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I

Abstract
The Renström mine, Boliden Mineral AB, uses, among other methods, the Transverse long hole
stoping method with backfill. The mine uses a cement-stabilized hydraulic fill (CHF), which is
a mixture of enrichment sand, cement and water. The most important factor in relation to
strength is the water cement ratio. Today, only tests have been performed on the surface and in
laboratory tests. The purpose of this work is thus to study the possibility of using other types of
methods that can give a better understanding of the strength of the entire filling volume.
Studies on backfill containing Portland cement and sulphur have shown that the UCS strength
decreases with time, which can cause problems for the mine. A leaching method (MRM
leaching test) used to evaluate potential sulphide soils has been used in this study on the
backfill to investigate the sulphurs impact on the cement mixture. Electrical conductivity, pH,
and redox potential were investigated and gave similar results, where the higher cement levels
(8%, 10%, and 12%) were indistinguishable while the lower cement content (4%) differed
significantly from the other levels. This probably indicates that the higher cement levels have
a greater resistance to the influence of the sulphur. The most promising results were given
when the method was used on enrichment sand alone. The linear lowering of the pH value of
the enrichment sand, from pH 4.9 to about pH 3, point to that the enrichment sand contains
large amounts of sulphur, as previously chemical analysis has shown. This suggests that the
method can best be used in an early stage before the sand is mixed with cement.
The strength results on the samples showed a strength after 7 days that was in line with the
90-day strength. However, all 90 day samples had decreased in strength during the time
sequence, which may be an effect of the sulphur content, but should be further investigated to
be determined. The smaller size of the samples was also experienced as a challenge during the
temperature measurements due to small temperature variations and environmental effects.
A maturity method for predicting the strength of concrete called "The maturity method" has
been investigated in this study. To determine the strength maturity relationship, both the
temperature related to time and the equivalent age must be evaluated. The study showed that
the method cannot be used on the mine's backfill without first making adjustments related to
the lower cement content used in the backfill compared with concrete constructions, since it is
not possible to determine the strength growth in the early stage as the method requires.

II

Sammanfattning
Renströmsgruvan, Boliden Mineral AB, använder bland annat tvärgående skivpall med
återfyllning. Gruvan använder en cementstabiliserad hydraul fyll (CHF), som är en blandning
av anrikningssand, cement och vatten. Den viktigaste faktorn i förhållande till hållfastheten är
vatten cement talet. Idag har endast tester utförts på ytan och i laboratorieförsök. Syftet med
detta arbete är därmed att studera möjligheten att använda andra typer av metoder som kan ge
en bättre förståelse för hållfastheten i hela fyllvolymen.
Studier på återfyllnad som innehåller Portlandcement och svavel har visat att UCShållfastheten avtar med tiden vilket kan orsaka problem för gruvan. En urlakningsmetod
(MRM leaching test) som används för att bedöma potentiella sulfidjordar har använts i denna
studie på återfyllnaden för att undersöka svavlets inverkan på cementblandningen. Elektrisk
konduktivitet, pH-värde och redox potential undersöktes och gav liknande resultat, där de
högre cementhalterna (8 %, 10 % och 12 %) inte gick att särskilja medan den lägre
cementhalten (4 %) tydligt avvek från de andra halterna. Detta tyder troligen på att de högre
cementhalterna har en större motståndskraft mot svavlets påverkan. Det mest lovande
resultaten gavs när metoden användes på enbart anrikningssanden. Den linjära sänkningen av
pH-värde på anrikningssanden, från pH 4,9 till ca pH 3, tyder på att anrikningssanden
innehåller stora mängder av svavel, vilket även tidigare kemiskanalys har visat. Detta tyder på
att metoden bäst kan utnyttjas i ett tidigt stadie innan sanden blandas med cement.
Hålfasthetsresultatet på proverna visade en hållfasthet efter 7 dagar var i linje med 90-dagars
hållfastheten. Alla 90 dagars prover hade dock minskat i hållfasthet under tidsförloppet, vilket
kan vara en effekt av svavelhalten, men bör undersökas vidare för att fastställas. Provernas
mindre storlek upplevde också som en utmaning under temperaturmätningarna på grund av
små temperaturvariationer och omgivande effekter.
En mognadsmetod för att förutspå hållfastheten hos betong kallad ”The maturity method” har
undersökts i denna studie. För att bestämma styrka-mognadsrelationen måste både
temperaturen relaterad till tid och ekvivalent ålder utvärderas. Studien visade att metoden inte
kan användas på gruvans återfyllnad utan att först genomföra anpassningar till den lägre
cementhalten som används i återfyllnaden jämfört med betongkonstruktioner, eftersom det inte
är möjligt att fastställa hållfasthetstillväxten i det tidiga skede som metoden kräver.
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1 Introduction
For mines that are applying the open stoping methods with backfill good knowledge of their
backfill and its strength is of outmost important to have safe working conditions and reduce
cost. One backfill method is the cemented hydraulic fill (CHF), which is a mixture of tailings
(mine waste in fractions of between silt and sand) and a cementitious binder, normally Portland
cement, slag or fly ash. The transportation of the filling to the stope is conducted with additional
water in a pipe system, which then is drained from the stope through drainage pipes. This
method means that the backfill has a different curing time and gives a higher strength of the fill
closest to the drainage and a lower strength inside the backfill. In Renström mine, Boliden, this
backfill is produced in a station located at 150 meter level below the surface and uses a tailing
that is produced from the enrichment process of the ore from the Kristineberg mine.
Today, there are no recognized in situ methods for determining the final quality of the backfill
after drainage, but only the ability to test the surface of the backfill or to perform different types
of laboratory trials. Due to the uncertainty of the in situ strength higher safety factors is used
which cause increased cost for the mine.

1.1

Aim of project

The aim of this project is to investigate if indirect methods can used to determine the quality of
a cemented hydraulic fill with respect to its strength in Renström mine. Questions to be
investigated in this thesis is
Can temperature measurement be used in CHF for future strength prediction?
Can conductivity, pH value and redox potential measurements (from MRM leaching
test) be used to indicate sulphur content variations in CHF and/or strength?

1.2

Delimitations

In this thesis, only laboratory studies will be performed and references to studies performed in
backfill at Renström mine in a previous stage by the author or employees at Boliden Mineral
AB will only be mentioned briefly and is found in Appendix A: Literature study. This thesis
will not analyse on a chemical level the reactions that occur in the specimens.
The transportation and the production of the backfill with its variations will not be considered
in this thesis. Neither will any management of the materials while storing be discussed.
Only investigations of possible methods for quality indication of the product cemented
hydraulic fill will be evaluated in a laboratory environment and thereby not be performed in
full scale. The project should only be used as a basis for possible directions for further
investigations.
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2 Background
This study started a while back when a project was carried out with larger stopes in Renström
mine. To make it possible to mine larger stopes the backfill needed to be stronger and the mine
also needed to have a better understanding and control of the final backfill properties. The
stopes in the project with a height of 20 meters and 15% as an initial cement content, used a
safety factor of 2 initially to ensure a safe environment. But cement is expensive and too much
cement in the stope would not be economically sustainable. As a first step in the process, some
tests were performed both in laboratory and field to make sure that the needed strength of the
backfill was reached. Today only backfill core samples is possible to collect in Renström mine,
which is collected on a shallow depth on the backfill surface. To be able to eventually reduce
the safety factor, and thereby also the cost of the operation, the in situ behaviour needs to be
studied in relation to the calculations.
A literature study was performed to investigate possible in situ field method that already exists
and is used in similar material and is found in Appendix A: Literature study. No promising
method was found that could be used in the mine within this thesis and further investigation
lead to discussions about indirect methods. A method used in concrete called the maturity
method, were the temperature is measured to estimate the development of strength seemed
hopeful and will be investigated in this thesis.
Studies of backfill containing Portland cement and sulphur has shown that the UCS (Uniaxial
compressive strength) starts to decrease with time (Alakangas, 2006), which could cause
stability problems in production stopes. The sulphur oxidize in contact with oxygen and causes
a lowering in pH (Alakangas, 2006). A chemical composition analyses were performed on the
tailing during 2016 by Boliden and showed a mean value of sulphur of 18,9% with a standard
deviation of 0,8 after 14 samples were tested.

3 Theory of backfill strength and studied methods
3.1

Backfill strength calculations

In Renström mine, the required strength of the backfill where sublevel open stoping methods
are applied is calculated from the point of view that the two backfilled areas on the sides is
going to support a hanging ore block in between, i.e. the ore will be resting on the backfill. The
scenario is illustrated in Figure 1 below, where it is possible to see the opening under the
hanging ore (named pillar in Figure 1) in the lower parts of the figure and the backfilled areas
on both sides of the ore. The required shear strength for the backfill for Renström mine is
calculated from an assumption of an ore density of 3500 kg/m3 and depends on the stope width
named P in Figure 1. The required shear strength of the back fill is calculated according to
Equation 1 with an assumed gravity (g) of 9,81 m/s2. According to Mohr Columb failure
criteria, the shear strength will be equal to the cohesion (c) of backfill as no normal forces is
acting on the fill. The required UCS is then calculated with an assumed friction angle ( ) of
35° according to Equation 2.
𝑔

𝜏 = 𝑃 ∗ 𝑂𝑟𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 2 = 𝑐

(1)

𝑈𝐶𝑆 = 2 ∙ 𝑐 ∙ 𝑐𝑜𝑠 /(1 − 𝑠𝑖𝑛 )

(2)
2(42)

To avoid shear failure in a free standing and fully exposed backfill the required strength of the
backfill can be lower than the above described load case. According to Mitchell (1982) the
required compressive strength of the backfill can be calculated as function of its length, height
and its specific gravity, see Equation 3. In Figure 2, the required fill strength for varying size
of fill exposures can be seen. The later strength requirement can be used in stopes where the fill
is not subjected to a load from the “hanging” pillar.
𝐻

(3)

𝑈𝐶𝑆 = 𝛾 ∙ 𝐻/(1 + 𝐿 )

Figure 1 Illustration of ore load on backfill pillars (Boliden Mineral AB, n.y.)
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Figure 2 Stope height relation (Boliden Mineral AB, n.y.)

3.2

Factors influencing the strength

For cemented constructions, the water-cement ratio (w:c) is an important factor that will have
a big impact on the construction strength. According to Piciacchia (1987), a relationship
between the w:c ratio and the uniaxial compressive strength (UCS) for mine backfill could be
calculated according to Equation 4.
𝑈𝐶𝑆 = 3.70 (𝑊/𝐶)−1,41

(4)

In Figure 3 values of cemented hydraulic backfill-samples with a diameter of 15.25 cm and a
length of 30.5 cm that are tested at 28 days is shown. By analysing Figure 3, it is clear that the
water-cement ratio also has a large impact on the compressive strength of a backfill stope
(Piciacchia, 1987). Today only the initial, i.e. before drainage, w:c-ratio in the backfill can be
estimated from the data of added water from the system logs.

4(42)

Figure 3 W:C ratio in relation to compressive strength (Piciacchia, 1987)

3.3

MRM leaching test

Another area where sulphur is causing a problem is in areas with sulphide soil, where a method
called MRM leaching test has been developed to evaluate the acidity of the soil. This method
evaluates the number of leachate step needed to reach a pH value of less than 4, which is when
the soil is being classified as acidic (Pousette et al., 2008). The properties of soil to be a potential
acidity sulphur soil dependent on different factors, sulphur content, Fe/S ratio and content of
buffer in form of organic material (Pousette et al., 2008). In an MRM test electrical
conductivity, pH and redox potential are measured to analyse the soils acidification effect.

3.3.1

Electrical conductivity

The electrical conductivity is measured in unit milliSiemens/centimetre (Alakangas, 2006) and
is used to measure the amount of salt in the solution. The method is used, not only in sulphide
soil but also within farming to test the health of the soil where they are planning on growing
their plants. Electric conductivity measurement is used to get an estimation of the salt in the
soil but will not give values of specific salts that the soil contains (USDA-NRCS, n.y.).
Measurements of pH and electrical conductivity are used together to predict change in the soil’s
health. Conductivity measurement can also determine what type of soil fraction it contains
because the soil particles have a tendency to hold different amounts of moisture. Sand, for
example, has a low conductivity compared to clay that has a high conductivity, this is illustrated
in Figure 4 below (Grisso et al., 2009). In backfill the amount of fine particles affect the
drainage from the stope and with a high amount of fines the backfill drainage properties will be
effected negative. The effect is a higher amount of water that is left in the stope and with this a
lower final strength of the backfill.
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Figure 4 Illustration of differentiating conductivity depending on the soil type (Grisso & al., 2009)

3.3.2

pH measurement

pH is an indicator of how high the concentration of hydrogen ions (H +) the solution, in this case
the water from the soil or tailing, contains, were pH=1 is representing the highest concentrations
of hydrogen ions and the most acidity value (the scale is logarithmic). An undisturbed soil with
minerals and a low degree of organic content can be expected to have a pH value between 5,2
and 5,4, where a pH of 7 is classified as neutral (Instutitionen för mark och miljö SLU, 2007).
The definition of pH can be seen in Equation 5.
𝑝𝐻 = − log{𝐻 + }

(5)

Cement has a pH that is basic and will be affected if an acidic substance is used in a reaction.
The tailings contain sulphur, which is acidic, and would thereby in theory be possible to
predict changes in the mixture by measuring the pH-value over time in the mixture.

