design can be seen in Figure 5. 

(U.S. Environmental Protection Agency 1994) 

 

Figure 5: Ring-dike impoundment. (U.S. Environmental Protection Agency 1994) 

2.2.2 Embankment design 

There are generally two different design methods of constructing the embankments: the retention 

dam and the raised dike embankment. (U.S. Environmental Protection Agency 1994) 

Usually a retention dam is similar to a water retention dam (constructed to store water for e.g. 

hydropower), that is constructed to full embankment height and not expected to be raised any 

further. If increased capacity is required more than one impoundment may be needed when the 

impoundment is filled. The retention dam is often constructed before the production of the mine 

generates any tailings or waste rock, therefore natural materials are usually needed.  

Retention dams used for storage of tailings are normally similar to the water retention dams 

regarding soil properties, stability considerations, surface water and ground water control. 

Tailings retention dams, as shown in Figure 6, are suitable for any type of tailings and any 

disposal method. (U.S. Environmental Protection Agency 1994) 

 

Figure 6: Tailings retention dam. (U.S. Environmental Protection Agency 1994) 



 

7 

 

Raised embankments can be constructed according to three different design methods. The 

methods are upstream, downstream or centerline, see Figure 7. Each of the embankment methods 

are raised successively one dike at a time when additional storage capacity is needed. The raised 

embankment dams entail a lower initial cost compared to retention dams because the fill material 

and placement cost are distributed over a larger time span as the dam successively is raised. 

Since the raised embankment dams are successively being constructed, the option of using waste 

rock and tailings produced by the mine is generally attractive depending on the characteristics of 

these materials. This is likely to be a better economically choice compared to natural soil. (U.S. 

Environmental Protection Agency 1994) 

 

Figure 7: Raised embankments: upstream (top), downstream (middle) and centerline (bottom). (U.S. 

Environmental Protection Agency 1994) 

2.2.2.1 Upstream method 

Generally the most economical method to build tailings embankments is through the upstream 

method. This is a good economical choice, because the amount of construction material needed 

is considerable lower than for other designs. The first stage of the upstream design is to build a 

starter dike. The starter dike is usually built by natural material before production in the mine 

starts. The additional dikes are commonly constructed with compacted tailings from the mine.  

In the mining process it is common that a large amounts of water is disposed along with the 

tailings into the impoundment. A way to control the seepage in the dams is by constructing wide 

beaches. Therefore it is important that the beach is constructed in the right way i.e. that the 

tailings settle correctly which requires proper deposition and control. The beach also constitutes 

the foundation for additional dikes. The use of correct deposition techniques result in a well 

graded beach. A well graded beach is with a coarser fractions close to the embankment and finer 

fractions further into the dam.  
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The process of constructing an impoundment through the upstream method can be seen in  

Figure 8, with the initial starter dike (top) and thereafter additional dikes as the impoundment is 

being raised. (U.S. Environmental Protection Agency 1994)  

 

Figure 8: Upstream method.(Fell, MacGregor et al. 2005)  

2.2.2.2 Downstream method 

For the downstream method the first stage of construction is a starter dike. This construction type 

is called the downstream method since the following dikes are raised outward from the 

impoundment, with the previously dike and natural ground as foundation (downstream 

direction). This method is the most costly of the three main methods of staged construction. 

When raising the dikes in the downstream direction the volume of fill material increases for each 

raised dike see Figure 9. The advantage with the downstream method is that more material gives 

a higher stability, which is preferable in seismic areas. (U.S. Environmental Protection Agency 

1994) 

 

Figure 9: Upstream method. (Fell, MacGregor et al. 2005)  
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2.2.2.3 Centerline method 

The centerline method is a combination of upstream and downstream construction. Dykes are 

constructed on both the upstream beach and the downstream face and natural ground. The 

amount of fill material needed for each raise is also in-between the required amount for upstream 

and downstream constructions respectively. The typical process of construction can be seen in 

Figure 10 with the starter dike and the additional dikes. (U.S. Environmental Protection Agency 

1994) 

 

Figure 10: Centerline method. (U.S. Environmental Protection Agency 1994) 

2.3 TAILING DISPOSAL 
The most common method for tailings disposal is to pump tailings into the impoundment as a 

slurry i.e. hydraulic deposition.  The slurry is commonly disposed into the impoundment from a 

single point discharge see Figure 11 or from several points of discharge (spigotting), see  

Figure 12. By disposing tailings from several points it is easier to get an even distribution of sand 

along the beach, with coarser fractions of tailings closest to the dam crest and finer towards the 

decant pond. (Fell, MacGregor et al. 2005) 

 

Figure 11: One point discharge. (Fell, MacGregor et al. 2005) 
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Figure 12: Several points discharge (spigotting). (Fell, MacGregor et al. 2005) 

When a more controlled separation of fraction sizes is needed, cycloning can be used. The 

tailings are fed under pressure into the top of a cyclone, see Figure 13, and the coarser particles 

are spiraled downward and the finer upward in the cone section by centrifugal force. The coarser 

particles then get discharged in the “underflow”, and the finer particles and the water gets 

discharged in the “overflow”.  

Cycloning is basically performed by two different methods, either by a stationary cyclone in the 

plant or a stationary or mobile cyclone on the dam. The stationary cycloning is done in a central 

high capacity station close to the dam. The tailings are taken from the station to the dam with 

either pumping or by mechanical means such as trucks. Mobile cycloning is the more common 

technique of these two, and is done by placing several smaller cyclones on the dam. These 

cyclones discharge the tailings directly onto the embankment; as the embankment is raised the 

cyclones are moved along with the process. (Fell, MacGregor et al. 2005) 

 

Figure 13: Cyclone. (Fell, MacGregor et al. 2005) 

Deposition into the impoundment is likely to be done with a combination of techniques 

depending on which distance into the impoundment the tailings should be distributed. If the 

impoundment is large with a beach of several hundred meters the single point discharge can be 

used to distribute the tailings further into the impoundment. When it comes to achieving a 
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uniform beach with larger grain sizes settling close to the dikes, the distribution generally 

becomes more even with spigotting or by cycloning. 

2.4 SOIL TYPES CLASSIFICATION 
Soil types are divided into two main groups, mineral soils and organic soils. Mineral soils may 

contain up to 2% of organic substances. The mineral soils are divided into the main fractions of 

boulder, cobble, gravel, sand, silt and clay and with sub fractions as seen in  

Table 2. (Forssblad 2000) 

Table 2: Mineral soils fraction groups. (Forssblad 2000) 

Primary fractions Grain sizes [mm] Sub fractions Grain size [mm] 

Boulder > 600 Coarse boulder > 2 000 

Cobble 60 - 600 
Coarse cobble 200 - 600 

Mid cobble 60 - 200 

Gravel 2 - 60 

Coarse gravel 20 - 60 

Mid gravel 6 - 20 

Fine gravel 2 - 6 

Sand 0,06 - 2 

Coarse sand 0,6 - 2 

Mid sand 0,2 - 0,6 

Fine sand 0,06 - 0,2 

Silt 0,06 - 0,002 

Coarse silt 0,02 - 0,06 

Mid silt 0,006 - 0,02 

Fine silt 0,002 - 0,006 

Clay 0 - 0,006 Fine Clay 0 - 0,002 

 

2.4.1 Classification of soil 

A common method to do classification of soils is with grain size distribution curves, done by 

sieving tests. The sieving tests show the mass percentages that pass given sieve sizes. The 

amount of blocks and stones are usually determined in the field by ocular inspection and not 

brought back to the lab. For coarse grained soils the grain size distribution is determined by 

sieving analysis, while sedimentation analysis is needed for fine grained soils. Results from 

sieving and sedimentation analyses are presented in a grain size distribution graph. In Figure 14, 

three typical sieving curves representing a sandy silty clay moraine, gravely sand and a heavily 

blocky stone moraine are presented. 
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Figure 14: Examples of sieving curves of different soils. (Larsson 2008) 

2.5 MECHANICAL PROPERTIES OF TAILINGS 
Tailings is a granular material and made artificially which creates angular particles compared to 

natural soil which is more rounded in particle shape. Tailings show similar behavior as natural 

soil. Therefore it is best to represent tailings with soils mechanical properties. (Bhanbhro 2014) 

The achieved dry density is mainly depending on water content, particle density and gradation.  