3.3.3

Redox potential

Oxidation or reduction is reactions that occurs when two substances are mixed and were
chemicals will lose or receive electrons and create new chemical compositions. A chemical that
gives away electrons is oxidizing (Mácsik, 1994). This reaction is dependent on different factor,
for sulphur, oxygen is a key factor for the reaction (Alakangas, 2006). The pH together with
redox potential gives an estimation about how likely it is that reactions can occur. The redox
potential is measured in unit millivolt, where value <-100mV is low in an anaerobe soil with a
pH larger than 6 (Mácsik, 1994). Higher redox potential values (positive values) gives a higher
tendency to be reduced by oxidation (Striggow et al., 2017). When sulphur is oxidizing the pHvalue is lowered and the redox potential gives an estimation of how likely this reaction occurs,
but only in relation to other substances.
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3.4

The maturity method

Many studies have been carried out within the area of temperature for concrete which has shown
that temperature and water content affects the strength. Due to difficulties in moisture
measurements, temperature alone has become the base for strength prediction (Fjellström et al.,
2012). The Arrhenius law (Carino & Lew, 2001) is suggested to be one of the best-fitted
theories for describing the relationship between temperatures and kinetic related to strength
development in early ages in concrete. A further developed equation based on the Arrhenius
law was presented in 1977 by Freiesleben Hansen and Pedersen was a term called equivalent
age of concrete was introduced instead of the concretes actual age and is presented in Equation
7.
To determine the strength-maturity both the relationship temperature related to time and
equivalent age has to be evaluated (ASTM International, n.y.). The calculations could be
performed with Equation 6 for temperature-time relation respectively Equation 7 for equivalent
age and examples of the relationship are presented in Figure 6 respectively Figure 7. The
temperature related to the time factor, M(t), is dependent on the average concrete temperature
(Ta) and the datum temperature (To) during a specific time interval (Δt) (ASTM International,
n.y.).
(6)

𝑀(𝑡) = ∑(𝑇𝑎 − 𝑇𝑜 )∆𝑡

The equivalent age of concrete depends on the activation energy (E) in J/mol, the universal gas
constant (R), the average temperature (T) during the curing and period of time (∆𝑡) related to
the reference temperature (Tr) (temperatures in degrees Kelvin) (Carino & Lew, 2001). This
equation, presented in Equation 7, enabled a non-linear analysis of the relationship between
strength and temperature during curing of the concrete. The method is limited to early-age
strength development and should not be used for long-term prediction (Carino & Lew, 2001).
𝑡𝑒 = ∑𝑡0 𝑒

𝐸 1 1
)
𝑅 𝑇 𝑇𝑟

− ( −

(7)

∆𝑡

The activation energy can be determined in a laboratory by performing a test at different
constant temperatures at a specific time interval (1, 3, 7, 14 and 28 days) and from this, it is
possible to evaluate the needed data (Carino & Lew, 2001). The paper of Carino & Lew (2001)
also presents some examples of established data from a previous investigation and says “It was
found that for concrete with water-cement ratio (w/c) = 0.45, the “activation energy” ranged
from 30 and 64 kJ/mol; while for w/c = 0.60 it ranged from 31 to 56kJ/mol, depending on the
type of cementitious materials and admixtures.” (Carino & Lew, 2001).
The strength developing relationship can be calculated with a hyperbolic equation or a
logarithmic equation, but according to Carino & Lew (2001) is the hyperbolic equation the best
fit and they show this by a comparison that can be seen in Figure 5. The strength developing
relationship is possible to calculate with Equation 8, where the Strength at age t (S) is dependent
on the limiting strength (Su), rate constant (k) and the starting point of strength development
(t0) (Carino & Lew, 2001).
𝑘(𝑡−𝑡 )

𝑆 = 𝑆𝑢 1+𝑘(𝑡−𝑡0

(8)

0)

7(42)

Where the limiting compressive strength is defined when the maturity approaches infinity and
the strength reaches a limiting value. This limiting strength value does not necessarily represent
the long-time strength but has a consistent relationship to the temperature which is almost
linear. This linear relationship is presented in Equation 9 below, with the constant S* and g
representing parameters for a straight line (Carnio, 1981).
Su = S ∗ − gT

(9)

Figure 5 Comparison between hyperbolic and logarithmic equation

This study will not determine any strength growth relationship for backfill, but only investigate
the possibility of using the maturity method for strength prediction in backfill. The method will
thereby not be explained in detail in this thesis and it is recommended to study this method in
more detail if the method is to be used in the future.

8(42)

Figure 6 Strength related to temperature for maturity method (ASTM International, n.y.)

Figure 7 Strength related to equivalent age for maturity method (ASTM International, n.y.)
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4 Methodology and pre investigations
This section will explain how the setup for the laboratory has been prepared and also present
and explain the investigations of the material. A temperature measurement in Renström mine
is also presented.

4.1

Temperature measurement in mine

A small investigation of the temperature in the Renström mine was performed to investigate in
what temperature the laboratory samples should be stored. The measurement was performed in
different levels in the mine were it is likely that stopes are filled with backfill.
The thermometer used was a portable device with an attached wire. Before the measurement in
the mine was performed a test of the equipment was performed by measuring the temperature
of ice. The temperature of the ice is assumed to be 0 C°. Two tests were made with the same
result. First, a cup with ice cubes was put in a small amount of cold water and left for a while.
Then the temperature was measured by putting the wire between ice cubes as tight as possible.
The second attempt was performed with only ice cubes in a similar way. Both attempts showed
a temperature of 0.8 C°, which was noted as an error to consider.
The temperatures in the mine were measured in different rooms at different levels and ore
bodies in the mine. The temperature had a variation of about 6 degrees, where the temperature
in each room was measured in the middle of the room, floor and wall. All of the walls that were
tested had a cover of shotcrete and does not represent the rock temperature. In Table 1 the
measured temperatures are presented. The temperature was also noted to rise between 0.5 to 1
C° when the area was occupied with working machines in action (but this information is not
possible to use because it was only investigated in 2 areas). This notation was made by walking
out of the area and then a new measurement was made. The areas marked as “work in progress”
is presented with an extra point with a 0,5 C° correlation of the temperature in Figure 8.
Due to the large variation and values close to room temperature, it was decided to store the
samples while curing at room temperature, in the same area where the samples were prepared.
Table 1 Temperature measurement

Level

Middle
room

S669
H800
W884
W953
W978
W1415
H1450

17.7
17.3
16.9
17.7
18.4
22.8
23.2

of Floor

17.0
16.8
16.8
17.3
18.1
22.6
22.0

Wall

17.8
17.0
16.8
17.5
18.1
22.2
22.1
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Correction
middle
of
room (diff.
0.8 C°)
16.9
16.5
16.1
16.9
17.6
22.0
22.4

Work
in
progress
NO
NO
YES
YES
YES
NO
YES

TEMPERATURE IN RENSTRÖM MINE
Corr. 0.8C°

Corr 0.5C°

23
22

TEMPERATURE [C°]

21
20
19
18
17
16
15
14
669

800

884

953

978

1415

1450

LEVEL IN MINE [M]
Figure 8 Temperature measurement in Renström mine

4.2

Water content and loss of ignition

The water content of the tailings was measured to adjust the recipe and thereby make sure the
amount of water is the same as in previous laboratory test and in the backfill used in the mine.
The water content was measured by drying 3 samples of tailing in an oven for 24 hours at a
temperature of 105 C°. The samples weight was measured before and after the oven and the
water content was possible to calculate with the Equation 10 below and gave a mean value of
9,5%, see Table 2.
𝑊 = 100 ∗ 𝑚

𝑚𝑤𝑎𝑡𝑒𝑟

(10)

𝑑𝑟𝑦 𝑡𝑎𝑖𝑙𝑖𝑛𝑔

Table 2 Result water content tailing

Water content
Name of cup
1
w-v-4
w-v-6

Cup only
[g]
0,9
0,94
0,94

Cup+wet sand [g]
49,61
43,74
51,52

Cup+dry sand
[g]
44,77
39,01
46,24
Mean value

Water content
[g]
3,94
3,79
4,34
4,02

Water content [%]
8,98
9,96
9,58
9,51

From the dried tailing 25 g was put into two new cups and left for 24 hours at a temperature of
800 C°. The samples were measured before and after the oven to measure the loss of ignition
(organic material). This test is included in a routine investigation of soil and is a factor that is
evaluated when a sulphide soil is studied, were a high amount of organic content can act as a
buffer in the soil and would thereby have a lower potential of becoming an acidic sulphide soil
in the MRM leaching test. The loss is calculated with Equation 11 below and the data is
presented in Table 3. The test gave a mean value of 15,6% the tailings.
11(42)

𝑔 = 100 ∗ 𝑚

𝐺(𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠)

(11)

𝑑𝑟𝑦 𝑡𝑎𝑖𝑙𝑖𝑛𝑔 (105𝐶°)

Table 3 Result loss of ignition tailing

Loss of ignition
Cup
name
1
2

4.3

Cup only
[g]
34,91
33,16

Cup+sand before[g] Cup+ sand after[g] Ignition content [g]
49,96
47,63
2,33
48,26
45,89
2,37
Mean value

Ignition content [%]
15,48
15,70
15,6

Particle size distribution

Measurement of the particle size distribution was also performed to make sure the fractions
are similar to previous test and representative for the area. The result of the particle size
distribution performed with the sieving method is presented in Figure 9 and have a passing of
25,2% of a 63 μm sieving. The curve compared with sieving's performed the year 1999 and
2016 by Boliden mineral AB is similar. The particles size distribution from the year 1999 is
presented in Figure 10, where the yellow line indicates about 45μm, the passing from sieving
63 μm is about 39-55%. In Figure 11 the 63 μm passing is around 30-35%. The particle size
distribution performed in this project is still within the range of what can be expected from the
tailing. Tests performed on tailings from Boliden process during 2018 presents that a span
between 25-50% of fines can be expected in the tailing (Seery, 2018). According to Boliden
mineral AB, the fines in the tailing used to mix the backfill in a size less than 63 μm should
be around 13% to get the best drainage effect.
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Dry Analysis
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Figure 9 Dry analysis of particle size distribution for Renström mine tailing, 2018

Figure 10 Particle size distribution performed the year 1999 (Boliden Mineral AB, n.y.)
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10

6

100

Figure 11 Particle size distribution performed the year 2016 (Boliden Mineral AB, n.y.)

4.4

Tailing density

Both the bulk and particle density was also measured to evaluate the material and make sure
the material is similar to the material used in previous test performed by Boliden Mineral AB.

4.4.1

Bulk density of tailing

The bulk density was estimated by using a sample tube. The tubes length, diameter and empty
weight were measured. Then the tube was filled with tailings and the weight was measured
again. The density could then be calculated to 2,065 t/m3, which according to Boliden Mineral
Ab is in line with other tests, with Equation 12 below. The data is presented in Table 4 below.
𝑚𝑎𝑠𝑠

𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑚𝑎𝑠𝑠

(12)

𝜌 = 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑢𝑏𝑒
Table 4 Bulk density data

Bulk density
Diameter [cm]
5

Height [cm]
17

Area [cm2]
19,635

only tube [g]
94,91
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Tube+content [g]
784,32

Bulk density [t/m3]
2,065

Specific gravity (Particle density) of tailings
Four pycons were first measured empty with an associated lid. About 22 grams of tailing with
a fraction less than 63 micrometres were put into the pycons and measured again. The pycons
were filled with deionized water and boiled for 15 minutes to get rid of voids. The samples
were then put to rest until the next day to make it possible for air to rise to the surface. The
pycon was filled completely with a syringe by making a small opening and tilting the sample
while pressurising the lid. When no air bubbles were visible the pycon was measured again. As
a last step, the pycon was washed and measured with only deionized water. The pycons can be
seen in Figure 13 below and the values are presented in Table 5. The specific gravity or particle
density is defined as ρ s and was calculated to an average value of 3,5769 g/cm3, which is
comparable to the specific gravity that Boliden (2016) investigated and found an average of
3,5189 g/cm3 (see Figure 12).
Table 5 Specific gravity data

Specific gravity (Particle density)
Name of pycon
wt. Of empty pycon
Wt. Of dry soil only (g)
Wt. Of pycon+dry soil
wt. Of pycon+soil+water
wt. Of pycon+water
Gs
Average specific gravity (ρs) [g/cm3]

W1
225,5000
20,5700
246,0700
530,2000
515,2500
3,6601
3,5769

Figure 12 Specific gravity calculations performed by Boliden Mineral AB
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W2
225,9400
22,3500
248,2900
531,0800
515,0900
3,5142

6
224,3700
22,1000
246,4700
529,1300
513,2400
3,5588

14
219,4000
22,2700
241,6700
523,3900
507,3500
3,5746

Figure 13 Specific gravity test setup

4.5

UCS test

The strength test was performed in a uniaxial compressive strength test with a compression
speed of 1,5 mm/minute. The sample size of the samples were of typical soil sample specimen
with a diameter of 5 centimetre and a length of about 10 centimetre.

4.6

MRM leaching test

In this study, a method called MRM leaching test will be used to study the tailings and each
sample of backfill to evaluate the influence of sulphur. The test is specially developed for soil
which contains sulphur and aims to not only measure the pH but also the conductivity and redox
potential degree of the soil. This method is performed in several steps until the pH value is
stable. The study will not complete a full leaching test for the backfill samples but only perform
two steps. This was decided due to the methods original purpose to identify acidic sulphur soils,
which is not the case in this study. The second step will be performed as a control that the values
are correct during the first leaching test. It is also not likely that the backfill in the mine will be
exposed to additional water after the stope has been fully filled and closed, but the second
leaching step will represent the scenario of a second addition of water that will drain through
the backfill.

4.6.1

Pre-investigation of tailings with MRM test

A pre-investigation was performed to get the initial values of the tailings to be able to evaluate
the result from the cement mixtures in the laboratory test. The sample is first dried in room
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temperature for about 24 hours. 25 g of the dried soil is then put into a filter made from a thicker
paper and 75 g of deionized water is poured into the filter with the soil sample. The sample is
then left until the water has passed through the soil sample and is collected in the cup beneath
the filter and tested within an hour. The conductivity, pH and ORP (redox potential) is
measured, in the mentioned order, on the water that has drained through the soil sample. The
next step in the process, is to dry the filter with the soil sample in an oven and repeat the process
of poring deionized water and measuring the properties of the filtered water until a stable pHvalue is reached or 10 leaching steps.
The MRM test was performed two times (sample A and sample B in Figure 14) on the tailing
and gave a similar result and can be seen in Table 6. Additional to the MRM test a standardized
pH measuring was conducted with a sample/water- ratio of 1:3 in deionized water and tailing
mix. The pH value of 4,91 was similar to the first MRM leaching step with a value of 4,9 (see
Table 6). In Figure 14 the two different test setups can be seen. The equipment used during the
test for conductivity a VWR CO30 model, for pH a VWR pH 10 model and for ORP a VWR
ORP15 model. It was decided to only use the MRM leaching method on the cement batches
due to similar result of pH of the tailing with both methods, but also to be able to measure
conductivity and redox potential of the samples (which would not be possible in the test with
sample and water mixed to the left in Figure 14).

Figure 14 pH measuring Standardised and MRM leachate test
Table 6 MRM leaching test data of tailing

pH and MRM leachate test (test 1 hour after preparation)
Date
2018-06-01 (1)
2018-06-04 (2)
2018-06-05 (3)
2018-06-08 (4)
2018-06-14 (5)

Sample
A
B
A
B
A
B
A
B
A

pH (Soil+Water)
1:3
4,91
-

Conductivity
[μS/cm]
1575
1515
1250
1410
600
530
380
370
420
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pH value
4,9
4,9
4,17
4,13
3,81
3,82
3,53
3,52
3,17

Redox potential
(ORP)
216
215
263
272
307
312
325
335
3,66

2018-06-15 (6)
2018-06-23 (7)

B
A
B
A
B

-

420
285
280
490
630

3,11
3,33
3,32
3,04
2,93

363
318
153
381
375

The mean value result of the MRM leaching test of tailings is presented in Figure 15. At the
left axis, the redox potential and conductivity is represented. The conductivity curve has similar
values at the two first leaching step to make a more drastic decrease from 1330 to 565 μS/cm
when step three is reached. The values for the conductivity are around the same level of
conductivity from step three. The redox potential (ORP) is positive and thereby more likely to
be taking place in a reduction by oxidation. The ORP values are increasing by about 100 from
leaching step one to four, to be decreased again at step five and six before the values end up at
the maximum value of 378 mV at step seven. The pH value is decreasing linearly from leaching
step one to five, where the values seem to stabilise and end up with a pH value of about 3. As
mentioned in the theory section, a soil with a pH value below 4 is classified as potential acidic
sulphur soil and a pH value below 4 is only possible when the sulphur content is high in the
soil. From this it is possible to say that the tailing contains an amount of sulphur, but not possible
to say how much. The tailing is also assumed to be exposed to oxygen and water drainage, due
to storage outside in the open at the mining facility which could have an effect on the values.
The MRM leaching test is developed to test undisturbed sulphur soil and it is therefore not
possible to use the same assumptions and classifications for tailing, but only an indication of
acidity and potential sulphur content.

MRM LEACHING TEST OF TAILING
Tailing conductivity

REDOX POTENTIAL [mV]
CONDUCTIVITY [μS/cm]

1600
1400

Tailing pH
6.00

1545

5.00

1330
4.90

1200

4.00

4.15

1000
800

3.82

3.53

3.14

565

600

375

0

216
1

268

310

2

3

2.00
283
378

330
183
4

3.00

560

420

400
200

2.99

3.33

pH VALUE

1800

Tailing redox potential (ORP)

5

236
6

1.00
0.00

7

LEACHING STEP
Figure 15 MRM leaching test of tailing from Renström mine

4.6.2

Tailing fraction size analysis

An additional 2 steps MRM leaching test was performed on different tailing fractions to
investigate if there could be any indications of higher sulphur content in a specific fraction size.
This test was initiated after a difference in colour of the different fractions was noticed during
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the particle size distribution measurements. In Table 7 the data is presented from the test of the
different fraction and in Figure 16, Figure 17 and Figure 18 the measurements is visualised in
relation to each other.
Table 7 MRM data of tailing fraction size

First leaching step (4/618)
less than 63 μm
63 μm
125 mm
250 mm
Second leaching step
(5/6-18)
less than 63 μm
63 μm
125 mm
250 mm

CO [mV]

pH value
2450
1545
1875
2250

CO [mV]

ORP [μS/cm]
4,83
4,76
4,85
4,89

pH value
1250
275
365
515

226
225
220
212
ORP [μS/cm]

4,08
3,92
4,1
4,11

292
306
302
305

The conductivity measurement in Figure 16 shows that the values are variating between the
different fraction sizes. The smallest fraction “less than 63 μm” has the highest values and the
63 μm has the lowest values, followed by the 125mm and 250 mm fraction. The difference
between the highest and lowest value in the first leaching step is almost about 1000 mV and all
of the curves show similar behaviour. The order of the curves between the different fractions
are not in a logical order, which means that the conductivity is not possible to use as a predictor
of different fractions in tailings.

CONDUCTIVITY OF DIFERENT FRACTION SIZES
250

125

63

less than 63

3000
2450

Conductivity [mV]

2500
2000

2250
1875

1500

1250
1545

1000
515
500

365
275
2

0
1

Leaching step
Figure 16 Conductivity measurement according to MRM leaching method of tailing for different fraction sizes

In Figure 17 pH measurement is shown for the different fraction sizes of tailing. All of the
fractions are similar in values even if the 63 μm fraction has a slightly lower pH for both the
first and second leaching step. The difference between the first and second leaching step is less
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than one level on the pH scale, i.e. about 0,8 in difference, which is very small. The difference
between the different fractions in the first leaching step is about 0,1.

pH OF DIFFERENT FRACTION SIZES
250

125

63

less than 63

5.1
4.9
4.7

4.76

pH

4.5
4.3

4.1

4.1
3.9
3.92

3.7
3.5
1

2

Leaching step
Figure 17 pH measurement according to MRM leaching method of tailing for different fraction sizes

The redox potential (ORP) for the different fraction sizes is presented in Figure 18 and shows
that the different fractions have similar behaviour. Values of both the first and second leaching
step are almost the same for all of the fractions. The first leaching step presents values between
about 210 and 230 and the second step between about 290 and 310. The lowest ORP value is
given by the 250 mm fraction in the first leaching step and is given by the “less than 63 μm”
fraction in the second leaching step, which indicate that there is not a large difference between
the fractions that could identify a certain fraction to have a higher sulphur content for sure. All
of the data from the test is found in Table 7.

REDOX POTENTIAL OF DIFFERENT FRACTION SIZES
250

125

63

less than 63

330

Redox potential [μS/cm]

310
290
270
250
230
210
190
170
1

2

Leaching step
Figure 18 Redox potential measurement according to MRM leaching method of tailing for different fraction sizes
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4.7

Sample preparation

Samples with four different cement content were prepared and the different batches were mixed
according to the recipe in Table 9. Two series with the same amount of cement were prepared
and is mentioned as Series A and Series B (in sample name the final letter represent the series).
First, the needed tailing was measured and mixed together with process water. When the tailing
and water were well mixed, for about 5 minutes, the cement was added and mixed for another
10 minutes. The mixture was then poured into the sample tubes during a constant stirring of the
mixture, to avoid separation of the mixture.
The tubes were prepared with a cover in one end consisting of a rubber cup and isolation tape.
After the mixture was poured into the tubes a filter was put in the other end of the tube and
fixated with tape between the tube and the filter. The tubes were then put into the glass container
with the filters located in the downwards direction with a load on top of the sample to drain
water from the samples. After one day the samples were turned 180 degrees, still with a load
on the top, and the glass container was filled with water for some centimetres, see Figure 19.

Figure 19 Glass container storing the samples with a weight on top of a filter that is inserted in the tubes

The recipe used in Renström mine is based on a volumetric system where the wet weight of the
tailing will decide the weight percentage needed for cement and water. The weight will then be
converted to cubic meter per hour in the system that controls the producing and transportation
of the backfill to the stope. An example of a 12 % cement content recipe calculated to put into
the system can be seen in Table 8. The recipe in Table 9 has been translated into the correct
amount and is the recipe that has been used in this project, where the grey areas give the added
amounts.
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Table 8 Example of the recipe used in Renström mine system

Data
Wet tailing =
Solid weight percent =
Calc. density tailing =
Cement percent =
Water content tailing =
Calc. density cement =

100
65
3,6
12
12
3,1

ton/h
%
ton/m3
%
%
ton/m3

Table 9 Recipe used for sample preparation

Water added
Water content for tailing [%]
Wet Weight of sample [g]
Weight of water [g]
Dry sample without binder [g]
Binder Amount [%]
Binder added by WET weight [g]

4.7.1

2232
9,5
5000
433,79
4566,2
12,0
600,0

2232
9,5
5000
433,8
4566,2
10,0
500,0

2232
9,5
5000
433,79
4566,2
8,0
400,0

2232
9,5
5000
433,8
4566,2
4,0
200,0

Temperature measurements

For each cement content, one temperature sample was prepared. The temperature device
consists of a logger (with both online and offline logging possibilities) and temperature sensors
in the format of wires. The wires used has a sensitivity of 0,5 degrees Celsius (Forsberg, 2018).
Collection of temperature measurement was collected every 2 minutes with an Intab AAC-2
measuring device, where the sensor was placed in the middle of the samples. An additional
temperature sensor was put into the water in each glass container and the change in room
temperature was collected afterwards for the first laboratory test. The second laboratory test
followed the same procedure and used the same equipment, but the room temperature was
measured both before and during the test.

22(42)

5 Results
5.1

UCS test

The summary for all content in Figure 20 shows that the values at 90 days gave lower strength
than after 7 days. The strength overall varies up and down for all the content and could depend
on many things e.g. water content, defects in the samples etc. and is therefore difficult to
determine any logical relationship. The only clear result is that the 4% cement content is too
small to make an increase in strength in the long run. The strength curves for each cement
content is presented in more detail in Appendix C: UCS test

SUMMARY STRENGTH
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Figure 20 Summary of strength result for all cement content

In Figure 21 a summary of the mean values from each batch and cement content is presented
with curves to make it easier to evaluate the strength growth behaviour. At 7 days, the values
are presented in a logical order with an increasing strength with an increasing cement content.
It already shows high values in strength. At 14 days it would be reasonable to believe that the
relationship would still be the same, even if the curve representing the 10% cement content
present a drastic decrease with a value of 0,35 MPa. This small value should be evaluated with
caution, due to the high values in both 7 and 28 days. From 28 days to 90 days a decrease in
strength can be seen for cement content 8, 10 and 12 percent and shows similar values between
about 0,5 to 6,5 MPa. The curve representing 4% cement content stays almost at the same
strength level through the whole curing period at a value of around 0,2 to 0,3 MPa. This curve
is the only curve that increases in strength from 28 to 90 days, even if the increase is small.
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SUMMARY MEAN VALUE CURVES
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Figure 21 Overview mean value curves for strength

5.2

Water content

In Figure 22 an almost linear pattern can be seen for almost every cement content from day
seven, which also is expected due to the filters that are used to drain the water. The initial value
for the different cement content is about the same for all of the cement content except for the
cement content with 4%, with about 10% more water content.
The 12 % cement content has a large peak in 14 days with a water content of 33,50 % which
probably explains the low strength value shown in Figure 21 above. The 10% cement content
has a slightly lower water content in this peak, which also gives a result of a peak in strength in
Figure 21 above. If the extreme values are ignored the values seem to follow a linear pattern
from day 7 and have almost the same amount of water.
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WATER CONTENT FOR DIFFERENT CEMENT
CONTENT
70.00

WATER CONTENT [%]

60.00
50.00

57.90
46.96
47.97
49.17

40.00

33.50

30.00

24.37

27.1522.43
22.20

20.00

22.24
22.21
21.73

23.53

23.60

21.01

19.45

22.32
20.54
21.59
21.39

10.00
0 DAYS

7 DAYS

12%

14 DAYS

10%

8%

28 DAYS

90 DAYS

4%

Figure 22 Water content of sample related to cement content

5.3
5.3.1

MRM leachate test result
Conductivity test

Due to the inability to establish a logical fraction size related to the conductivity for the
tailings in the pre-investigation, this measurement is not of interest for this laboratory study
and is thereby not presented in the result, but can be found in Appendix D: MRM
measurement. The result gave a similar pattern and values for all of the higher cement
contents (8 %, 10 % and 12 %) and a lower value for the lower cement content (4 %), which
is a similar behaviour as the following test of pH and redox potential.

5.3.2

pH test

The summary, in Figure 23, of the first leachate step shows that the pattern and pH-level are
about the same for all mixtures except for the 4% cement content which is lowered more
drastically. The mixture of 4% cement content still has a basic pH value (where pH 7 is
neutral) at the lowest notation for the 90-day sample. The cement content mixtures with 12%,
10% and 8% almost have the same pH through the whole sequence and are following the
same path. Presentations of each cement content is presented in Appendix D: MRM
measurement.
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FIRST LEACHATE STEP, PH CEMENT CONTENT
SUMMARY
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pH B 10%
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Figure 23 Summary pH measurement of first leachate step

The same pattern as for the first leachate step (Figure 23) is shown in the second leachate step
in Figure 24, with the 4% cement content giving a lower pH value. But the value is still around
10 in pH for the 4% mixture, same as for the first leachate step, and the other mixtures pH has
been lowered slightly from around 12 to around 11 instead.

SECOND LEACHATE STEP, PH CEMENT
CONTENT SUMMARY
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Figure 24 Summary pH measurement of the second leachate step
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28

90

5.3.3

Redox potential test

A summary of the oxidation curves for cement content 12%, 10%, 8% and 4% of the first
leachate step is illustrated in Figure 25. Cement content 12%, 10% and 8% is gathered in the
same area crossing each other several times until the 28-day point is reached. The curves
follow the same pattern by increasing in oxidation in the order of 4, 8, 10 and 12 (presented in
order of highest oxidation value) at day 90. The curves that are standing out from the others is
the curve of 4% cement content, which shows higher oxidation values through the whole
sequence. The curve follows the pattern of a decreasing value for day 28 before the values
start to increase more intensively again.