The following are typical values of some Swedish tailings: (Bhanbhro 2014) 

 Particle density range of 2,60 – 2,80 t/m3 for copper tailings  

 Dry density range of 1,49 – 1,80 t/m3 for copper tailings 

For Swedish tailings the typical values of bulk density, dry density, void ratio and water content 

is presented in Table 3. It can be seen that the properties are changing depending on the distance 

from the discharge point. This is an effect of coarser particles settling faster than finer i.e. coarser 

tailings settles closer to the discharge point and the finer settles further away.  
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Table 3: Swedish tailings properties. (Bjelkevik, Knutsson 2005) 

 

2.5.1 Grain size distribution of tailings 

In a tailings impoundment, the particle size distribution depends on the ore type and the milling 

process (Bhanbhro 2014). Typical grain size distribution curves for tailings can be seen in  

Figure 15 (Sarsby 2000). 

 

Figure 15: Typical tailings distribution curves for tailings. (Sarsby 2000) 

2.5.2 Swedish tailings properties 

A comparison between Swedish tailings and natural soil materials was done by Bjelkevik and 

Knutsson (2005). The study concluded the following:  
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 Tailings from Swedish mines normally are in the range of silt to silty sand (0.01 – 

0.1mm) with decreasing grain size as the distance from the discharge point increases. 

 Dry densities are in the range of 1.27 – 2.11 t/m3, depending on ore type. 

 Particle density varies between 2.79 – 4.23 t/m3 which is up to 60% higher than to natural 

material (2.6 – 2.8 t/m3). 

 The water content varies between 9 – 40%. 

 Deposited tailings have a degree of compaction in the range of 71 – 96%. 

2.6 SOIL COMPACTION 
Generally compaction is about reducing the voids in a material, through removal of air by using 

mechanical kneading and shearing. The result of compaction is illustrated in Figure 16. 

Compaction can be performed in all types of grain size materials such as soil, concrete and 

asphalt. The material properties are highly affected by the density which influences the bearing 

capacity, permeability etc. The most influencing factor when it comes to compaction is soil type, 

water content and method of compaction. The main reason to compact a soil is to reduce 

settlements and increase the shear strength (Forssblad 2000).  

 

Figure 16: Loose (left) and compacted soil (right). 

Adding the right amount of water to a dry, fine grained soil makes the compaction easier because 

the particles then can move past each other more readily during compaction. Through 

compaction of a fine-grained material the voids are reduced and the maximum dry density is 

reached when there are no more voids to reduce for specific water content i.e. the optimal water 

content.  

The optimal water content, for a fine-grained material, is when maximum dry density can be 

reached with heavy laboratory compaction. Idealized curves of compaction, with optimal water 

content, for fine-grained soils can be seen as SILT and LERA in Figure 17 (Sarsby 2000). 

The compaction of a coarse soil, such as gravel, is different from a fine-grained material. The 

reason is that a larger particle size material cannot retain the same amount of water as a fine-

grained material. Therefore free-draining soils reach the maximum dry density at relatively low 
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water contents. Gravel translated to GRUS in Figure 17 is an idealized curve of a coarse material 

(Forssblad 2000). 

 

Figure 17: Soil Compaction curves. (Forssblad 2000) 

During construction of embankments it is common to check the degree of compaction. This is to 

verify which dry density the construction has reached. Degree of compaction is the relation 

between dry density of a field sample and the maximum dry density. The maximum dry density 

is determined from laboratory compaction e.g. using a Proctor test. The degree of compaction is 

calculated according to equation 1: 

𝑅𝐷 =
𝜌𝑑

𝜌𝑑,𝑚𝑎𝑥
∗ 100     [1] 

where 

RD = degree of compaction    (%) 

ρd = dry density in field    (t/m3) 

ρd,max = maximum dry density with proctor  (t/m3) 

The degree of compaction is usually required to be between 90 – 95% for embankments 

(Forssblad 2000).  

2.7 LABORATORY COMPACTION 
By laboratory compaction the maximum compaction of the soil is determined. This level of 

compaction can be used to determine compaction in the field. The two most common methods of 

laboratory compaction are Proctor test (light compaction) and Modified Proctor test (heavy 

compaction).  
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The Modified Proctor test is the modern way of doing compaction tests, because heavier loads 

are acting on constructions. The two Proctor test are illustrated in Figure 18. 

The material are placed in cylinders which are usually with the size of 100 mm in diameter. Soil 

material are placed in 5 layers, each layer is compacted. To allow laboratory compaction for 

coarser material, there are also cylinders available with the diameter of 150 mm and 250 mm. A 

proctor test is done with a 2,5 kg weight, dropped from the height of 300 mm and repeated 25 

times for each layer. The modified Proctor test is done with a weight of 4,5 kg dropped from a 

height of 450mm and repeated 25 times for each layer (Forssblad 2000). 

 

Figure 18: Proctor and modified Proctor test. (Multiquip 2011) 

2.8 FIELD TESTING METHODS 
There are a number of different methods to measure compaction degree in the field. The most 

common methods are briefly presented below. The methods used for this study are the water 

balloon test and the DCP. The DCP is presented more thoroughly in Chapter 3. 

2.8.1 Sand cone and water balloon test 

The sand and water balloon test is conducted by digging a hole of 150-200 mm in diameter and 

approximately 150 mm deep, in the soil. The material that is dug up is weighted and the water 

content is determined. The volume of the hole is determined by placing a rubber balloon in the 

hole which is filled with either dry sand or water, of which the volume can be measured. For the 

sand cone test the rubber membrane is not needed. (Forssblad 2000). It is a surface method but 

can be conducted at a deeper location, but then the overlaying soil has to be removed. Figure 19 

illustrates a sand and water balloon test. This test measures the dry density in a 200 mm thick 

soil material. Sand cone and water balloon tests are considered to be accurate and direct readings 

can be obtained. Disadvantages for these methods are that both are slow and need many steps in 

the procedure to determine the density. The test can be disturbed by balloon breakage or if the 

sand takes up moisture from the surrounding soil (Multiquip 2011). 
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Figure 19: Sand and water balloon test. (Multiquip 2011) 

2.8.2 Shelby tubes 

The Shelby tube is an old and well-established method that is still internationally common to use 

to evaluate the degree of compaction in sand, silt and clays that do not contain any larger 

particles. This is considered a good and accurate method to determine densities.  

The tubes are driven down into the soil as seen in Figure 20. The tubes are extracted with the soil 

inside and brought to laboratory. In the laboratory the water content and density is determined. 

Then the density is compared to the result of a Proctor test for determination of the degree of 

compaction (Forssblad 2000). The Shelby tube is a fast method to determine soil properties. It 

can be done directly at the surface or at a deeper location, though if done at a deeper location 

excavation down to the wanted depth is needed.  

 

Figure 20: Shelby tube. (Multiquip 2011) 

2.8.3 Nuclear gauge 

During the 1950s the nuclear gauge, also called Troxler, was developed. Determination of 

density by this method is performed by emerging a stick into the soil and sending out radiation 

which is picked up by detectors, see Figure 21. The radiation is dampened depending on the soil 

density. The radiation that passes through the material is correlated in the gauge computer to the 

soil density. Radiation passing through the soil is depending on how much it is damped by 

material density and water content. (Forssblad 2000)  
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The nuclear gauge is a fast method and it is easy to perform several tests, which makes it 

statistically more reliable for determining soil properties. Compared to other field density testing 

methods this method is however one of the most expensive ones. Other disadvantage is that the 

core sends out radiation that is harmful to humans and the instrument has to be calibrated once a 

year (Multiquip 2011). 

 

Figure 21: Nuclear gauge. (Multiquip 2011) 

2.8.4 Static plate load test 

Static plate load test has for a long time been a common method used in Germany, Switzerland 

and Austria. The test is carried out using a plate with a diameter 300 mm which by hydraulic 

means, is pressed against the ground surface with a piston attached to a truck as counter weight, 

as see Figure 22. The plate is pressed against the soil with different loadings in a cycle. The plate 

is initially pressed against the soil which determines the first deformation modulus (Ev1), the load 

is released and followed by a second loading cycle, the second deformation modulus (Ev2). The 

ratio between the deformation moduli Ev2 / Ev1 is used to determine the compaction. If the ratio is 

high it indicates of a relatively low degree of compaction (Forssblad 2000). 

 

Figure 22: Static plate load testing. (Forssblad 2000) 
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Static plate load test is a relatively slow method for soil testing. When doing the test a truck is 

needed as support when applying pressure. The need of an available truck for every compaction 

test can complicate the testing procedure, especially if the site is hard to access (Nazzal 2007). 

2.8.5 Dynamic plate load test 

There are a number of different dynamic plate tests available. However the mechanics are similar 

in the different methods. The light weight deflectometer generally produces faster measurements 

compared to the static plate loading test.  