FIRST STEP, ORP CEMENT CONTENT SUMMARY
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Figure 25 Summary of oxidation first leachate step

The second leachate step is summarised in Figure 25 below. The already noticed pattern of a
W-shaped curve is confirmed for the second leachate curve below. A smaller decrease can be
seen in 28 days which then increased again until day 90 is reached. The oxidation rate
between the different mixtures are close in values. The lowest value at -105 mV is represented
by series B with a cement content of 12%. The pattern of higher oxidation rate with less
cement content is represented also in the summary for the second leachate step.
This behavior indicates that the redox potential does not have a clear relationship between the
different amounts of cement, even if there is a small difference between them at some periods.
But these small variations between the different cement contents still indicates that there is a
slightly higher potential for a reaction to take place if the cement content is smaller. This
potential is especially clear for the 4% cement content, where the values are separated from
the others during the whole testing period. For more detailed information about each cement
content see Appendix D: MRM measurement.
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SECOND LEACHATE STEP, ORP CEMENT
CONTENT SUMMARY
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Figure 26 Summary of oxidation second leachate step

5.4

Temperature measurement

A small peak is shown in the beginning, at about 24 hours after the start, for all of the
measurements with different cement content. The difference in the initial peak is around 2
degrees more or less for all of the curves. From field observations it is known that the backfill
temperature will increase with several degrees during curing. The temperature in concrete is
known to increase in temperature with larger differences than this laboratory showed and is
expected to be larger than the temperature increase in backfill. But as has been seen in the above
measurements there is not a large change during the first hours compared with the change
during the whole sequence, which seems to be dependent on the small sample size of 5 diameter.
The small variations during the latter part of the measurement could depend on activity in the
laboratory, where the samples were stored. See example of the 12 % cement content
measurement in Figure 27.
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25
24
23
22
21
20
19
18
17
16
15
2018/06/07 12:52
2018/06/08 02:26
2018/06/08 16:00
2018/06/09 05:34
2018/06/09 19:08
2018/06/10 08:42
2018/06/10 22:16
2018/06/11 11:50
2018/06/12 01:24
2018/06/12 14:58
2018/06/13 04:32
2018/06/13 18:06
2018/06/14 07:40
2018/06/14 21:14
2018/06/15 10:48
2018/06/16 00:22
2018/06/16 13:56
2018/06/17 03:30
2018/06/17 17:04
2018/06/18 06:38
2018/06/18 20:29
2018/06/19 10:03
2018/06/19 23:37
2018/06/20 13:11
2018/06/21 02:45
2018/06/21 16:19
2018/06/22 05:53
2018/06/22 19:27
2018/06/23 09:01
2018/06/23 22:35
2018/06/24 12:09
2018/06/25 01:43
2018/06/25 15:17
2018/06/26 04:51
2018/06/26 18:25
2018/06/27 07:59

TEMPERATURE [C°]

12% CEMENT 7/6-27/6-18

Figure 27 Temperature measurement for 12% cement content during 20 days

5.5

Second laboratory trial

In the first UCS tests performed in this study, a test was performed after 7 days, which is a
first for this backfill in Renström. The values from the 7 day tests were slightly higher than
the 90-day strength. For the mine, time is an important factor that can affect the production
costs and a possibility to mine an area sooner, which is something to strive for. As mentioned
before a temperature curve for concrete can be used to predict strength and, in this case, the
first peak was shown after about 24 hours. From this information, a small additional
laboratory trial was initiated with the objective to investigate if the strength in the middle of
the 24 hour peak would be enough to be tested in a UCS test.
A large difference in strength was seen between the 4% and 8% cement content (see Figure
21) and it was thereby assumed that the amount of cement in the 8% content samples was
enough to start the cement reaction. It was decided that only one content needed to be tested
and the 8% cement content was thereby chosen. The test was prepared similarly to the first
test with samples according to the description in the methodology section and the UCS test
was decided to be performed after 24 hours, “in the middle of the temperature peak” shown in
previous test. Two samples were prepared C-8-1-1-AT and C-8-1-1-BT.
The room temperature was measured in the area before the test was started and gave a mean
value of 23,3 Celsius degrees with a standard deviation of 0,2 degrees. The temperature of the
samples after one hour after preparation was about 26 degrees Celsius, as can be seen in
Figure 31, and began to decrease directly after the measurement was started. The
measurement was started one hour after preparation of sample C-8-1-1-AT and about 30
minutes of sample C-8-1-1-BT, but shows similar temperature and behaviour at the same
point in the measurement. After the decrease of temperature in the beginning, the temperature
stays at the about the same level during the test and no further peaks are possible to detect.
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Even if the temperature was not increasing a test was initiated after 24 hours. When the tube
was opened some centimetres of water was seen on top of the sample and a smooth surface
where the sample started. But when the sample was opened in the second end (the bottom
end) the backfill was noticed to be creamy, see the top picture in Figure 28. The sample was
possible to push out from the tube but collapsed by its own weight before the sample was
fully pushed up from the tube. The test was thereby interrupted and the water content from the
top and bottom was analysed and can be seen in Table 10. The water content could already be
noticed to be higher in the top section of the sample, which also is confirmed in the water
content measurement where the top has a water content of 41,63 % and the bottom only
36,25%. The higher amount of water in the top could depend on the density of the material,
where the smaller fraction stays in the top and the heavier particles sinks.
A water content curve from initial batch content to 48 hours has been plotted in Figure 30 and
show a decrease in water content from the initial value to after 24 hours with about 10% and
then remain almost the same from 24 to 48 hours. In Figure 28 the condition of the sample
after 24 hours is presented, where the different degree of curing can be seen in the bottom
right picture. In the bottom picture to the left, the sample has started to collapse by its own
weight.
Table 10 Water content measurement data of 24 and 48 hours samples

Water content Batch 1
Cup name Cup only [g] Cup+wet sand [g] Cup+dry sand [g] Water content [g] Water content [%]
xs
0,95
47,93
31,96
15,02
48,44

Water content Batch 2
Cup name Cup only [g] Cup+wet sand [g] Cup+dry sand [g] Water content [g] Water content [%]
M6
0,96
75,87
50,66
24,25
48,79
Mean value batch 1 and 2 48,61

Water content 24 hours sample
Cup name Cup only [g] Cup+wet sand [g] Cup+dry sand [g] Water content [g]
Top, 1
0,95
80,9
56,73
23,22
Bottom, 3 0,95
76,55
55,74
19,86
Mean value:

Water content [%]
41,63
36,25
38,94

Water content 48 hours sample
Cup name Cup only [g] Cup+wet sand [g] Cup+dry sand [g] Water content [g]
28
0,96
80,11
56,47
22,68
6
0,97
68,13
48,48
18,68
Mean value:

30(42)

Water content [%]
40,86
39,32
40,09

Figure 28 Pictures of 24 hours test

The remaining samples were left to cure for another 24 hours. The curing was more even in
the sample after 48 hours, but it was sliding out from the tube by its own weight and was
thereby not possible to test, see Figure 29. The water content was also analysed for this
sample and gave similar values to the 24-hour sample. The data can be seen in Table 10. The
test was ended after 48 hours, but a temperature measurement was continued for a few extra
days to see if a new temperature peak was to be seen at a later stage (which was not the case).
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Figure 29 Sample after 48 hours

WATER CONTENT SECOND TRIAL
Mean value 8% cement
60.00

WATER CONTENT [%]

50.00
40.00

48.61

30.00

38.94

40.09

24

48

20.00
10.00
0.00
0

HOURS OF CURING
Figure 30 Water content of a second laboratory test (24 and 48 hours)
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8% CEMENT 31/10-5/11-18
C-8-1-1-TA

C-8-1-1-TB

WaterTemp

RoomTemp

Temperature [c°]

27

24.5

22

19.5

Time
2018-10-31 14:50
2018-10-31 18:20
2018-10-31 21:50
2018-11-01 01:20
2018-11-01 04:50
2018-11-01 08:20
2018-11-01 11:50
2018-11-01 15:20
2018-11-01 18:50
2018-11-01 22:20
2018-11-02 01:50
2018-11-02 05:20
2018-11-02 08:50
2018-11-02 12:20
2018-11-02 15:50
2018-11-02 19:20
2018-11-02 22:50
2018-11-03 02:20
2018-11-03 05:50
2018-11-03 09:20
2018-11-03 12:50
2018-11-03 16:20
2018-11-03 19:50
2018-11-03 23:20
2018-11-04 02:50
2018-11-04 06:20
2018-11-04 09:50
2018-11-04 13:20
2018-11-04 16:50
2018-11-04 20:20
2018-11-04 23:50
2018-11-05 03:20
2018-11-05 06:50
2018-11-05 10:20

17

Figure 31 Temperature measurement second laboratory trial 24-48 hours

6 Analyse and discussion
6.1
6.1.1

Pre investigations
Water content

During the mixing of samples, it was noticed a direct separation of water from the mixture. This
water was poured off before storing, which could be a factor to consider when evaluating the
strength values that are presented and could give higher strength than a sample with higher
initial water content, which is related to the w:c-ratio that was shown in section “Factors
influencing the strength”.
During the second laboratory trial, the separation of water that was shown on the top of the
samples during the preparation was evaluated to be less, than during the first trial. This could
be dependent on the smaller batches that were prepared (1/4 of the batch size prepared in the
first laboratory trial) and thereby a faster reaction that would be starting when the material was
mixed. Another factor to consider was the slightly smaller amount of water due to 1% lower
water content in the tailing when preparing the second laboratory trial compared with the first
laboratory trial. This will also affect the strength, but due to the failed attempt to perform a UCS
test on the samples, this means that the water in the sample should have been higher and thereby
even more likely to fail to test. If the test wouldn't have failed, this would be a factor that had
to be taken into consideration. The test could possibly be conducted in a uniaxial compressive
test to get the strength when the strength is low, this is performed in a vacuum. For further
testing, bigger samples should be used to be able to get the same reaction velocity and the
smaller the size the faster the measuring equipment needs to be installed.
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6.1.2

MRM leaching pre-investigation test

Tailing analysis
A soil with a lower pH than 4 is classified as a potential acidic soil and can only be reached if
the soil contains a high amount of sulphur. The tailing started at a pH value of 4,9 and quickly
reached a value around 3. This is in accordance with the chemical analysis made during the
year 2016 by Boliden Mineral AB, which showed a sulphur content of about 19% in the
tailing. The MRM leaching test cannot predict an exact amount of sulphur in the sample but
could possibly be used as an indicator of more or less sulphur content of the tailing that is
used in the process. Because, as mentioned in the theory section, it is known that a material
containing cement together with sulphur can with time decrease in strength, it would be good
to establish the variation of Sulphur content as time progresses when used in the production.
A relationship between actual sulphur content and MRM values could possibly be developed,
but this should be evaluated and further investigated and be related to the behaviour of the
backfill. Due to the lack of knowledge about what the conductivity and redox potential values
represent in different material it is only possible to compare the same type of materials and
not possible (in this case) to compare with sulphur soil values. Thereby has no range chart
been presented and this needs to be established for the tailing if the method should be used as
a predictor of sulphur content in the further mining production and be used as an indicator of
needed cement amount to ensure the strength goal.
The tailing is also assumed to be exposed to oxygen and water drainage, due to storage
outside in the open at the mining facility, which could have an effect on the values. This is
likely due to rain and a water sprinkler that is used during the summer to avoid that the wind
brings tailing with it. This would mean that the tailing already is drained with water a couple
of times and thereby not undisturbed as the sulphur soil should be when the MRM leaching
test is initiated. This by itself makes it unsuitable to evaluate the tailing according to the
MRM leaching test classifications for undisturbed sulphur soil.

Fraction analysis of tailing
The conductivity measurement showed variation among the different fractions. But only the
63 μm fraction in the pH measurement showed a difference in value, which was the fraction
with the lowest conductivity. This could possibly be an indication of slightly higher sulphur
content, but again the variation is small and could depend on other factors too and should be
investigated further. But this could still be an indicator of varying chemical composition in
different fractions, which could possibly affect the backfill if a larger amount of fines is used.
A varying amount of fraction is known and was possible to identify in the particle size
distribution curves presented in Figure 9, Figure 10 and Figure 11, where the 63 μm is
varying between about 10-50%.

6.2

UCS

If the values are compared from the different cement contents it is almost the same values of
both the 7 and 90-day test. This could depend on the samples with inhomogeneities, but it could
also indicate that the strength of the samples is starting to decrease due to sulphide content or
other. But a good thing is that the samples already have gained enough strength to be able to
stand for itself after 7 days. This was the main reason to test the samples earlier to see when the
strength was enough to stand for itself and be tested in a UCS test. Due to a high amount of
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water in the recipe, it was likely that the samples would have a slower gain of strength compared
to concrete.
The sample size is a factor in this study that probably influences the strength development
velocity. In this study, samples were tested after 7 days, which was unsure if this would be
possible before the test was performed. The 4% cement was the only samples that showed a
lower strength and was loose when the sample was removed from the tube. With this in mind,
the gained stability found in the 24-hour sample was impressive, even if this sample was too
loose to be able to test it. But again, this could possibly be influenced by the small sample sizes
and should be tested with larger dimensions to evaluate if this study result is reasonable or if
they are showing higher strength.
The samples of the second trial were supposed to be tested after 24 hours, which should be in
the middle of the temperature peak. Due to the absence of a temperature peak it is not reliable
to test the samples at the same time interval, with that said, the very low strength result is not
guaranteed to be the case if the study would be performed again. That means that the tests
need to be performed again, and with samples of a larger size, to be able to tell when the
samples would have reached enough strength to be able to perform a UCS test. The
samplesshould also be tested when an actual temperature peak is shown to be able to confirm
the true 24-hour strength. But as mentioned before, the sample size could have an influence
and it is possible that the temperature peak will appear at another time interval.
In the maturity method, samples have to be tested in the time interval of 1, 3, 7, 14 and 28
days to determine the relations needed for the strength development. From the result in this
study, it seems unlikely to be able to apply the method directly on a cemented hydraulic
backfill, due to the small amount of cement and would probably be adjusted in relation to the
cement amounts.

6.2.1

Water content related to strength result

The result shows the water content decrease during the first seven days and also that the
content remains about the same after day seven. A slightly higher initial value was shown for
the batch with 4% cement, which later shows about the same amount of water content as the
others. This could easily be explained by the high degree of separation during mixing and
should mean that the sample taken from the batch with the smallest cement content would
have a higher tendency to separate. With a smaller amount of cement that binds the particles,
it is likely that the smaller cement content used would be the most affected. The batch would
thereby already be separated when the sample was taken, even if the batch was continuously
mixed during the sampling.
The water content that is used in the samples will be lowered faster in a smaller sample with a
filter than the water content would be lowered in a stope in the mine. According to the w:cratio relationship, the water content plays an important role and it is likely to believe that the
strength in the drained laboratory samples will increase in strength faster than a backfilled
stope would. The laboratory samples would also reach a higher strength value. Some of the
values in the UCS test showed a low strength result without any visible defects on the samples
and this is likely to depend on a poorly functional filter and should be strongly questioned.
The different possible drainage velocities through the filters used should also be taken into
consideration when evaluating the result, but due to similar behaviour, this difference seems
to be small in this laboratory study.
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6.3

MRM leaching test

All of the overviews, of the different steps in the MRM leaching step, showed a similar scenario
of the first step for conductivity, pH and ORP. This scenario is that the cement content of 4 %
is standing out from the other cement contents and the other cement contents 8%, 10% and 12%
are presenting almost the same value and cross each other's curves at some places. This
indicates that the method is not suitable for a quality measurement among higher cement
contents but could possibly be used to indicate if the cement content is as low as 4%. When the
cement content becomes low the sulphide content seems to play a bigger part and is shown by
higher ORP values and lower pH value.
The pH values were expected to be lowered during the curing time due to sulphide rich tailings,
but the change for the higher cement contents (8 %, 10 % and 12 %) was more or less the same
for 90 days. Only the cement content of 4% was lowered with about 2 pH levels during the 90day curing time, which indicates that the sulphide has a larger impact. The negative values of
ORP also indicate that the mixture is less likely to oxidize. This could mean that a higher cement
content will be less sensitive to the effects of a sulphide-rich tailing and thereby give less
reduction of strength in the long run. But this needs to be investigated further to be able to
confirm the relationship if this method should be developed and possibly used in the future.

6.4
6.4.1

Temperature measurement
First laboratory trial

The measurement of temperature showed less variation than expected and the variations could
be evaluated to be within the limits of expectable temperature variations. Due to an
environmental effect with about a maximum value of two degrees difference and one-degree
difference during the long run in the room, it is likely that these small changes would affect
the small-sized samples. But the small peak in the beginning, that was slightly higher than the
rest, was experienced at almost the same period of time, about 24 hours after mixing, for all
the cement contents. The samples were developing strength during curing which confirms that
the cement amount was enough to start the reaction and a temperature variation could thereby
be expected according to the measurements used in predicting strength in concrete structures
mentioned in the theory section. With this in mind, it seems likely that the first peak with a
slightly higher value is a confirmation of a possibility to develop a strength predicting method
for backfill.
The temperature is known, by field experience, to increase in large stopes. This is why a
larger sample with the only purpose of confirming a temperature increase wasn't performed,
with the reason that this would not give any useful information without UCS testing involved.
It is logical to believe that the size is a factor that played an important part in the study of
backfill. With less reacting cement compared to concrete it would in theory also develop less
temperature and especially in small scale and be more affected by the environmental
temperature. This could indicate that the laboratory trial is not suitable due to the scale of the
sample, which gives the surrounding temperature a large impact on the result. The change in
temperature during the test seems to change due to an open door and a lowering in
temperature during the night and not due to chemical reactions. To be able to get any reliable
values the temperature needs to be measured in an environment with a more stable
temperature and the samples need to have a much greater size. The time limit of the project
was the reason that it was not possible to perform a new test with larger samples, in a fully
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temperature controlled climate, to possibly determine the data needed to determine the
laboratory relations according to the maturity method. But this would be the next step, after
investigating the maturity methods compatibility to backfill, which should be investigated and
complimented with temperature measurements in field. A measurement in field could easily
be conducted with a portable temperature measurement device where the temperature
development should be evaluated related to the laboratory test.
The maturity method could be a good indicator of strength for a mining environment, due to
the constant temperature that is held in an underground mine. When measuring temperature in
concrete structures a factor of differentiating temperature during curing has to be taken into
account and will affect the final strength result in the structure. This will not be an issue in a
temperature controlled mining environment, which would mean that the strength prediction of
the backfill could give strength indications closer to the truth than what measurement of a
concrete structure could give. This method is still used and accepted as a non-destructive
strength predicting method for a long period of time within the construction industry. The
constant temperature in a mining environment could, in theory, be used as a large laboratory
environment and the possibility to determine the strength growth relation to temperature
would be possible to determine in field. The issue with the field measurement would be to get
representative strength samples from the measured backfill and to test the samples without too
much interference and disturbance influencing the sample and its properties.

6.4.2

Second laboratory trial

A temperature peak was not shown at the same temperature interval as was shown in the first
laboratory trial, i.e. after about 24 hours after preparation. The only time when the
temperature was increased was after one hour after preparation of the samples. This could be
an effect of smaller batches, i.e. ¼ of the batches used in the first trial was prepared and this
would mean that the cement in the batch would have the possibility to get in contact with the
tailing faster and thereby start the reaction sooner. Because no other temperature peak was
shown after mixture, it is likely to believe that the initial temperature peak that could be seen
after 24 hours in the first laboratory trial was already reached after one hour in the second
trial. To be able to determine an interval when the temperature peak is likely to appear more
test needs to be performed. This could be an exception and needs to be investigated further to
be able to predict any behaviour. Another factor that could influence the samples is the fact
that the samples are small and put into water.
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7 Conclusion
The study result shows inability to perform UCS test on backfill after 24 hours, which makes
the use of maturity method unsuitable. The strength development curve in the maturity
method is formed from the result of UCS testing after 1, 3, 7, 14 and 28 days. With the
backfill recipe used it is not likely that the strength is possible to establish during the three
first days of curing. If the method is to be used the method has to be adapted to the backfill
behaviour and from this develop new criteria.
Further, the temperature relation has to be determined if the maturity method is to be used. To
be able to truly determine the strength and temperature relationship a study with much greater
samples sizes has to be performed. The backfill has a known ability to develop a temperature
increase large enough to be detected through a shotcrete wall with the body as the only tool.
But to be able to tell when the intervals of temperature increase will occur there is a need for
larger sample size and could also possibly be determined in field due to the constant temperature
in the mine. Due to the difficulty of collecting undisturbed samples that are representable for
the backfill in field, the laboratory trials should be conducted simultaneously. In doing so the
smallest possible size of the samples needed to develop a temperature increase big enough to
determine the strength relation should be investigated.
The MRM leaching test showed less difference than expected and the higher amounts of cement
gave values that were about the same, which made it difficult to separate the different mixtures.
The 4% cement content was the only content that showed a value that was differentiating from
the other in the different tests, conductivity, pH value and redox potential. When the cement
content is high the MRM leaching test was unable to be used to see an effect of the sulphur
content, but when the cement content was lowered the sulphur seemed to play a bigger part.
But this small cement content is not used in the mine and could thereby only be used to test
areas in the backfill that clearly has a much lower cement content than wanted. Thereby it is
not possible to determine any clear relations between the strength and the MRM test and neither
is it likely that the method is a good quality indicator for sulphur content or cement content
among the higher cement contents 8, 10 and 12%. The methods result also showed negative
values of the potential to be reduced by oxidation when the cement was present, but the method
is based on the relationship between different substances and not an exact scale, i.e. it is unlikely
that the material would be reduced by oxidation. The mixture with different component could
also be a possible interference with the result.
The MRM leaching test showed more promising results when the method was used on the
material tailing only and could possibly give more relaying result than when the method is used
on the final backfill. But to be able to use the method a new scale for prediction of normal and
extreme values of the new material has to be determined.
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8 Further studies
8.1

Investigated strength measurement methods

If an in situ field measurement method is important for Boliden Mineral AB it is still some
possibilities regarding the CPT and PMT equipment. Maybe some minor new inventions or
adjustments need to be done, but PMT has been used in mines with tailing and is still used in
other countries. The CPT has shown promising results with measurement up to 40 MPa in ice.
I believe it is a matter of time and money that has to be spent and not an impossibility to find a
method.

8.2

UCS test

I also believe it would be good to investigate in what time spectra the backfill would reach a
strength large enough to be able to stand for itself and to be UCS tested. This should be
performed both in the laboratory and field to be able to evaluate the impact the different
sample sizes have.

8.3

Sulphur content

Due to a known effect of strength reduction in cement material when sulphur is present, I
believe this is something that should be investigated further. Maybe in a relationship with
people at LTU that has chemical knowledge about concrete, which is a whole science
division. The MRM leaching test could possibly be combined with the chemical studies. The
test should then be evaluated and developed so it would be possible to evaluate a possible
decrease in strength in the long run by the mine.

8.4

Temperature measurement

Further investigations should be performed in field to investigate the initial temperature peak
in a larger stope. This could easily be done with a portable device on an offline logging mode.
The equipment used in this study is possible to use and is not expensive according to
personnel at LTU (Forsberg, 2018).
The temperature could possibly also be measured with fibre optics or an infra-red camera and
would be evaluated in the same way as in this study. If possible, samples should be collected
from the stope and tested at the peak of temperature to correlate the field relations with the
laboratory data. An infra-red camera could possibly give information about various reaction
state in different areas in the stope.
The maturity method should be further investigated and adjusted for the backfill. The needed
size for laboratory samples to develop a temperature increase large enough to evaluate the
temperature data is also something that has to be investigated to be able to determine the
laboratory data for the maturity method.

8.5

Drained water from stope

A study of the drained water from the stope should also be made, to see how much of the
cement particles that is washed out from the stope i.e. how much of the cement that is
resolved in the drainage water. From this, estimation should be made about the actual cement
content in the stope. At the same time, a measurement of the total amount of water that drains
out from the stope, to be able to better estimate the final water-cement ratio.
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Testing methods for in-situ strength of a
cemented hydraulic filling (CHF)
Abstract – This paper present different methods that
is commonly used to test different materials. Both conducted test, but also test that are available on the market
that has not been tested on a CHF is discussed. The goal
is to find a possible in-situ method that could be used a
Cemented hydraulic filling.
Some methods are limited when the material contain
water, metals and layering e.g. Seismic and electromagnetic methods. Methods that showed great potential is
the Standard penetration test (SPT), Cone penetration
test (CPT) and Pressuremeter test (PMT).
To perform these test as a standard in the mining
process. the method has to be fast and easy to use. The
size and the cost is also a limiting factor. The Method
needs to be able to perform test in both vertical and horizontal direction, which means that the standard equipment has to be improved.
Keywords – Backfill, CPT, investigation, PMT, SPT.

The general method used across the world to test backfill
is a full-scale laboratory test in slopes, to observe the changes in time. this test is based on what strength that is needed
for the barricade to stand without collapsing and not the hole
backfill strength. The temperatures and pore pressure is
usually also measured and core samples are collected for
strength tests.
Today, there are no methods for determining the in-situ
strength, but only the ability to test the surface closest to the
drainage wall or to perform different types of laboratory
trials. As mentioned earlier, the strength is higher by the
drainage wall and laboratory attempts will give a more homogeneous filling, which will give higher strength and thus
not be reliable. This is why a safety factor of 2.0 is used
today in the Boliden mine Rensström. Therefore, there is a
need to develop a method that enables in-situ strength testing of backfill.
The aim of this conference paper is to investigate different possible in-situ strength testing methods that are available on the market which potentially could be used on a Cemented hydraulic backfill in a backfilled rock space.

INTRODUCTION
With an increasing growing request for metals in society,
higher demands are placed on mines and with this an increasing production. The mines therefore strive to break
large rooms at as low cost as possible. For mines that are
applying the cut-and-fill mining method, this means that
they must have a good knowledge of their backfill and its
strength, to know for sure when it is possible to continue the
breakage of the ore.
One backfilling method is the Cement hydraulic fill
(CHF), which is a combination of tailings (mine waste in
fractions of a sand) and cement. The transportation of the
filling to the room is conducted with water in pipes, which
then is drained from the room. This method means that the
filling has a different burning time and gives a higher
strength of the fill closest to the drainage and a lower
strength inside the backfill.
The strength variation mainly occurs because the larger
fractions will settle faster closest to the pipe. The smaller
fractions will be floating for a longer period than the larger
and gives a higher concentration of small fractions in the top
layer. This also means that these small particles will follow
the drainage water and clog the filters. The most important
factor related to the strength is the water content. If the filters are clogged it is a guarantee that the backfill will contain a higher amount of water. the pipes are also flushed
after the room is finished, because the backfill contain cement. This will also increase the water content.
Another factor that will affect the strength is that the tailings will be settling faster than the binder and it is unclear
how this will change the results.

METHOD
The study has been performed in three “steps”. The first
was to look at already conducted methods and the next step
was to look at other possible methods that are available on
the market i.e. methods available for site investigations, soil,
rock, concrete and waste testing. The last step was to make a
more detailed investigation of the different methods that
potentially could be used to test a CHF.

RESULTS AND ANALYSIS
Conducted methods
Some testing methods has been performed before, but has
failed or have not given satisfactory results. Three different
methods have been performed in the same fill area in Boliden Renström mine, in a fill with a maximum strength of
about 2 MPa. A summary of the limits is presented in Table
1.
Surface concrete core-drilling
One of the methods that has been executed, before and is
the method that is currently used, is core-drilling with a
concrete drill. This was performed on the surface of a fill at
different locations. The drill was possible to drive with and
without a water flow. At first the operators tried to drill
without water, but the drill only got stuck in the fill and
could only drill a couple of centimetres. The operators then
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tried with water and could get out a core after some tries.
The main problem with this technic is that the drilling is
done by hand with a handheld drill and gave therefore not
correctly cylindrical samples which gave an inclined applied
load in the compressive test. The samples were also influenced by water.
Today there is a plan to build a stable construction to minimise inclination while drilling, but the core must still be
braked in the bottom and lifted by hand. The drill is too
heavy to be able to take samples from a wall and because
the samples has to be braked in the bottom it is only possible
to take samples at the surface.
Surface force gauge
The Surface force gauge was performed at the same time
and in the same locations as the concrete drilling. This
method is also one of the general methods that is used to test
backfill and can be compared with the knife method, where
the depth of the knife that has been pushed into the backfill
is measured.
the result was compared with the results from the concreate core-drilling. The force gauge was of the brand Mecmesin and a test is performed by pushing in a needle into the
fill and then out again to get the values of the resistance in
unit MPa. Because the load cell is handheld it is somewhat
limited by the operator’s strength to push it into the fill. But
the force gauge had also a limited measuring range and was
thereby overloaded a couple of times.
When the result was compared with the core samples, it
was concluded that the force gauge result showed about the
same or higher values. This was assumed to vary because of
the inclined compression test.
Because the needle is short it is only possible to measure
the values of the absolute outer layer of the fill if the wall
has to be intact.
Diamond core-drilling
Another method that also has been performed before, in
the same area of CHF as the concrete core drilling and the
surface force gauge, is core-drilling with a diamond drill.
The drillers were told to try to drill with only air and not a
water flow, but this was not possible because the CHF at the
surface was too strong. But when reaching the inner parts of
the CHF the strength of the fill became so low that the operators thought it was a large empty room inside the fill (but
this was not the case).
The diamond drill has a core sampler and was supposed to
collect the CHF-core, but because of the low strength in the
lower parts of the fill, only about the first 1,5 meter could be
collected.
The samples and result will be affected when the drill is
using water. The water that is needed will be adsorbed by
the core and affect the samples water content and even make
it more sensitive for brakeage. The water also flows around
the core and wash of the outer layer, which means that the
sample no longer will be cylindrical and cause problems
when the core is tested in the laboratory.
Long hole drilling
Because of the possible empty space inside of the fill, that
the operators of the diamond drill considered, a short while