One type of light weight device is seen to the left in Figure 23. It is a German invention which is 

used to a great extent in several countries. The plate diameter is 300 mm. The plate is hit with a 

load of 7 kN. The hit is absorbed by a spring which distributes the load over 18 ms (load pulse). 

The basic idea is that a falling weight produces a load pulse on a plate and the deformation 

module is recorded. 

If the structure initial has a high bearing capacity it is not sufficient with the light weight test, it 

might not have enough weight to show deformations. In those cases a heavy falling weight can 

be used, shown to the right in Figure 23. This device drops a weight that hits the plate with a load 

of 50 kN (Forssblad 2000). This device is towed behind a vehicle and is therefore mostly used on 

completed road constructions, since it requires accessibility. (Nazzal 2007). 

 

Figure 23: To the left is a light weight deflectometer test and to the right a heavy weight deflectometer test.  

(Forssblad 2000) 
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3 DYNAMIC CONE PENETROMETER 
The Scala penetrometer, or more commonly known as the dynamic cone penetrometer (DCP) is 

the name of an instrument used to penetrate the soil with a cone to estimate pavement layers 

strength or subbase thicknesses. This device was introduced in South Africa by Scala in 1956 for 

evaluating pavement strengths. The DCP is a cheap and fast method to use, which causes 

minimal disturbance to the ground. Measurements with the DCP can be done to a depth of 1 m or 

if an extension rod is applied 1,2 m (Abitew, Zeinali, Pourbakhtiar 2011). 

3.1 DYNAMIC CONE PENETROMETER EQUIPMENT 
The DCP is schematically presented in Figure 24. It consists of a hammer that provides the 

necessary force to push the tip of the DCP into the soil. The hammer either weights 4,6 kg or 8,0 

kg. The hammer slides down a 575 mm long rod and hits the anvil. The anvil pushes the driving 

rod and the tip of the DCP into the soil. The tips of the DCP can either be reusable or with a 

disposable tip, that will stay in place after each test. At the side of the DCP there is a scale 

attached, on the scale the operator can record how far the DCP penetrates at each hit. (ASTM 

International 2009). 

 

Figure 24: Dynamic Cone Penetrometer (ASTM International 2009).  
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A DCP index (DCPI) is calculated from the recording of the penetration. This is measured in mm 

of penetration per blow. The higher the DCPI, the looser the soil is, since the cone penetrates a 

longer distance compared to a harder soil which correspondently has a lower DCPI.  

A register of DCPI is illustrated in Figure 25, with depth from the surface on the vertical axis and 

the DCPI on the horizontal axis. The DCPI of the starting point is unknown and therefore a 

straight line will occure in the beginning of the DCPI profile. The first distance d1 is the length 

that the cone penetrate by the 1st DCP blow. 

 

Figure 25: Schematic figure of DCPI. 

Calculation of the DCPI profile for Figure 25 is presented in Table 4. In this example the 

tendency is that the material becomes more compacted as the distance from the surface increases 

i.e. DCPI tends to be lower as depth from surface increases. 

Table 4: Calculation of DCPI profile. 

Penetration length Number of blows 

DCPI 1 = d1 1st blow 

DCPI 2 = d2 2nd blow 

DCPI 3 = d3  3rd blow 

… … 

DCPI n = dn n blow 

3.2 BASIC PROCEDURE 
Before starting the test, the DCP equipment shall be controlled so that no damage can be seen on 

the equipment. During the check the operator should look for e.g. excessive wear on the drive 
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rod, cone tip and that the scales. Ensure the rods have not been bent during earlier tests (ASTM 

International 2009). 

Two people are needed for conducting the DCP test: one operator that holds the device in a 

vertical position and one person to keep record. The operator lifts the hammer and drops it, the 

hammer hits the anvil which pushes the driving rod and the tip into the ground. The other person 

(recorder) notes down the number of blows and the corresponding penetration in millimeter 

(ASTM International 2009). 

The DCP driving rod is penetrated to the full length and thereafter the DCP is pulled out of the 

ground carefully not to damage the equipment. The DCP is moved to the next location for the 

next test. When the tests have been performed the recorded information is compiled and 

evaluated (ASTM International 2009). 

3.3 EARLIER WORK WITH DYNAMIC CONE PENETROMETER 
Studies have been done to determine whatever a DCP can be used to check the degree of 

compaction. These tests were done in base layers consisting of granular materials, in road 

constructions. Over 700 DCP tests were performed on roads maintained by the Minnesota 

Department of Transportation. Burnham tried to find correlations between the DCPI and the in-

situ density on cohesive and granular materials. The result showed that there was too much 

variation in the materials to obtain correlations. However, Burnham (1997) found that properly 

compacted granular base fill material had very uniform DCPI values. 

Together with the Minnesota Department of Transportation, Siekmeier did a study to investigate 

if the DCP recordings could be correlated to the compaction of soils. The soils studied were 

clayey and silty sand fills. First, correlations between DCPI and Californian bearing ratio (CBR) 

were performed. Then the CBR was compared to the stiffness relationships. Finally, the relation 

between compaction and stiffness where examined. The conclusion from the test was that no 

good existing correlation between DCPI and the degree of compaction could be found. The 

reason for this was that the typical soil mixtures at the sites were not truly uniform (Siekmeier, 

Young et al. 2000). 

A number of reports have been written on the subject of DCP usage regarding soil compaction. 

Relationships between DCP and compaction have not been found due to the many variables in 

the soil material. However if the material was homogenous enough, the DCP recordings could 

show what degree of compaction had been reached. 

The tailings are a manmade material and with the disposal method of spigotting the tailings 

material that settles will be homogenous depending on the particle size. Therefore the author 

believes that the tailings settling closest to the embankment could be sufficiently uniform to 

show a relationships between compaction and DCPI. 
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4 CASE STUDY 

4.1 OVERVIEW 
The impoundment in Aitik is built as a single side-hill impoundment i.e. the impoundment is 

surrounded by three sides of dam embankments and one side of natural topography to retain the 

tailings. The total embankment length is approximately 8,3 km. The embankment height varies 

between approximately 15 – 60 m depending on the natural topography. The construction 

methods of the embankment in Aitik have over time been a mix of several construction methods. 

Today the tailings dam in Aitik is raised according to the upstream method i.e. the dam is raised 

toward the tailings impoundment. With the upstream method a wide beach is created, the beach 

in Aitik varies from 100 – 2000 m. (Boliden Mineral AB 2015) 

A cross section of one of the embankment in Aitik is presented in Figure 26. In the beginning the 

dam was raised with the downstream method (below the red line shown in Figure 26). Above the 

red line the design was switched to the upstream method and it can be seen that the dikes are 

raised into the impoundment. 

 

Figure 26: Cross section of a dam in Aitik. (Boliden Mineral AB 2015) 

4.2 TAILINGS DISPOSAL  
In Aitik the tailings disposal is performed with two different methods: single point discharge and 

spigotting. The disposal method depends on the season, how the dam is planned to be raised and 

how the tailings are supposed to mitigate into the pond. Single point discharge distributes the 

tailings further into the tailings dam compared to spigotting. To harness the full capacity of the 

tailings storage, the single point discharge is used as a compliment to distribute the tailings into 

the middle of the impoundment and not settle close to the embankment (Boliden Mineral AB 

2015). 

The dam in Aitik is currently built with the upstream method and the tailings closest to the 

embankment need to be of a certain quality, since the closest area will be the foundation for the 

embankment raising. Therefore, when the coarse tailings are to settle close to the embankment, 

the disposal is done with spigotting.  
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4.3 AITIK TAILINGS PROPERTIES 
The minerals extracted in Aitik are mainly copper, but also silver and gold. According to Fell et 

al. (2005), such tailings normally have characteristics similar to natural silt and sand. In earlier 

investigations, done by Luleå University of Technology, grain size distribution curves have been 

produced. The grain size distributing curves can be expected to be in the same range in this 

report as the curves shown in Figure 27 The curves DEF62+315D, Temp62+315, GH56+450 and 

DGH56+450E has been used in Figure 67 to compare with the material used in the tests, 

presented in this report. The two grain size distribution curves to the right in Figure 27 show silty 

sand characteristics, which also corresponds to that given by Fell in Figure 15. (Bhanbhro, 

Knutsson et al. 2013) 

 

Figure 27: Particle size distribution of tailings in Aitik mine. (Bhanbhro, Knutsson et al. 2013) 

In the same paper (Bhanbhro, Knutsson et al. 2013) the tailings' densities were determined to be 

in the ranges of:  

 Dry density 1.18 – 1.65 t/m3 

 Particle density 2.83 t/m3 

The results in this paper show similar results as an earlier study done in Aitik (Bjelkevik 2005) 

which found the tailings density to be in the range of: 

 Dry density 1.27 – 1.64 t/m3 

 Particle density 2.81 – 2.84 t/m3 

These studies gave an idea about what tailings characteristics to expect in the setup presented in 

this report. 
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5 METHOD 
The idea was to examine the tailings from Aitik in an environment that could be controlled. The 

tests was therefore done indoors, at Luleå University. It was assumed that discover a relationship 

between compaction and DCP would be easier in a controlled environment. Tailings were 

extracted from the beach in the tailings dam. The tailings were placed in 14 pallet tanks of 

approximately 1 m3 each, which were transported to Luleå. 

The object was done to find relationships between the dry density and the DCPI. This was done 

by comparing the DCPI with different dry densities. A total of six different tests were performed. 

The box used for the tests had the dimensions of 2,2x2,0x1,2 (LxWxH). To vary the densities the 

amount of applied compaction work was changed from test to test.  

In order not to change more factors than the density in each test, all tests were performed with a 

similar procedure. The procedure was to fill the box with tailings in layers of 250 mm in a 

stepwise manner. At each step the tailings were compacted with a 100 kg vibratory plate 

compactor. Water Balloon Tests were performed at each step after the compaction work, in order 

to determine the density. The material from the Water Balloon tests was also used to determine 

the grain size distribution curve of the samples.  

When the box was filled with 1 m of tailings the DCP was applied at 30 locations on the tailings 

surface. When each test was performed, DCPI and density was compared to see if correlations 

could be seen. 

After each test Modified Proctor were done to determine the maximum dry density. Five tests 

were performed to determine the particle density. The relationship between the DCPI and the dry 

density was then evaluated. The full procedure of one test can be seen to the left in Figure 28 as 

well as an illustration of the test to the right. 
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Figure 28: To the left is the basic procedure of each test, to the right is a schematic figure of the test box. 

5.1 MODIFIED PROCTOR TEST 
For the maximum dry density test an automatic Modified Proctor device was used, see Figure 29. 

In the Proctor test 10 liters of tailings were used each time. 

 

Figure 29: To the left in the figure is the Proctor rammer and to the right is the mold used in the test. 
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The tailings used for the proctor tests were dried before the start, since it is more practical to start 

with a water content of zero and then add water to reach the desired water content. 

In the Proctor test, compaction was done for five different water contents (Wtargeted) between 0 – 

25 %. For each water content a tailings sample of 2 kg (mdish) was used. The sample was placed 

into a bucket and weighted. To reach the wanted water content, the mass of water (mwater) to be 

added was calculated according to equation 2: 

𝑚𝑤𝑎𝑡𝑒𝑟 = 𝑚𝑑𝑖𝑠ℎ ∗ 𝑊𝑡𝑎𝑟𝑔𝑒𝑡𝑒𝑑     [2] 

where  

mwater – total mass of water to reach the specified water content (g) 

mdish – mass tailings sample     (g) 

Wtargeted – the targeted water content    (%) 

The calculated amount of water was added to the bucket and mixed with tailings. At this stage 

the sample contained the desired water content. The tailings were placed into the mold and 

compacted with the rammer 25 times in 5 layers. Before calculating the maximum dry density, 

the actual water content for the sample was controlled to certify that the targeted water content 

was reached in the mixing process. The samples used for the Proctor test were weighted and 

heated in the oven for 24 hours. Then the samples were weighted again, showing the loss of 

water and the actual water content of the sample. The dry density was thereafter calculated 

according to equation 3: 

𝜌𝑑 =
𝑚𝑠

(𝑉𝑚𝑜𝑙𝑑)
       [3] 

where 

ρd – dry density     (t/m3) 

Vmold – Volume of the Proctor mold  (m3) 

ms – mass of dried sample    (t) 

The described procedure was repeated for five different water contents between 0 – 25 % in each 

Proctor test. 

5.2 PYCNOMETER 
In this study four Pycnometer tests were performed to determine the particle density of the 

tailings samples. The Pycnometer test was done similarly to the SVENSK STANDARD SS-EN 

1097-7:2008. However Luleå University of Technology (LTU) do not have a standard 
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Pycnometer and an approximation of the method was therefore used. The available Pycnometers 

at LTU can be seen in Figure 30.  

 

Figure 30: Pycnometers. 

The test was started by retrieving a tailings sample of approximately 50 g. The sample was dried 

to release all moisture, in an oven set to 110 °C. The weight of the Pycnometer was recorded, 

before it was filled with 10 g of tailings with the margin of ± 1 g. 

Liquid, in this case distilled water was carefully added to the Pycnometer until the tailings 

became fully submerged. The Pycnometer was placed on a heating plate to boil the water in 

order to release all of the air in the sample. When the air had been released the Pycnometer was 

filled with water and covered with a lid.  

After 24 hours bubbles could be seen pressing against the lids. The lids were carefully removed 

and water was added to remove the air bubbles.  

The particle density is the relationship between the solid mass (ms) of the material and the solid 

materials volume (Vs), which is calculated according to equation 4: 

𝜌𝑠 =
𝑚𝑠

𝑉𝑠
=

(𝑚2−𝑚1)

(𝑉𝑝−
𝑚3−𝑚1

𝜌𝑤
)
     [4] 

where 

m3 – weight of Pycnometer + tailings + liquid (g) 

m2 – weight of Pycnometer + tailings   (g) 

m1 – weight of Pycnometer    (g) 

ρs – particle density     (g/cm3) 

ρw – water density     (g/cm3) 
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Vp – Pycnometer volume    (cm3) 

The volume of the Pycnometer is calculated according to equation 5: 

𝑉𝑝 =
(𝑚4−𝑚1)

(𝜌𝑤)
      [5] 

where  

Vp – Pycnometer volume     (cm3) 

m4 – weight of Pycnometer filled with liquid  (g) 

Recommended liquid to use for Pycnometer tests is distilled water, which at a temperature of 

25°C has the density of 0.9971 g/cm3. 

5.3 COMPACTION WORK 
The compaction work was done with an electrical Dynapac vibratory plate compactor with the 

mass of 100 kg. In this test setup the amount of compaction work had to be varied as a range of 

different densities were desired. The wanted densities should be between loose compacted and 

hard compacted material. Therefore the number of passing with the vibratory plate was varied 

for each test. 

The tailings density in the test boxes are supposed to be as uniform as possible. Therefore the 

compaction work had to be made identical from test to test. The compaction procedure was done 

with circular movements. The vibratory plate compactor was driven in two circles; one outer and 

one inner. In Figure 31, the dashed lines are the center line of the vibratory plate and the solid 

lines represent the compactor boundaries of the circles. 

 

Figure 31: Scheme of compaction work. 
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5.4 WATER BALLOON TEST 
To control the dry density of the tailings Water Balloon Tests (WBT) were performed. Tests of 

density were done five times at four levels, when filling and emptying the test box. The WBT‘s 

were performed at 0 mm, 300 mm, 500 mm and 700 mm depths. The Water Balloon device 

standing on the tailings can be seen in Figure 32.  

 

Figure 32: Water Balloon device on compacted tailings. 

The WBT was done at each layer for the assigned locations which can be seen in Figure 33. 

 

Figure 33: Water Balloon Test locations. 

When starting the WBT, the base plate was placed on the tailings and the water balloon was 

mounted on the plate. The balloon was filled with water and the first reading of volume (V1) in 

the water container was done. The rubber balloon was thereafter removed. In the base plate 

opening, approximately 1 l tailings was careful dug up. The tailings were saved in an airtight 

plastic bag. Later, in the laboratory, mass of tailings and water content was determined from the 
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saved samples. The water balloon was placed on the base plate again and filled with water, 

giving the second volume (V2) reading.  

The dry density was determined with the following calculations: first the volume of the sample 

(V) was calculated according to equation 6: 

𝑉 = 𝑉1 − 𝑉2     [6] 

where 

V – volume of the sample     (cm3) 

V1 – first balloon recording    (cm3) 

V2 – second balloon recording   (cm3) 

The tailings were weighted and thereafter put in the oven to dry for 24 hours at a temperature of 

110 °C. When the tailings were dry, the loss of water mass was determined. And the water 

content was calculated using equation 7: 

𝑊𝑐 =
𝑚𝑤

𝑚𝑑
∗ 100 =

𝑚𝑡−𝑚𝑑

𝑚𝑑
∗ 100   [7] 

where 

Wc – water content     (%) 

mt – total mass of sample    (g) 

md – mass of dry sample    (g) 

The dry density (ρs) is the relationship between the tailings mass (md) and the total volume (V) 

which was calculated according to equation 8: 

𝜌𝑠 =
𝑚𝑑

𝑉
     [8] 

where 

V – volume of the sample     (cm3) 

(ρs) – dry density     (g/ cm3) 

5.5 GRAIN SIZE DISTRIBUTION CURVES 
After the WBT had been done, the same material was used to obtain a grain size distribution 

curve. The process in obtaining the grain size distribution curves consisted of three steps which 

were washing, dry sieving and sedimentation analysis. According to Swedish standard SS027123 
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– Geotechnical tests – particle size distributions for soil with largest particle size of 2 mm, an 

amount of minimum 500 g of soil should be used in the test. 