after a filming was performed in the hole from the diamond
drill. But the fill was still burning and it was impossible to
see anything on the film because of the fog on the lens (the
camera was also very warm). Instead, a new hole was drilled
some time later, with a long hole drilling rig, of the model
Atlas Copco M7C, at the bottom of the stope. This hole was
also filmed and it was concluded that it only was the low
strength of the backfill that the operators of the diamond
drill had experienced.
During the drilling, it was noticed that the rig measured
values of back pressure in unit Bar. How this back pressure
is measured and what it actually measures is unclear. But
this could be a possible way of measure the strength if this is
measured with some kind of load cell.
A contact with the company was never accomplished and
therefore it is not possible to say exactly what these values
of backpressure indicate. But this method could be used in
combination with a more reliable method to compare the
result and maybe used as a less precise measurement in the
future.
If this method should be evaluated it is important that the
rig keep a constant velocity and/or pressure while drilling to
correlate with the combined method.
Limited methods
Different methods within site investigation, Geophysical
methods and concrete testing methods are presented and
analysed. A summary of the limits is presented in Table 1.
Electromagnetic methods
The ground penetrating radar (GPR) uses microwaves to
measure the reflections amplitude and travel time. Because
this method is dependent on electrical waves it will reflect in
water and the use in wet soils is therefore limited [1]. and
not a good choice for measurement in a CHF.
The magnetic method measures the earth’s magnetic field
and is therefore very sensitive to all metals [1]. This is not
suitable together with the CHF and the ore in the mines,
because the CHF in e.g. Boliden uses tailings from the ore
enrichment process and the ore contains different metals.
The CHF may also contain layering and/or cracks.
Seismic methods
The method measures the travel time of the waves in the
materials to determine the stiffness. It is possible to use both
p-waves and s-waves to measure parameters in soil. When
the method is used to determine e.g. soil parameters. The pwave is used to determine e.g. the groundwater table, otherwise it is only possible to measure soils with deep groundwater tables or it will measure the stiffness in the pore water
[3].
The s-wave can only travel in solid materials, which
means that ether the backfill need to be fully drained before
measuring the strength.
Another problem may be that the waves will reflect on
possible layering in the CHF and water content.
Crosshole or downhole seismic that is performed in boreholes should be possible to use if a tub or tubes is fixated
and installed in the fill before backfilling. the tubes need to
be fixed to each other to get the correct length that is needed
for evaluation of the result. But the downhole measurement
has problems with reflections on layers, as all of the seismic
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methods. It may be possible to identify the cracks but not
see behind them, which makes this method less attractive.
Ultrasonic pulse velocity method (UPV)
The method ultrasonic pulse is used to test concrete in finished concrete constructions in a non-destructive way. By
inducing pulses into the material and measure when these
are received, it is possible to calculated the velocity if the
density, elastic modulus and Poisson’s ratio is known [4].
The travel time depends on the materials density and elastic properties and the method can be used to determine quality or the elastic properties. Normally this method is used to
test timber or concrete but not metals. The quality is measured by reflected waves, which are reflected on defects. This
method can only be used in homogeneous materials like
metals or concrete to detect deviating structures, because it
will reflect in the composite of e.g. the concrete [4].

This method has the same problems as the electromagnetic and seismic methods, which means that the content, possible layering in the CHF and the ore will reflect the waves
and may give misguiding values.
Measurement of temperature
It is not possible to get any direct values of the strength of
the fill by measuring the temperature, but by e.g. filming the
fill, with a thermal camera, it may be possible to see the
progress of the burning process and see the distribution with
possible layering. This could be good to perform at the same
time as a real measurement of the fills, to get a clearer picture of the situation and possible layering in the backfill.
This information could be used to create simulations were
the strength related to the layering can be studied.

Table 1 Summary of excluded methods
Method

Limit

Surface Core concrete drilling

Only on surface, disturbed samples

Surface force gauge

Only on surface, small strength

Diamond core drilling

Disturbed samples, only high strength

Long hole drilling

Needs to be combined with other methods

Electromagnetic methods

Reflect on water and metals

Seismic methods

Reflect on water and layers

Ultrasonic pulse velocity method (UPV)

Reflect on Water, layers and metals

Temperature measurement

No values, needs to be combined with other methods

Possible methods
Standard penetration test (SPT)
The Standard penetration test method is mostly used to
determine the soil layers by measuring the resistance. The
resistance is measured by driving a split barrel sampler into
the soil with a hammer and the setup can be seen in Figure 1
below [1].
This method is normally used in soil and stops when the
bedrock is reached, but in theory one can imagine that this
would only depend on how much energy that is used to
penetrate the material.
The number of blows depend on a couple of factors i.e.
the diameter of the borehole, rod length, split spoon sampler
configuration, and energy applied [5]. Different correction
factors have to be applied depending on what type of rod
and length of the rod that is used.
If a rod without liner is used the n-value will have an efficacy of about 10-30% less, but can be compensated by using
a correction factor between 1.1 to 1.3 [5].
If the rod has a length that is less then 10 meters another
correction factor has to be applied, seeTable 2, because of
the reflected energy.

Figure 1 Overview of the SPT setup [7]
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Table 2 Correction factors for different lengths [5]

The borehole diameter and the applied energy will also
effect the n-value. For boreholes larger then 115 millimeters
a correction factor has to be applied e.g. a diameter of 150
millimeters a factor of 1.05 is used and 1.15 for a borehole
diameter of 200 millimeters.
Regarding the energy, when using a safety hammer, normally the efficiency of the energy is assumed to 60 %,
which means that the N-value becomes the N60-value and is
calculated according to equation 2 [5]. But the efficiency
differs among different hammers and practice. therefore,
different correction factors are used e.g. Automatic trip
hammer uses a factor between 0.8 to 1.5, donut hammer
between 0.5 to 1.0 and a safety hammers a factor between
0.7 to 1.2 [5].
!" =

$%&&'( '**+,+'-,.
/0

(1)

This method reaches about 15-20 meters where pieces of
1 meter of rod is put together while conducting the test.
Best fit in granular soils and the result should be question
if the test is performed in saturated cohesive materials [6],
because the result may shift dramatically depending on
moisture. Then the test should only be used as a first-hand
look.
SPT with the automatic hammer seems to have a too large
construction to fit into a mine, but no data could be found to
confirm this.
Cone penetration test (CPT)
Cone penetration test is a soil testing method that penetrate the soil by pushing a cone into the soil directly or in a
pre-drilled hole. Similar to the SPT method, this method is
usually used to determine the soil layers. This method is also
possible to combine with seismic wave measurement and
pore pressure measurement. During the penetration both the
sleeve friction and point resistance is measured in MPa [1]
and a typical output from a CPT can be seen in Figure 3.
Different types of machines can be used to push the cone
into the material, but the most common is to use a truck with
a hydraulic system inside to push the rods. It is mainly the
weight of the truck that have an impact on the ability to push
the cone and smaller machines may need to be anchored in
the soil to get enough force [9].
This method is less sensitive to local practice compared
with the SPT and it measure the resistance continuously. An
overview of the measuring device is presented in Figure 2.
This method needs in general a higher initial investment
compared to other probing methods. It also requires some
knowledge and education to handle the equipment and perform the test [7].

Figure 2 Overview of the CPT cone [8]
This method can give a temperature change to the material that is measured. The construction of the probe also needs
to be calibrated so the probe only measures the given force
and not any inner friction that can occur. Normally the maximum force that can be applied is between 50 to 100 kN, but
both lower and higher maximum load is available [8].
This method makes it possible to detect discrete horizons
that otherwise may have been missed [8].
The cone shall be pushed into the material with a constant
velocity and absolutely not with any rotation or blows. The
probe is pushed in vertically and should not have an incline
larger than 2 %. The test should be performed with a velocity of 20mm/s if the pore pressure is measured and 5 mm/s if
not. [10].
The cone itself is very robust, but generally CPT machines that is used may not have the capacity to continuously push in the cone in harder material. But a successful test
has been performed in ice with a strength of about 2 to 3
MPa. They used a standard Fergo electric CPT with a capacity of 100 kN. They also performed test in multi-layer ice
with this standard CPT equipment and it was fully functional up to a strength of 40 MPa, but at this stage the rod started
to bend and the test was interrupted [11].
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Comparison between SPT and CPT:
The tip resistance of a CPT can be correlated to the N60value of the SPT according to El-Shrbiny & Salem [5] with
equation 2 for cases where the pore pressure is not measured.
In Figure 3 below readings from a Cone penetration test is
compared with a Standard penetration test.

qc=cone tip resistance
Pa=atmospheric pressure
Where Ic is calculated according to equation 3 and 4 below.

K=

1/0 =

23
45

<
6.8(:; 3 )
=.>

(2)

(3.47 − log H)I + (log K + 1.22)I

@, =
*N
O3

(3)
(4)

fs=Unit sleeve friction resistance

Figure 3 Comparison between CPT and SPT data [12]
Pressuremeter (PMT) and Sharpe cone (SCT)
The pressuremeter test is a soil investigation method, or
borehole dilatometer test (DMP) which is the name for the
same kind of method when it is used in rock. This testing
method uses a cylindrical probe that expands from water
pressure and thereby apply a uniform pressure on the borehole walls to measure the response when the hole expands.
The method is a fast way to get the stress-stain relation
which can give the elastic modulus [13].
Because the probe need to expand it may lead to temperature changes or fluid leakages into the soil when the “balloon” inside of the probe is expanding [1]. In Figure 4 an
overview of the setup is presented.
If the method is combined with a self-boring rig the shortening becomes SBP instead and is mostly used for soft soils.
The sharp cone test is a method that is used in rock-like
materials to determine the deformability. The method is
similar to the pressuremeter test and induce high pressure to
the walls in a borehole. But unlike the pressuremeter test,
the SCT uses a cone to expand and will thereby not risk any
temperature changes or fluid leakages.

This method can be used in materials with both linear and
non-linear elastic and viscoelastic behavior. The method is
performed in a predrilled borehole and when the pressure
from the cone is increased the displacement is measured
between the material and the cone [2].
To perform this test the operator needs a High level of
knowledge and the equipment can easily be damage. The
method is also Relatively expansive compared to other
methods [13]. The test also requires pre-drilled boreholes,
which can be a problem if there are weak layers that will
collapse in the CHF.
The pressuremeter consists of two parts, the read-out unit
on the ground surface and the probe in the borehole, see
Figure 4 [14].
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Figure 5 comparison between SPT and PMT values
[13]

DISCUSSION

Figure 4 overview of PMT setup [14]
The PMT method provides the horizontal modulus of material, which often is approximately equivalent with the
material parameter Young’s modulus because it usually will
not differ more than 5 % between the horizontal and vertical
elastic properties [13].
Because the elastic modulus depends on the stress levels,
the strain levels, density of the material and the stress history it is difficult to obtain this parameter [13].
There are different types of test i.e. The borehole pressuremeter, The self-borehole pressuremeter and displacement pressuremeter. The self-boring pressuremeter is constructed to minimize the disturbance when inserting the
probe and the Displacement pressurmeter is pushed into the
material to measure the displacement that occur and is usually a cone pressurmeter [13].
Comparison between SPT and PMT
A number of correlation factors has been used through the
years to compare the number of blows to the PMT measurement. In 2011 a correlation that is supposed to work
between 9 to 50 blows is presented in equation 5 and 6 [13].
A comparison between values performed with the SPT
method and the PMT method is presented in Figure 5. As
can be seen it is difficult to make an exact conversion of the
values from one method to another. Therefore, it may be
wise to not use these two methods together.
KPQ RSTUV RWXY:

KPQ RSTUV bTWV:

"4[\
]5

"4[\
]5

= 9.81/0 − 94.3; Q = 0.79

(5)

= 101/0 − 26.7; Q = 0.85

(6)

The methods that has been investigated (SPT, CPT and
PMT) is not methods that has been used or tested in a CHF
before and may therefore not behave as predicted. But the
CHF is a material were the content can be described roughly
as a strong clay, a weak rock-like material or a loose concrete, because of its binder cement. The strength will be
described somewhat between a strong soil to rock-like
strength. Therefore, it is likely that methods that is used in
soil and rock may be an alternative to also test the CHF
strength.
To be able to perform test of the backfill as a standard
routine in the mine, the method used has to be not only be
good in presenting correct data, but also needs to be practical and economical. This involves time for analysing the
result and the time that is needed to perform the test. The
method also needs to be small enough to fit into the tunnels
in the mine. It is important that the method has the ability to
be applied not only in the vertical direction but also in a
horizontal direction. This last demand may be the most
difficult to please, because the standard equipment that is
used is mostly for soil and are applied in the vertical direction. This indicates that some kind of adjustment of the
methods equipment has to be conducted. If this is impossible to achieve, it is still better to at least find a method that
can be applied in the vertical direction, because not all backfills has an open surface in the horizontal direction. This
means that the strength still could be tested even if the last
demand is not fulfilled, but in a smaller scale.
One idea that was discussed is to combine the SPT and
the CPT i.e. combining the hammer in SPT to push in the
CPT cone. But as mentioned before, the CPT must absolutely not be pushed in by blows or rotation, which makes these
methods unsuitable to combine with the SPT. This also
makes it difficult to combine the CPT with a drilling rig if
the machine will rotate the cone into the material. There is a
chance that the rig also has the ability to push a rod into a
material without rotating, but it is uncertain if the force
needed will be applied when the rig is not drilling.
Another idea is to investigate if the PMT method could be
applied to core sampling holes. This depends on the equipment size and on how much the probe is possible to expand.
If this is possible it will be a good way to calibrate the values with the core samples, but somewhat more difficult to
perform the test on larger depth into the material depending
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on the stage of the burning process and the final strength of
the CHF.
Then another question also has to be answered, when
should the tests be performed? For the mine, the sooner the
better. Today the CHF is tested in intervals of 14 days and
28 days, which is the intervals concrete is tested. Regarding
e.g. the PMT method it is not possible to be performed before the strength in the backfill is large enough to support
the walls in a borehole. But for e.g. the CPT it may be better
to perform an early strength to be able to penetrate the CHF
and get a better understanding of the water content and distribution.
The backfilling process should also be combine with a
filming of the temperature change, to get a better understanding for the burning process and the upcoming of layering. This method could also study the water content and
distribution in relation to the burning process. The result
should then be compared with the test result of the strength.
This method could make it possible to indicate when and if
the backfill reaches the intended strength, but before this is
possible a studied need to be performed together with other
methods.
Before any method is performed in a real test, the methods should be correlated in laboratory or in field, on another
surface. This is to make sure the personal have the
knowledge to operate the equipment.
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Appendix B: Laboratory data
Protocol for UCS testing