5.5.1 Washing 

The process started with separating smaller particles than 0,063 mm from the sample by 

washing. The device used consists of a mesh of 0,063mm and a collector of fine material 

beneath. By placing the tailings sample on the mesh and poured water over the sample, particles 

larger than 0,063 mm stayed on the mesh and particles smaller than 0,063 mm followed the 

water as a slurry through the mesh into the bucket, see Figure 34. 

 

Figure 34: Washing process. 

5.5.2 Dry sieving 

The gradation curve for particles larger than 0,063 mm is expressed as weight of material that 

passed each sieve, divided by the total weight of the sample. The sieving analysis was done by 

placing dry tailings into the sieve and vibrating it for 15 minutes to separate the different grain 

sizes over different sieves. The sieve device used in the laboratory work can be seen in  

Figure 35.  

The meshes used in the sieves were between 4.0 mm and 0.063 mm. No tailings material larger 

than 4 mm was found. For each sieve the percentage of passed material is calculated by  

equation 9: 

% 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 =
𝑚𝑠

𝑚𝑡
     [9] 

where 

ms – mass of tailings in each sieve     (g) 
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mt – total mass of tailings sample     (g) 

 

Figure 35: Sieve apparatus.  

5.5.3 Sedimentation analysis 

Sedimentation analysis used to determine the gradation curve for particles smaller than 0,063 

mm was done by the pipette method. The theoretical basis for the sedimentation analysis is the 

predictable relation between the settling velocity in fluid of a particle and its mass. The slurry 

from the washing was mixed in a test tube of 1 l containing approximately 0,40 l slurry, 0,1 l 

dispersant and 0,5 l of distilled water, see Figure 36.  

 

Figure 36: Sedimentation analysis. 
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In each sedimentation test, six samples were retrieved at preset times. A sample was extracted 

from the test tubes with a pipette and placed in a vial. The vial was thereafter placed in the oven 

to be dried overnight. The dried samples were used to calculate the weight of the settled material. 

The samples were taken from the test tubes according to the scheme seen in Table 5. 

Table 5: Pipette method scheme. 

 Depth from surface Preset Time 

Dispersant Dispersant bottle Before test 

Zero test 10 cm 00:00:00 

Vial 1 10 cm 00:01:00 

Vial 2 10 cm 00:04:30 

Vial 3 10 cm 00:09:00 

Vial 4 10 cm 00:30:00 

Vial 5 5 cm 01:15:00 

Vial 6 5 cm 03:40:00 

 

After the samples were dried, the weight of the settled particles for each test was known. The 

weight was divided by the samples total weight. Then the amount of material in percentage for 

each particle diameter was determined. 

The particle diameter for each preset time was calculated according to Stoke’s equation 10: 

𝑑 = √
18∗𝜇

(𝜌𝑑−𝜌𝑚)∗𝑔
∗ √

𝑑𝑒𝑝𝑡ℎ 𝑓𝑟𝑜𝑚 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑝𝑟𝑒𝑠𝑒𝑡 𝑡𝑖𝑚𝑒
   [10] 

d – particle diameter      (mm) 

μ – viscosity of dispersing medium    (g/ms) 

ρd – density of particles     (g/cm3) 

ρm – density of dispersing medium    (g/cm3) 

g – acceleration of gravity     (cm/s2) 

5.6 DYNAMIC CONE PENETROMETER  
When the test box was completely filled and the tailings had been compacted the DCP test was 

performed. In this test setup, the mass of the DCP rammer was 8 kg and the falling length was 

575 mm. The DCP test points were located according to a pattern, see Figure 37. The distance to 

the edge of the test box and between each DCP test point was 300 mm. The distance between 

each DCP test point was chosen according to American Society for Testing and Materials. In 
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their paper for the DCP (ASTM D6951) the minimum distance between tests are recommended 

to be 300 mm.  

 

Figure 37: Test locations of DCP. 

5.7 TEST BOX 
The procedure of performing DCP-tests in the boxes was performed with a basic routine 

throughout the tests. Small modifications to the tests were done as the tests were proceeding. 

Since the objective was to find correlations between DCP index and densities. To change the 

density in each test the options was either by varying the water content and keeping the same 

amount of compaction work, or keeping the same water content and varying the compaction 

work. Since drying large masses of material is difficult, the second option was chosen i.e. to vary 

the compaction work.  

The basic routine roughly stayed the same in all of the tests but to accomplish different densities, 

modification of the test procedure had to be done. A total amount of six tests were made, based 

on the following modifications for each test box. 

5.7.1 Box 1 – Initial test 

In box number 1 every step in the test procedure was new and therefore the first test was 

considered a trial, where the effects of layer thickness and compaction work was to be evaluated.  

The first box was filled with tailings with layer thickness of approximately 250 mm in four 

layers. Each layer was compacted through 8 rounds with the vibratory plate compactor. At each 

layer, when filling the box two WBT were done i.e. at the depths of 700 mm, 500 mm, 250 mm 

and 0 mm from the surface. In the first test box the distance between each test was exaggerated. 

Since the distance between each DCP-test was more than 300 mm 5 rows could not be fitted into 

the box. Therefore the fifth row in the test were placed in between row 3 and 4 which can be 

seen in seen in Figure 38. Because of that 29 instead of 30 test points could be done, as seen in 

Figure 38. 
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When emptying the box it was decided to increase the number of WBT since two in each layer 

didn’t seemed to be enough. Thereafter five tests in each layer were performed. 

 

Figure 38: Locations of DCP test points with a middle row. 

5.7.2 Box 2 – No compaction 

The idea with the second box was to find a minimum dry density. The lowest compaction that 

the tailings have in reality is after disposal into the impoundment, where compaction is only 

achieved by settling. Therefore the second box was filled without any compaction work. When 

filling the box an increased number of WBT were considered necessary to achieve a better 

mapping of the densities. Therefore five WBT were done in four layers at the depths of 700 mm, 

500 mm, 300 mm and 0 mm from the tailings surface in the box. In this box, more accurate 

measurements were made before placing the DCP test points, which resulted in five rows with 

six test point in each. When emptying the box, five WBT tests were done in each layer. 

5.7.3 Box 3 – Hard compaction 

In the third box a maximum density (achievable with current equipment) was the target. The 

change, compared to previous boxes, was obtained by reducing the layer thickness to 12,5 cm 

(instead of 25 cm). The purpose with this was to achieve a more homogenous and a more easy 

compactable tailings body. To achieve a high density the compaction work was increased to 

twice the amount i.e. 16 rounds with the vibratory compactor.  

5.7.4 Box 4 – Medium compaction 

In the fourth box a density in-between Box 3 and Box 2 was the goal. From WBT test in Box 3, 

with layer thickness of 12,5 cm, it was seen that a homogenous mass could be achieved. 

Therefore, the only change was to perform 8 rounds of compaction work with the vibratory plate 

compactor. 
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5.7.5 Box 5 – Loose compaction 

The last step in ranging the different densities from no compaction to hard was to have a test 

with a loose compacted material. It was concluded from earlier tests that no rounds could be 

done with the vibratory compactor because that would have resulted in too much compaction 

work. 

It was therefore decided to expose the material for 1 second stationary point compaction. This 

short compaction was done by start and directly stops the vibratory plate compactor, without 

moving it. When the power was off, the vibratory plate was moved to the next area of 

compaction. Thereby the compaction of the whole area of each layer was performed with 1 

second of compaction. 

With acquired knowledge from previous boxes it was concluded that the first 300 mm from the 

surface gave a high DCP index even though it was hard compacted. The surface layer was 

considered to be of an edge effect and couldn’t be compacted, therefore WBT tests was not 

performed here. 

5.7.6 Box 6 – Hard compaction and fully saturated 

In the final test the thought was to investigate what effect water has on the DCP index. The most 

homogenous mass this far was achieved in the box with the hardest compaction. Therefore the 

box was once again filled with 12,5 cm layers of tailings and compacted with 16 rounds at each 

layer similar to Box 3. 

A steel pipe was placed in the box where the water level could be observed. During five days 

water was added to the tailings. The water was added on the tailings surface and via preinstalled 

(perforated) garden hoses placed along the box boundaries. After adding approximately 500 l of 

water the water level could be observed at the tailings surface in the metal pipe, therefore the test 

setup was considered to be fully saturated. The metal pipe and the installed garden hoses can be 

seen in Figure 39. 
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Figure 39: Metal pipe and garden hoses, 

5.7.7 Test overview 

The summary of the change done from test to test can be seen in Table 6. 

Table 6: Test specifications. 

Name Compaction rounds Layer Thickness 

[mm] 

Other 

Box 1 8 250  

Box 2 0 1000  

Box 3 16 125  

Box 4 8 125  

Box 5 1 second stationary point compaction 125  

Box 6 16 125 Fully saturated 

5.8 STATISTIC DETERMINATION      
To statistically determine the results (population) from a number of performed tests, following 

equations are used to determine the mean value, standard deviation and margin of error. In these 

tests it was used to determine the confidence interval of densities in the test boxes and the DCP 

indexes for the 95 % confidence interval.  

First the mean value for the population is determined i.e. the average of a test according to 

equation 11 (Blom, Holmqvist 1998): 

X̅ =
∑ 𝑥

𝑛
      [11] 

where 

X̅ – mean value 
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x – sample values  

n – number of samples  

When the mean value is known the standard deviation can be calculated according to equation 

12 (Blom, Holmqvist 1998): 

𝜎 =
√(𝑥−X̅)2

𝑛
      [12] 

where 

σ – standard deviation 

when the standard deviation is known the next step is to determine the margin of error. The 

margin of error will be calculated with a 95 % confidence interval (α = 1,96). The margin of 

error is calculated according to equation 13 (Blom 1998): 

𝑚𝑎𝑟𝑔𝑖𝑛 𝑜𝑓 𝑒𝑟𝑟𝑜𝑟 = 𝑍𝛼/2 ∗
𝜎

√𝑛
    [13] 

where 

α – confidence level 

Z – critical value 

With the margin of error known the lower and upper boundary for a 95% certainty can be 

determined according to equation 14 (Blom, Holmqvist 1998): 

X̅ ± 𝑍𝛼/2 ∗
𝜎

√𝑛
      [14] 

where 

X̅ - margin of error = lower boundary 

X̅ + margin of error = upper boundary 
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6 RESULTS 

6.1 PYCNOMETER TEST 
The average particle density was calculated to be 2,822 ± 0,011 t/m3 (avg. ± std.dev.). The results 

from the Pycnometer test can be seen in Table 7. 

Table 7: Pycnometer results. 

Test Particle density Unit 

1 2,836 t/m3 

2 2,820 t/m3 

3 2,828 t/m3 

4 2,808 t/m3 

5 2,816 t/m3 

6.2 PROCTOR TEST 
From the Proctor test the maximum dry density was determined. Six proctor tests was performed 

and obtained the maximum dry density varied between 1,72 – 1,80 t/m3 for the tests, which can 

be seen in Figure 40. The average maximum dry density was determined to be 1,771 t/m3. The 

average water content for the maximum dry density was approximately 14,36 %, seen in Figure 

40. The Zero-air-void curve is based on the particle density of 2.822 t/m3. 

 

Figure 40: Compiled proctor tests. 
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6.3 BOX 1 – INITIAL TEST 
Before the actual box test started, a check was done on the material by sieving analysis. The 

material was chosen from the five pellet tanks that was shipped from Aitik. The results of the 

grain size distribution curves are seen in Figure 41. Compared to the grain size distribution curve 

to the right in Figure 27 the material show typical characteristics for tailings from Aitik. The 

grain size distribution curves also shows a similar distribution to the general copper tailings 

(Sarsby 2000) in Figure 15. 

 

Figure 41: Grain size distribution for container 1 – 5.  

Grain size distribution from test box 1 can be seen in Figure 42. 

 

Figure 42: Grain size distribution curve layer 1 – 4.  
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The average dry density of material in Box 1 was calculated to 1,5 t/m3 with an average water 

content of 16 %. All measured densities from the WBT in Box 1 are compiled and can be seen 

Figure 43. The horizontal axis shows the measured dry density and the vertical axis shows the 

number of WBT resulting in the different dry densities. The standard deviation was calculated to 

0,172 t/m3 which gave a margin error of 0,06 t/m3. For a 95% certainty the dry density in Box 1 

is 1,433 – 1,562 t/m3. 

 

Figure 43: Dry densities in Box 1. 

The compiled DCP profiles from Box 1 is seen in Figure 44, on the vertical axis the depth from 

the surface is seen, and on the horizontal axis the DCP index. The total DCP index is in the range 

of 2 – 82 mm/blow. It should be noticed that the DCP index profile varies, with a lower range 

(15 – 25 mm/blow) close to the dashed lines and a higher range (20 – 40 mm/blow) between the 

dashed lines.  Because of boundary effects from the surface and the bottom of the box, the most 

relevant depth for this study are between 300 - 850 mm. Between the depths of 300 – 850 mm 

the average DCPI is 24,1 mm/blow with a standard deviation of 6,6 mm/blow and a margin of 

error of 2,7 mm/blow. With a 95% certainty this gives a DCPI range of 21,4 – 26,7 mm/blow. 
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Figure 44: DCP index profile Box 1. 
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6.4 BOX 2 – NO COMPACTION 
Grain size distribution curves from Box 2 can be seen in Figure 45 which shows similar trend to 

previous tests. In the following tests the sedimentation analyses per box was decreased to two in 

order to save time.  

 

Figure 45: Grain size distribution curve layer 1 – 4 for Box 2. 

In Box 2 the average dry density was calculated to 1,43 t/m3. The compiled WBT are seen in  

Figure 46 where the number of WBT can be seen on vertical axis and the dry density range on 

the horizontal axis. Standard deviation was calculated to 0,0913 t/m3 with a margin of error of 

0,03 t/m3. Hence for a 95 % certainty the dry density range in Box 2 will be 1,402 – 1,466 t/m3. 

Average water content was determined to 16,55 %. 

 

Figure 46: Dry densities of Box 2. 

The DCP profile of box 2 is seen in Figure 47 with the depth from surface on the vertical axis 

and the DCP index on the horizontal axis. Box 2 without compaction shows a DCPI in the total 
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range of 9 – 560 mm/blow. As the depth increases the DCP index gets smaller. This is probably 

due to compaction effect from the overlaying tailings. At the depth of 300 – 850 mm, the average 

DCPI is 187,7 mm/blow with a standard deviation of 80,5 mm/blow and a margin of error of 

75,7 mm/blow. With this known a DCPI range of 112,0 – 263,3 mm/blow can be expected to a 

95% certainty. 

 

Figure 47: Compiled DCP index profile for Box 2. 

6.5 BOX 3 – HARD COMPACTION 
In Box 3 the three upper layer show similar appearance of the grain size distribution as in 

previous boxes. However layer 1 in the bottom shows significant loss of fines, see in Figure 48. 
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Figure 48: Grain size distribution curves for Box 3. 

The compiled dry densities from Box 3 can be seen in Figure 49 with the number WBT done one 

the vertical axis and the dry density range on the horizontal axis. The average dry density was 

calculated to 1,61 t/m3. Standard deviation was calculated to 0,104 t/m3 with a margin of error of 

0,04 t/m3. For a 95 % certainty the range of the dry density for Box 3 will therefore be 1,574 – 

1,646 t/m3. The average water content was determined to 15,46 %. 

 

Figure 49: Dry densities of Box 3.  

The compiled DCP profiles of Box 3 can be seen in Figure 50, with the depth from surface on 

the vertical axis and the DCP index on the horizontal axis. The DCP profiles show a more 
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homogenous trend than earlier. The total range of the DCP index is 2 – 74 mm/blow. In the depth 

of 300 – 850 mm the average DCPI is 18,0 mm/blow with a standard deviation of 3,6 mm/blow 

and a margin of error of 1,3 mm/blow. This gives a DCPI range of 16,8 – 19,3 mm/blow to a 

95% certainty. 

 

Figure 50: DCP index profile for Box 3. 
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6.6 BOX 4 – MEDIUM COMPACTION 
The grain size distributions curves for Box 4 show the typical appearance as earlier tests, which 

can be seen in Figure 51. 

 

Figure 51: Grain size distribution curve for Box 4. 