Tube
sample
Name of sample
full [g] only [g]
7 day, 14/6-18, Time: 17:32
(5:32 pm)

Cup
[g]

Cup+
Wet
[g]

Cup Water
+Dry content
[g]
[g]

Water
content
[%]

Initial
height
[cm]

Height of
sample
[cm]

Volume of
sample

Prep.
Cement
content

Load during Peak UCS
curing [g]
[kN]

C-12-7-1-A

0,96

64,88

52,51 11,41

21,73

11,9

10,2

200,3

12

1939,93

602,32

448,97

2,14681

C-12-7-1-B

621,98

473,81

0,94

72,43

58,28 13,21

22,67

12,4

10,6

208,1

12

1941,46

0,69401

C-10-7-1-A

562,42

459,97

0,98

85,9

70,65 14,27

20,20

10,9

10,2

200,3

10

1909,19

1,45628

C-10-7-1-B

534,34

453,33

0,96

77,81

60,51 16,34

27,00

10,4

10,1

198,3

10

1943,97

1,84416

C-8-7-1-A

571,02

478,14

0,95

73,82

60,2

12,67

21,05

11,5

10,6

208,1

8

1948,55

1,10906

C-8-7-1-B

554,78

463,59

0,94

63,96

50,9

12,12

23,81

10,3

10,2

200,3

8

1933,18

1,24538

C-4-7-1-B
560,38 469,56
14 days, 21/6-18, Time: 13:00
(1:00 pm)

0,95

76,12

59,12 16,05

27,15

10,7

10,5

206,2

4

1941,16

0,41919

Stone on
surface, first
failure broken
in top by stone
Small shallow
hole on mantel
surface

Failed sample!
inclined load
due to stone on
testing surface

C-12-14-1-A

631,08

507,5

1,01

68,14

52,19 14,94

28,63

13,1

12

235,6

12

1933,96

C-12-14-1-B

611,8

498,42

0,95

79,32

61,91 16,46

26,59

12,5

11,8

231,7

12

1947,34

0,36615

C-12-14-1-EA

624,44

511,89

0,95

65,21

44,23 20,03

45,29

12,2

10,5

206,2

12

1947,88

0,9969

C-10-14-1-EA

553,11

452,96

0,94

60,57

49,75 9,88

19,86

10,5

10,1

198,3

10

1954,46

1,62696

C-10-14-1-EB

543,88

456,5

0,94

62,92

52,07 9,91

19,03

10,4

10

196,3

10

1946,67

2,04962

1(4)

Comment on
behaviour
during testing

??
Stone on
testing surface

C-8-14-1-A

563,86

264,02

0,94

52,72

40,16 11,62

28,93

11,7

10,6

208,1

8

1964,04

1,19842

C-8-14-1-B

540,32

440,68

0,98

54,9

45,01 8,91

19,80

10,2

9,8

192,4

8

1922,82

1,06014

C-4-14-1-A

535,89

444,67

1,01

51,83

40,83 9,99

24,47

11

9,9

194,4

4

1947,36

0,39744

C-4-14-1-B

580,54

476,34

0,89

55,67

44,69 10,09

22,58

11,7

10,1

198,3

4

2213,84

0,3694

C-12-28-1-A

632,12

442,78

0,95

60,12

47,55 11,62

24,44

12,6

10

196,3

12

1957

1,22973

C-12-28-1-B

593,92

293,3

0,94

40,15

32,16 7,05

21,92

12

6,9

135,5

12

1969

C-12-1-EB

563,43

473,82

0,95

64,18

52,53 10,7

20,37

10,7

10,5

206,2

12

1957

2,27769

C-10-28-1-A

558,8

475,34

0,95

60,69

48,77 10,97

22,49

11

11

216,0

10

1943

1,11928

C-10-28-1-B

556,34

472,24

0,95

61,25

50,45 9,85

19,52

11,1

11

216,0

10

1960

1,08928

C-8-28-1-A

542,98

452,68

0,95

82,12

67,88 13,29

19,58

10,3

10,3

202,2

8

1949

1,70305

C-8-28-1-B

568,29

480

1,07

53,23

41,3

26,30

10,95

10,95

215,0

8

1970

1,2406

C-8-28-1-EA

516,48

429,94

0,95

57,16

46,55 9,66

20,75

10

9,9

194,4

8

1940

1,05079

C-4-28-1-A

562,28

491,24

0,95

63,77

51,3

11,52

22,46

11,8

11,3

221,9

4

1968

0,41919

C-4-28-1-B

538,27

450,13

0,97

58,68

47,7

10,01

20,99

10,1

10

196,3

4

1957

0,56855

28 days, 5/7-18,

10,86

Sample failed

90 days, 5/9-18, Preformed 6-7/9
C-12-90-1-B

568,42

484,47

0,95

58,66

47,18 10,53

22,32

11,05

11,05

217,0

12

1901

1,28843

2018-09-07

C-10-90-1-A

586,24

489,44

0,95

61,56

50,53 10,08

19,95

10,2

10,2

200,3

10

1930

1,07079

C-10-90-1-B

577,15

450,94

0,95

68,41

54,92 12,54

22,83

10,1

10,1

198,3

10

1950

0,85229

C-8-90-1-A

550,69

463,53

0,94

54,72

44,68 9,1

20,37

10,7

10,7

210,1

8

1950

0,99252

2018-09-07
Sample
cracks on the
top 2018-0907
?? 2018-0906

C-8-90-1-B

548,19

441,61

0,98

56,58

45,92 9,68

21,08

10

10

196,3

8

1,09884

2018-09-06

C-8-90-1-EB

540,4

446,54

0,96

51,69

42,21 8,52

20,18

10,2

10,2

200,3

8

2,05919

2018-09-06

C-4-90-1-A

540,73

451,04

0,95

58,9

48,23 9,72

20,15

10

10

196,3

4

1980

0,63378

2018-09-06

C-4-90-1-B

572,13

500,45

0,97

64,66

51,77 11,92

23,02

12,6

12,6

247,4

4

1950

0,44876

2018-09-06
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Protocol for UCS testing
First
Name of sample Conductivity

First pHvalue

First
Oxidation

Second
Conductivity

Second pH- Second
value
Oxidation

7 day, 14/6-18

Cement content
pH(date)
Conductivity value

Oxidation

4% (7/6-18)

2550

12,29

-92

C-12-7-1-A

3850

12,84

-108

500

10,64

10

8% (7/6-18)

2600

12,35

-99

C-12-7-1-B

3700

12,85

-109

585

11,19

-9

10% (7/6-18)

2550

12,26

-83

C-10-7-1-A

2550

12,72

-95

540

9,91

133

4% (14/6-18)

1285

11,18

17

C-10-7-1-B

2300

12,68

-102

785

10,84

0

8% (14/6-18')

1125

11,82

-4

C-8-7-1-A

1880

12,66

-83

510

9,45

100

11,87

-16

C-8-7-1-B

1875

12,54

-85

620

9,71

113

10% (14/6-18) 1375
Water from mix
with Cement
content (date)
pH-value

C-4-7-1-B

1450

12,25

-49

485

7,33

251

4% (7/6-18)

12,53

8% (7/6-18)

12,7

14 days, 21/6-18
C-12-14-1-A

2850

12,63

-84

1215

11,46

-37

10% (7/6-18)

12,81

C-12-14-1-B

2850

12,55

-88

1520

11,39

-40

12% (7/6-18)

12,83

C-12-14-1-EA

3400

12,76

-96

1745

11,16

-53

C-10-14-1-EA

2700

12,64

-98

1380

11,23

-40

C-10-14-1-EB

2100

12,55

-99

1560

11,19

-37

C-8-14-1-A

2300

12,51

-95

1640

11,29

-41

C-8-14-1-B

2600

12,66

-101

1580

11,1

-35

C-4-14-1-A

1310

11,17

-15

1285

10,43

-4

C-4-14-1-B

1330

11,14

-16

1520

10,35

0

C-12-28-1-A

2750

12,29

-155

1200

11,43

-100

C-12-28-1-B

3250

12,22

-150

1315

11,43

-105

28 days, 5/7-18
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C-12-1-EB

3450

12,28

-143

1045

11,34

-105

C-10-28-1-A

2800

12,21

-135

1430

11,32

-90

C-10-28-1-B

3000

12,21

-135

1415

11,34

-92

C-8-28-1-A

2200

12,12

-107

1230

11,07

-70

C-8-28-1-B

2900

12,17

-109

1130

11,01

-71

C-8-28-1-EA

2950

12,2

-109

1200

11,07

-65

C-4-28-1-A

1100

11,57

-99

1220

10,2

-25

C-4-28-1-B
1060
11,33
90 days, 5/9-18, Preformed 6-7/9

-85

1430

10,5

-30

C-12-90-1-B

3450

12,37

-100

1400

11,55

-50

C-10-90-1-A

2350

12,15

-88

1185

11,08

-32

C-10-90-1-B

2600

12,18

-88

1410

11,4

-42

C-8-90-1-A

2550

12,17

-50

1115

11,06

-34

C-8-90-1-B

2400

12,13

-47

1030

11

-27

C-8-90-1-EB

2300

12,1

-50

1015

11,17

-40

C-4-90-1-A

945

10,89

16

970

10,22

6

C-4-90-1-B

1030

11,42

-4

685

10,62

-7
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Appendix C: UCS test
The peak value of 12 % cement around 1 MPa are within a range of similar strength test
performed in the mine on backfill with 15 % cement content. In Figure 32 two of the values are
marked with orange, which indicates that some defects of the sample were noted during the
testing, the most common was small stones on the surface. Both of the samples from 14 days
are low, but only one of the samples has a notation. The samples seem thereby to have had
some other inhomogeneous defects and should thereby be evaluated carefully. The two highest
values are noted at the beginning for series A, which peaks at 1,09 MPa, and for the series B a
peak is detected at 28 days at a value of 1,16 MPa. Series B is missing the 90-day sample result
which makes it hard to evaluate the curve behaviour completely.

12% CEMENT CONTENT
12%A

12%B

12% mean

1.40
1.20

1.16

STRENGTH [MPa]

1.09
1.00

0.89
0.80

0.72

0.60

0.62

0.66

28D

90D

0.51
0.40

0.36

0.20

0.35
0.19

0.00
7D

14D

DAYS
Figure 32 12% cement content strength curves

In Figure 33 the curves for both series follow each other’s pattern very well with a small
increase in strength from day 7 to 14 and a decrease from 14 to 90 days. The B series 90-day
value has a noted defect, with a small stone on the surface of the testing area but is still very
close to the A series value which is almost constant from the 28-day strength.
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10% CEMENT CONTENT
10%A

10%B

10% mean

1.20

STRENGTH [MPa]

1.00
0.80

1.04
0.94
0.83

0.94
0.84
0.74

0.60

0.57
0.56
0.55

0.54
0.49
0.43

28D

90D

0.40
0.20
0.00
7D

14D

DAYS
Figure 33 10% cement content strength curves

Series B, in Figure 34, has a slightly higher strength in the beginning but stays almost at the
same level through the whole period of time that is presented. The other series is similar in
magnitude except for the 28-day sample were the curve has a peak value of 0,87 MPa. After 28
days the strength decreases for series A again to about the same level as before. The A series
had an extra 28-day sample, which is marked with a triangle with a value of 0,54 MPa. This
value is close to the value for the B series and if the curve would follow this value instead the
curve would be similar to series B, i.e. remain in the same strength span through the whole
curve.

8% CEMENT CONTENT
8%A

8%B

C-8-28-1-EA

8% mean

1.00
0.90

0.87

STRENGTH [MPa]

0.80
0.70
0.60

0.63
0.60
0.57

0.61
0.58
0.54

7D

14D

0.50

0.68
0.63
0.54

0.56
0.53
0.50

28D

90D

0.40
0.30
0.20
0.10
0.00
DAYS

Figure 34 8% cement content strength curves
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Series A in Figure 35 is missing the value for day 7 but remains the same during day 14 and 28
before the strength starts to increase. The other series B stays about the same during day 7 and
14 and makes then an increase before it is lowered again to about the same values as before the
increase.

4% CEMENT CONTENT
4%A

4%B

4% mean
0.32

0.35
0.29

0.30

STRENGTH [MPa]

0.25

0.25

0.21

0.28
0.24

0.20

0.20

0.21
0.19

0.15
0.10
0.05
0.00
7D

14D

28D

DAYS
Figure 35 4% cement content strength curve
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90D

Appendix D: MRM measurement
Conductivity measurement
The initial MRM leachate step conductivity performed on the mix taken from sample
preparation is presented in Figure 36. The first leachate step is almost the same for all of the
cement content presented (4%, 8% and 10%). The second leachate step the values are slightly
more differentiating were the mix with 8 % cement content gives the lowest value of 1125
μS/cm. The mix with 4% cement content at 1285 μS/cm is about a hundred μS/cm less than the
mix with 10 % cement content at 1375 μS/cm. The first step can be assumed to be the same
also for the mix with 12 %. The second step should probably be in the same region as the other
contents.

2550

2550

3000

2600

CONDUCTIVITY INITAL MRM VALUES

1125

1500

1375

2000
1285

CONDUCTIVITY [μS /cm]

2500

1000
500
0
4% (7/6-18)

8% (7/6-18)

10% (7/6-18)

12% (7/6-18)

First MRM step

Second MRM step

Linjär (First MRM step)

Poly. (Second MRM step)

Figure 36 Initial conductivity (MRM)

In Figure 37 the curves for the first leachate step respectively second step have similar
behaviour. The initial value for the 12% mix is missing but the first leachate step can be
assumed to be around 2500 μS/cm according to Figure 36, which means that the curves for the
first step would increase from 2500 μS/cm and peak at 7 days to decrease again. Until 14 days
the curves for the first step is similar but seems to be separating in the later part of the time
period. But because the 90-day samples are missing for series A, it is difficult to say if the
separation continuous or if the curve would level out. For the second leachate step, the curve
pattern is very similar for both the curves, where series B have slightly higher values and a
small peak at 14 days with a value of 1520 μS/cm. The smallest value 1315 μS/cm for series B
is located at day 28. Series A linearly decreases for all data point presented. The highest point
for series A at 1270 μS/cm and smallest value 1200 μS/cm.
In Figure 38 the conductivity for the 10% cement content is presented. For the first leachate
step the curves have a bit different patterns, were series A almost follow the same level of
conductivity until 28 days when it starts to decrease a bit until 90 days. The curve for series B
1(12)

decreases until 14 days and then increases so it passes the values for 28 days for series A. From
28 days until 90 days the two series follows the same pattern by decreasing again with about
400 μS/cm. The second leachate step could at a quick look seem to have the same pattern, but
the curve for series B makes a small increase and peaks at day 14, before the curve shift to
decrease slowly again. For series A the conductivity instead decreases first from day 0 to 7
before the increase start and the series has its peak at day 28 instead of 14 before the values
start to decrease again. The lowest point is found on the 90-day value for series A at 1185 μS/cm
and day 0 for series B at 1375 μS/cm.