The compiled dry densities can be seen in Figure 52 with the number of performed WBT at the 

vertical axis and the dry density range on the horizontal axis. Average dry density was calculated 

to 1,61 t/m3. The standard deviation was calculated to 0,069 t/m3 with a margin of error of 0,03 

t/m3. Therefore with a certainty of 95 % the dry density range will be 1,582 – 1,632t/m3. The 

average water content was determined to 14,15 %. 

 

Figure 52: Dry densities of Box 4. 

The compiled DCP profiles can be seen i Figure 53 with the depth from surface on vertical axis 

and the DCP index on th horizontal axis. The total range of DCP index is 2 – 122 mm/blow. For 
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the depth of 300 mm – 850 mm the average DCPI is 22,9 mm/blow with a standard deviation of 

3,7 mm/blow and a margin of error of 1,5 mm/blow. The DCPI range for Box 4 is thereby 

determined to be 21,4 – 24,3 mm/blow with a 95% certainty. 

 

Figure 53: DCP profiles box 4. 
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6.7 BOX 5 – LOOSE COMPACTION  
The grain size distribution curves for Box 5 can be seen in Figure 54 which shows similar results 

as the previous studies i.e. the typically curve for a silty sand. 

 

Figure 54: Grain size distribution curves for Box 5, dashed red lines show the GSD curves from Figure 27. 

The compiled dry densities from WBT of Box 5 can be seen in Figure 55 where the vertical axis 

shows the number of WBT, the horizontal axis shows the dry density range. The average dry 

density was calculated to be 1,54 t/m3. The standard deviation was determined to be 0,06 t/m3 

with a margin of error of 0,02 t/m3. The dry density in Box 5 is therefore with a certainty of 95 % 

in the range of 1,521 – 1,563 t/m3. The average water content was determined to 13,91 %. 

 

Figure 55: Dry densities of Box 5. 

The compiled DCP profiles of Box 5 can be seen in Figure 56 which shows the depth from the 

surface on the vertical axis and the DCP index on the horizontal axis. The total range of the DCP 
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index is 12 – 148 mm/blow. For the depth of 300 mm – 850 mm the average DCPI is 40,3 

mm/blow with a standard deviation of 7,5 mm/blow and a margin of error of 3,9 mm/blow. The 

DCPI range is determined to 36,4 – 44,2 mm/blow with a 95 % certainty. 

 

Figure 56: Compiled DCP profiles of Box 5. 
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6.8 BOX 6 – HARD COMPACTION AND FULLY SATURATED  
Grain size distribution curves from Box 6 which shows similar appearance as earlier tests and 

can be seen in Figure 57. 

 

Figure 57: Grain size distribution curve. 

The compiled WBT can be seen in Figure 58 were the vertical axis shows the number of WBT 

for different dry densities, and the horizontal axis the dry density range. The average dry density 

in Box 6 was calculated to 1,61 t/m3. Standard deviation was determined to be 0,055 t/m3, with a 

margin of error of 0,02 t/m3. In Box 6 the dry density is in the range of 1,587 – 1,626 t/m3 with a 

certainty of 95%. The average water content before adding water was 12,74%, to reach fully 

saturation water was added and this resulted in an water content of 22,48 %. 

 

Figure 58: Dry densities of Box 6. 
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The compiled DCP profiles can be seen in Figure 59 with the depth from surface on the vertical 

axis and the DCP index on the horizontal axis. The total range of DCP indexes are 5 – 105 

mm/blow. For the depth of 300 – 850 mm the average DCPI is 25,3 mm/blow with a standard 

deviation of 5,5 mm/blow and a margin of error of 2,3 mm/blow. With this known the DCPI 

range is for a 95% certainty in the range of 23,1 – 27,6 mm/blow. 

 

Figure 59: Compiled DCP profiles for Box 6. 
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6.9 TEST SUMMARY 
To conclude, the results from six performed tests are summarized in Figure 60. The summary of 

the DCP index for the six tests was done for the depths of 300, 400, 500, 600 and 700 mm seen 

on the horizontal axis and the average DCP index on the vertical axis.  

Box tests 1, 3, 4, 5 and 6 uses the left vertical axis, box test number 2 uses the right vertical axis. 

Box 1 (light blue) was compacted with thick layers (25 cm), and DCPI vary at different depths. 

In Box 1 the compaction was not effective in the layers of 25 cm, this led to that the top of each 

layer was more compacted than the bottom. The tailings were not homogenous in the box and 

therefore the density vary even though the depth changes. At 600 mm where the highest DCPI is 

in the bottom of layer 3 i.e. the material was not as well compacted. 

Box 2 (brown) was without compaction. The material has got a result that show significantly 

higher DCPI values, compared to the other tests. Box 2 shows significant decrease of the DCPI 

as the depth increases. At the depth were the DCPI shows a lower value and a therefore a higher 

density. Higher density in the bottom was likely because the overlaying tailings compacted the 

bottom layer, as the tailings were placed in the box. 

Box 3 (grey) and Box 4 (yellow) was compacted with 16 and 8 rounds respectively. Even though 

the compaction was twice as much in Box 3 compared to Box 4, only minor changes in DCPI 

value was seen. This means the effect of the compaction work diminished after 8 rounds.  

Box 5 (blue) which was compacted with the least effort of compaction work, shows increased 

DCPI as the depth increases. The indications that the material was less compacted at the depth, 

was likely due to the manually compaction of 1 second. This resulted in a wider range of DCPI. 

Box 3 (grey) and Box 6 (green) has undergone the same compaction work with the difference 

that Box 6 was fully saturated. In Box 6 a higher DCPI value can be seen. The boxes had the 

same density but a higher DCPI in Box 6, this was because the water influencing the penetration 

of the DCP i.e. the water made it easier for the DCP to penetrate. 
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Figure 60: Comparison of the box tests DCP index.  

The average water content, density range, average density, DCPI range and the average DCPI 

can be seen in Table 8. Since boundary effects was seen in the tests of the DCP above the depth 

of  

300 mm and below the depth 850mm the range of DCP index is summarized for the depth range 

of 300 – 850 mm. Box 3, Box 4 and Box 6 shows similar average densities and average DCPI 

though they have been compacted differently.  

Table 8: Test summary. 

Box Number 
Average water 

content [%] 

Density range                         

[t/m^3] 

Average density  

[t/m^3] 
DCPI range  Average DCPI 

1 17,16 1,433 – 1,562 1,498 21,4 – 26,7 24,1 

2 16,55 1,402 – 1,466 1,434 112,0 – 263,3 187,7 

3 15,46 1,574 – 1,646 1,610 16,8 – 19,3 18,0 

4 14,15 1,582 – 1,632 1,607 21,4 – 24,3 22,9 

5 13,91 1,521 – 1,563 1,542 36,4 – 44,2 40,3 

6 22,48 1,587 – 1,626 1,607 23,1 – 27,6 25,3 

 

The average DCPI, as a function of the average density can be seen in Figure 61 where all the 

boxes except Box 1 is combined ranging from low to high density. Box 1 was excluded because 

with the thick layers of 25 cm the material was not compacted homogenously. When the material 

was not compacted homogenously the DCPI varied between each layer. Because of this the 

results was unreliable unpredictable and therefore Box 1 was excluded.  

The two average densities at 1,61 t/m3 shows similar DCPI. In Figure 61 the data points 

corresponds to the box tests. There is a trend that higher DCPI gives a lower density. The dotted 
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line is an approximated trend line best fitting to the series of data points. The trend line has a best 

fit value (R) of 99 %, showing that the trend line corresponds well with the performed tests. 

Higher density resulted in a lower DCPI value, this was because a higher density gave more 

resistance for the DCP cone to penetrate.  

 

Figure 61: Dry density as a function of DCPI 

Following equation can be used to obtain dry density values from DCPI tests: 

𝜌𝑑𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 1,8725 ∗ (𝑥𝐷𝐶𝑃𝐼)−0,051     [15] 

Figure 62 shows the degree of compaction as a function of DCPI. The figure looks similar to 

Figure 61, but using formula 1 it incorporates the average maximum dry density of 1,771 t/m3. 

Thus allowing for a direct correlation between DCPI and the degree of compaction. 

 

Figure 62: Degree of compaction as a function of DCPI. 
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𝑅𝑑 = 103,39 ∗ (𝑥𝐷𝐶𝑃𝐼)−0,062     [16] 

The DCPI and density results as a function of the compaction of the tests, are seen in Figure 63. 

The DCPI (blue line) is decreasing as the dry density (orange line) is increasing.  

Test box 5, which was compacted by using  1 second stationary point compaction, does not fit 

into the confines of Figure 63 and have therefor not been included. The DCPI and dry density 

data from box 5 would be expected to fall between 0 and 8 rounds of compaction. This will be 

discussed in chapter 7 Discussion. 

The last point at compaction work 16 is the fully saturated test which give a slightly higher DCPI 

and lower density with a higher water content. 

 

Figure 63: DCPI (blue line) and dry density (red line) as a function of compaction work. 



58 

 

7 DISCUSSION 
Results from the initial test showed that the setup was good for evaluating the density with the 

DCP. It was good because the practical work could easily be performed and would not deviate 

between the tests. For the tests that reached a homogenous mass by compaction work the 

standard deviation had a small variation seen in Figure 60, the small variation was an indication 

that the tests did not vary significantly between each other. 

The first goal with this test was to achieve a homogeneous dry density throughout the box. This 

should correlate to the even compaction of the box. A homogeneous compaction is believed to be 

necessary in order to determine any correlations between dry density and DCP. 

As seen with box 1, a layer thickness of 25 cm was insufficient in achieving homogeneous dry 

densities (Figure 44 does not show a bell curve [normal distribution]) meaning the layers were 

not homogeneously compacted. This in turn results in the DCP profile for box one showing 

variation within each layer. Here the DCPI increased towards the bottom of each layer. The cone 

was penetrating a longer distance, simply because the compaction was lesser towards the bottom. 

This shows clearly the need for homogeneous compaction in order to find any correlations 

between dry density and DCP. 

For the following tests, which included compaction, the layer thickness was decreased to  

12,5 cm. This change in test setup resulted in more homogenous dry density values which in turn 

resulted in more uniform DCPI values in compacted layers, seen in Figure 61. In turn, more 

compacted layers (layers with a higher dry density) resulted in lower measured DCPI values 

caused by an increased resistance to penetration in the tailings. This can be seen when comparing 

test 2 (without compaction) and the tests which were compacted, seen in Figure 60. This clearly 

shows that compaction influences the DCPI as depicted in Figure 62. 

When looking at the most compacted tests, test 3 and test 4, the density and the DCPI did not 

vary significantly after 8 rounds of compaction, even though the compaction work was decreased 

by half for test 4. This is because the degree of compaction after 8 rounds, with the vibrator plate 

compactor, already had reach a point where further work only showed very limited 

improvements, as seen in figure 63. In Figure 63, the dry density and the DPCI value for 16 

rounds of compaction work are already far out along their respective asymptotes towards their 

maximum values. 

Table 8 shows that the continues handling of the tailings over time led to a relative loss of water 

content of approximately 3 percentages points (an 18,9% decrease), from Box 1 to Box 5. Based 

on the numbers in Table 8 there is no indication that this loss of water influenced the dry density 

or the DCPI, but any effects are likely hidden by change in applied compaction work. However, 

test box 6 was done purely to investigate the influence of water content on the DCPI. The box 
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was filled and compacted in the same way as box 3, and once filled, was fully saturated. This 

increased the average water content by 7 percentage points (a 45,4% increase). Comparing 

DCPI-values from test 3 and test 6, test 6 shows a 40,5 % increase in DCPI. This means, even 

though the box was compacted, the higher water content eased the penetration. In an open 

environment that cannot be controlled as in the field, this will make it even more important to 

know the water content.  

Based on Figure 63, the equivalent number of rounds of compaction for the 1 second stationary 

point compaction in box 5, are extracted in two different ways and compared. 

By linear interpolating between no compaction and 8 rounds of compaction, the equivalent 

number of rounds of compaction work, based on the measured DCPI and dry density, 

respectively, are obtained, see Figure 64. 

The result showed that the compaction work for the DCPI was close 7 rounds of compaction 

work while the compaction work for the dry density was close to 5 rounds. This is a crude 

interpolation, as evidenced by the apparent difference between the obtained rounds of 

compaction work for the DPCI and dry density. In Figure 65, the interpolation is instead done by 

a best fit power curve. 

 

Figure 64: Linear interpolation of 1 second stationary point compaction. 

Figure 65 shows a better agreement between the rounds of compaction work for DCPI and dry 

density. The 1 second stationary point compaction now corresponds to 2 rounds of compaction 

for the DCPI and 2.6 rounds of compaction for the dry density. Based on Figure 65, it is 

estimated that the compaction work of box 5 roughly equals 2.5 rounds of compaction work.  
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Figure 65: Power curve interpolation of 1 second stationary point compaction. 

Based on the lesson from test 3 and test 4, where a doubling of the compaction work showed 

limited improvement to both DCPI and dry density, and Figure 61, the look of the power curves 

in Figure 65 are as expected, with an asymptotic progression and a point between no compaction 

and 8 rounds of compaction where the workload starts to show diminishing returns. Using the 

two trend line formulas from Figure 65, a correlation formula between dry density and DCPI is 

computed for comparison with the trend line formula in Figure 61. 

𝑌𝑑𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 1,52 ∗ (
63,44

𝑌𝐷𝐶𝑃𝐼
)

0,051

     [17] 

Inserting the measured 40,3 DCPI of Box 5 into the two respective formulas (formulas 14 and 

17) reveals a difference in calculated dry density of 0.3 %. The formulas both overestimate the 

dry density for Box 5 a little, but the maximum increase is less than 0,7 % which is seen as 

neglectable. This is seen as validation of the estimated equivalent compaction work for Box 5. 

Since formula 17 can be rewritten to closely resemble formula 15 and the difference is 

neglectable it doesn’t matter which formula to use, see Figure 66. Thought because of the 

simpler form, formula 15 will be used. 
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Figure 66: Average dry density as a function of average DCPI with formula 15 and 17. 

Based on the above, the tailings from Aitik are sufficiently uniform to produce a correlation 

between DCPI and dry density. This is supported by the fact that both the obtained dry densities 

and particle densities fall within the range of previous studies. However, it should be made clear 

that while Figure 61 shows a correlation between dry density and DCPI, it also shows, with 

Box 1, that evenly compaction is a necessity for the correlation to be true. Data in Figure 43 lack 

the normal distribution (bell curve) displayed in Figure 46, Figure 49, Figure 52, Figure 55 and 

Figure 58. 

The random tailings samples taken from the pellet tanks before commencing any tests showed a 

slight variation in the median grain sizes, but thought all the material was mixed several times 

afterwards each grain size distribution obtained from the produced boxes shows the distribution 

curves. In Figure 67 all grain size distribution curves are compiled, also the grain size curves 

from (Bhanbhro, Knutsson et al. 2013) are shown as dashed red lines. It is shown that the 

material is well sorted and in the similar range as earlier studies. 
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Figure 67: Compiled grain size distribution curves. 

As indicated by Figure 65, with the available plate load compactor, the least amount of 

equivalent compaction work possible was around 2,5 compaction rounds. This means the 

investigated compaction were between 2,5 (stationary point load compaction) to 16 compaction 

rounds. The data indicates where for example 2 actual compaction rounds would fall with regard 

to dry density and DCPI though future work would need to validate this by making an actual box 

with two compaction rounds. 
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8 CONCLUSION 
The results show that tailings with no compaction had a high DCPI value, and as the tailings 

were continuously compacted with more force the DCPI value decreased. With a uniformly 

compacted material a correlation between dry density and DCPI was found. The correlation 

resulted in the following equation: 

𝜌𝑑𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 1,8725 ∗ (𝑥𝐷𝐶𝑃𝐼)−0,051 

It is important to know that the equation is strictly tied to the tailings and the specific water 

contents used in this report and should not be used on different materials without further testing.  

The correlation shows that for a decreasing DCPI the dry density will increase. It was observed 

that water influences the DCPI, resulting in higher cone penetration with increased water 

content. The different levels of compaction work showed that for an uncompacted material the 

initial compaction will have the greatest effect. 

Based on the performed laboratory tests, it is theorized that if a stable water content could be 

achieved (for example during the summer), it would be possible to correlate dry density with 

DCPI in the tailings beach at Aitik. 

8.1 FUTURE RESEARCH 

8.1.1 What benefits can come from compacting the tailings beach 

What benefits can be gained if the density can be controlled over the tailings beach? How will 

this affect the safety and quality of the dam?  

8.1.2 Replicating and extending the range of this study 

Validating the results from this test by replicating it and adding more box testes with different 

compaction work, especially in the lower range, 

8.1.3 Full Scale Test 

Results indicate that it is possible to determine the density with DCPI in a controlled 

environment. Full scale experiment and the usage in field, would be a next step to prove if it is 

possible to check the compaction even in an environment where the precipitation can’t be 

controlled. 
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