CONDUCTIVITY 12% CEMENT CONTENT
4500
3850

CONDUCTIVITY [μS /cm]

4000

3250

3500

3700

2850

1480

1520

1270

1215

1200

14

28

3000
2500

3450

2750

2000
1500
1000
500

1315

1400

0
0

7

90

DAYS OF CURING
First MRM step Co 12%A

First MRM step Co 12%B

Secod MRM step Co 12%A

Second MRM step Co 12%B

Figure 37 Conductivity measurement for 12% cement content first and second leachate step

CONDUCTIVITY 10% CEMENT CONTENT
CONDUCTIVITY [μS /cm]

3500

3000

3000
2500

2550
2550

2300

2000
1500

2700

1375

1000

2100

1500

1560
1380

1190

2600

2800
1430

2350
1410

1415
1185

500
0
0

7

14

28

DAYS OF CURING
First MRM step Co 10%A

First MRM step Co 10%B

Second MRM step Co 10%A

Second MRM step Co 10%B

Figure 38 Conductivity measurement for 10% cement content first and second leachate step
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90

In Figure 39 all of the curves follow the same pattern except for one point in the first leachate
step for series B. At 28 days series B has a decrease in conductivity were the other curves have
a smaller increase, but the curve then joins series A again at 90 days. The second leachate step
starts with an increase in conductivity until day 14, where the conductivity starts to decrease
again until day 90. The first leachate step curves present the highest values in different places
along the curves for the series. For series A the largest value is found day zero at 2600 μS/cm
and series B is found day 28 at 2900 μS/cm. For the second leachate step, the largest value is
found day 14 at 1640 μS/cm and smallest value is found day 90 at 1030 μS/cm, series B, and
1115 μS/cm, series A.

CONDUCTIVITY 8% CEMENT CONTENT
CONDUCTIVITY [μS /cm]

3500
3000

2900
2600

2600

2500

2300
1880

2000
1500
1000

2550

1125
1125

2200

1640

1875

1230
1580

1300

1130

2400
1115
1030

500
0
0

7

14

28

90

DAYS OF CURING
First MRM step Co 8%A

First MRM step Co 8%B

Second MRM step Co 8%A

Second MRM step Co 8%B

Figure 39 Conductivity measurement for 8% cement content first and second leachate step

In Figure 40 the conductivity curves follow the same pattern with a decrease from the initial
value to day 7 and then the curves for the first leachate step and second leachate step for series
A follows almost the same paths from day 14 to 90, where they linearly decrease slightly in
conductivity. For series A second leachate step a small increase in conductivity is starting from
day 0 until 14 days where it starts to decrease again above the first step of leachate and in the
end the curve will end up below the level of the other curves at day 90. Notice that values of
the 14-day sample for series A are missing.
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CONDUCTIVITY 4% CEMENT CONTENT
CONDUCTIVITY [μS /cm]

3000

2550

2500
2000
1500
1000

1520

1450

1285

1330
1285

1315

1285

1430
1220

1030
970

1060

500

685

0
0

7

14

28

90

DAYS OF CURING
First MRM step Co 4%A

First MRM step Co 4%B

Second MRM step Co 4%A

Second MRM step Co 4%B

Figure 40 Conductivity measurement for 4% cement content first and second leachate step

In Figure 41 a summary of the first step MRM conductivity is presented for the backfill for all
cement contents, followed by the second step in Figure 42. The summary for the first step
(Figure 41) shows that the conductivity almost has the same pattern through the whole sequence
and that the conductivity, in general, is higher for the mixes with a higher content of cement.
The exceptions are the 12% cement content which has a peak at 7 days and increases in one
series in the later part of the sequence. Also, the 4 % cement content mix shows a decrease all
the way from 7 days until 90 days. Mixtures with 10% and 8% cement content goes a bit up
and down in the middle but end up with almost the same value at 90 days.
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Figure 41 Summary first step conductivity
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In the summary for the second leachate step (Figure 42) the pattern is the same for all of the
curves, but with a more drastic decrease for series B for the 4% cement content mix between
28 to 90 days than the other curves presented. But in this summary, there is no clear pattern
among the ranking of values connected to the cement content and the paths of the curves from
different cement content mixtures is crossing each other’s paths. The maximum value is found
at day 14 at 1640 μS/cm and is represented by series A with a cement content of 8%. The lowest
value is found day 90 at 685 μS/cm and is represented by series B with a cement content of 4%.
The different cement content is ranging within about the same values from 0 to 90 days for the
second leaching step.
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Figure 42 Summary second step conductivity

pH-measurement
When the batches were prepared pH tests were performed. One of the tests was made on the
mixture according to the MRM test which is explained under heading 4.6 and the other test was
performed directly on the liquid collected after the sample preparation which had separated
from the mixture. All of the values have a pH around 12, which can be seen in Figure 43. The
direct test from the liquid indicates a slight increase in pH when the cement content is larger.
The MRM test is around 12, 3 for all of the cement contents (values for the 12 % cement content
batch is missing). But the device/technique that is used is not that exact, meaning that the
difference between the values could be incorrect because of the small difference.
In Figure 44 a pH measurement is presented for 12% cement content. The first MRM leachate
step presents almost the same values for both series and is located within the span for pH 12,
which indicate that the mixture is basic. The values presented at 7 days is in the higher
spectrum (pH 12,85). The curve then slightly decreases linearly to a pH of 12,2-12,3 at 28
days. The 90-day value only one series (series B) is represented and gives a slightly higher pH
value than the values presented at 28 days. The second leachate step present values around pH
11 and keeps a steady level at around 11,4-11,5 from day 7 to 90. The initial values of both
series are missing.
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Figure 43 Initial pH-value measure directly on batch fluid and with MRM technique
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Figure 44 pH measurement on the mixture with 12% cement content
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In Figure 45 pH measurement is shown for 10% cement content samples. The first leachate step
is located within the span of pH 12, much like the curve for 12% cement content. The highest
value is found at day 7 and decreases almost linear until day 90. The lowest values for the first
leachate step are found at day 90, with a just slightly lower pH value of 12,1 than the initial
value of 12,2. The second leachate step is located within pH 11 and gives the highest peak at
day 0, with a pH value of about 11,9. The smallest value is represented by series A at about
11,1 in pH day 90. From day 7 the curves are almost stable at the same values except until day
90 when series A makes a further decrease and series B increases to 11,4.
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Figure 45 pH measurement on the mixture with 10% cement content

In Figure 46 pH measurement is shown for 8% cement content samples. The first leachate step
is located within the span of pH 12, much like the curve for 12% and 10% cement content. The
highest values are found at day 7 for series B and day 14 for series A with a value of about 12,6
for both series. The curves decrease linearly after the peak until 28 days is reached. From day
28 to 90 both curves are stable at pH values around 12,1-12,2. The second leachate step for 8%
cement content is also located within the span of pH 11. The highest pH value is found at day
zero at 11,8. The pH decreases until day 7. The values are then stable from day 7 with an
exception of series A that makes a smaller increase day 14 and gives the lowest pH value at
11,0 at 90 days.
In Figure 47 pH measurement is shown for 4% cement content samples. The first leachate step
starts with the highest pH value of the curve at about 12,3. The curve for Series B then stays
almost at the same level at 7 days until the values decrease more drastically to day 14 and give
a value of about 11,1-11,2. Series B then make a linear increase again from day 14 to 90. Series
A also increases from day 14 to 28, but then it starts to decrease again and end at the lowest pH
value for the first leachate step at about 10,9. Values for day 14 is missing for series A. The
second leachate step starts at an initial pH value of 11,18 and decreases to day 14 where the
curves start to separate. Series B increase a bit and ends up at a pH value for 90 days at 10,62,
which is very close to the first leachate step for series A. Series A make a slight decrease from
day 14 to 28 to remain the same to 90 days. Series A ends up at a pH value of about 10,2.
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Figure 46 pH measurement on the mixture with 8% cement content
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Figure 47 pH measurement on the mixture with 4% cement content

Redox potential
The initial oxidation is presented for mixtures with 4%, 8% and 10% in Figure 48. The first
leachate step gives the highest oxidation value for 8% cement content and smallest for 10%
cement content. To be said is that the variation is small and should be evaluated at the same
level of oxidation. The second leachate step almost a linear trend with a decrease in oxidation
8(12)

with increasing cement content. An assumed oxidation level is represented by a trend line and
gives an estimation of around -30 for the 12% cement content.
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Figure 48 Initial oxidation rate for cement content 4%, 8% and 10%

In Figure 49 oxidation measurement for 12% cement content samples. Both the first and second
leachate step follows the same pattern, where the second leachate step represents the higher
values. The curves start to increase in oxidation from day 7 to 14 and then the curve increases
again. The second leachate step peaks and the low point is located at almost the same level.
Peaks around -40 mV to -50 mV and low points around -100 mV. First leachate step has a
smaller increase from day 7 to 14 than the second step and is decreasing more than the second
step. The highest value for the first peak is -84 mV and is represented by series A at day 14.
The lowest point is found at day 28 at -155 mV and is also represented by series A.
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Figure 49 Oxidation of 12% cement content samples

In Figure 50 the second leachate step shows similar values and patterns as the second step in
Figure 49 for 12% cement content. This curve also presents data for the initial value, which
gives the highest value of -16 mV for the second leachate step. The first leachate step, located
in the lower parts in the figure, have an almost linear decrease in oxidation from day 0 to day
14, but the values for the decrease is within range of calling it the same level. After day 14 the
curve joins the pattern of the second curve with a decrease followed by an increase from day
28 to 90. The highest value for the first leachate step is located in the initial stage and gives a
value of -83 mV. The lowest value is found for both series at day 28 and gives a value of -135
mV.

ORP 10% CEMENT CONTENT
0
0

7

14

REDOX POTENTIAL [mV]

-20

28

-37

-16

-42

-40
-82

-80
-100
-120

-32

-40

-60

-83

-95

-98

-90

-99

-102

-140

-92

-88

-90

-88

-135

-160

DAYS OF CURING
First MRM step ox 10%A

First MRM step ox 10%B

Second MRM step ox 10%A

Second MRM step ox 10%B

Figure 50 Oxidation of 10% cement content samples
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In Figure 51 oxidation measurements for 8% cement content is presented. The first leachate
step located in the lower parts of the figure starts with a small increase from day 0 to 7 and
decreases from day 7 to 28 to a value just below the initial value. The highest value of about 50 mV is found at 90 days. The second leachate step gives the highest value of -4 mV at day
zero and follows the pattern of previous oxidation curves for cement content 12% and 10%.
The smallest value is found a day 28 with a value of around -70 mV.
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Figure 51 Oxidation of 8% cement content samples

In Figure 52 oxidation measurements for 4% cement content samples are presented. The
curves for first and second leachate step have values very close to each other and the curves
are crossing each other at 7 and 90 days. The second leachate step starts at a value of 17 mV,
which is the highest value for the second step. The pattern follows the previously presented
oxidation curves for 12%, 10% and 8% cement content with peaks at day 14 and 90. The
lowest value of -55 mV is found at day 7, which is represented only by series B. The first
leachate step, located below the second in the figure, starts with an increase from -92 mV to
day 14 at a value of around -15 mV. The curve then follows the pattern, as previous curves,
with a decrease to the curves lowest point at -85 mV to -99 mV before the curves reach the
highest value represented by series A. The highest value for series A is 16 mV. Series B is
located at -4 mV together with the first leachate step value for series B at -7 mV.
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Figure 52 Oxidation of 4% cement content samples
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Appendix E: Temperature measurement

Below the temperature measurements of the samples during curing is presented. In Figure 53 a
20-day measurement is presented and show a slightly higher peak in the beginning that reach
just above the 24-degree line and then the curve goes up and down often and gives variations
up to about one degree. A closer view of the first peak is presented in Figure 54.
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Figure 53 Temperature measurement for 12% cement content during 20 days
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Figure 54 Selected view of the first peak for 12% cement content curve presented in Figure 53
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The same behaviour as for the 12% mix can be seen for the 10% cement mix in Figure 55,
which present the 20-day temperature measurement curve. A maximum value of 24 degrees
and smaller peaks about 22,5 degrees gives a difference of about 1,5 degrees. A closer view of
the first peak is presented in Figure 56.
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Figure 55 10% cement content 20 day temperature measurement
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Figure 56 Selected view of the first peak for 10% cement content curve presented in Figure 55
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In Figure 57 two smaller peaks can be seen at the beginning of the 20-day temperature
measurement curve was the first peak is peaking at 24,1 degrees and the second at 23,6 degrees.
The two peaks are more or less in the same big temperature peak before the temperature goes
down to keep a “steadier” level at around 22-23 degrees. A closer view of the first two peaks
can be seen in Figure 58.
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Figure 57 8% cement content 20 day temperature measurement
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Figure 58 Selected view of the first peak for 8% cement content curve presented in Figure 57
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Similar behaviour as the other cement contents before can be seen for the 4% mix in Figure 59
below. Two peaks at the beginning with the first peak reaching a value of 24,3 degrees and the
second peak reaching a value of 23,5 degrees, which also can be seen in Figure 60 were a closer
view is presented. The curve is then lowered to a level between 22,5 and 23 degrees, which
gives a difference of 2,1 degrees. The lowest points are found directly after the first two peaks
with a value of about 21,4 degrees.
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Figure 59 4% cement content 20 day temperature measurement
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Figure 60 Selected view of the first peak for 4% cement content curve presented in Figure 59
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