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Abstract

Every year mining activities generate huge amounts of processing waste known as tailings.
Given their high contents in toxic heavy metals, tailings disposal is usually environmen-
tally challenging as contamination of the surrounding environment would threaten biodi-
versity and human health. This makes tailings disposal costly. Therefore recycling part
of this waste by substituting cement or aggregates with tailings in construction materials
could be beneficial both environmentally and financially.

The present study investigates the potential use in concrete of mine tailings originating
from two mines: the zinc, lead and copper mine located in Zinkgruvan, Sweden, and the
gold mine located in Nalunaq, Southern Greenland. This project follows previous research
works performed by Nielsen (2017) on the use of the same tailings as cement replacement
in concrete. In the present study, replacement in mortar of 5-10% cement and of 5-10%
sand with tailings is investigated. The study mainly focuses on the mechanical properties
and the leaching behaviour of mortar containing tailings.

First the heavy metals contents in the raw tailings were determined. Limits set by
Miljgstyrelsen were used for comparison. Zinkgruvan tailings possess concerning amounts
of arsenic, cadmium, lead and zinc, while Nalunaq tailings possess concerning amounts of
arsenic, cadmium, nickel and possibly lead. Heavy metals contents in sand and cement
were also determined and found to be much lower than that of the tailings. Therefore
the main source of heavy metals in mortar originates from the tailings.

Desorption tests investigating leaching of heavy metals from the raw tailings depending on
the pH were performed. Desorption in alkaline conditions is of particular interest as pH
in concrete is basic. Arsenic, copper, lead and zinc significantly leach out of Zinkgruvan
tailings at basic pH, while arsenic leaches out of Nalunaq tailings in alkaline conditions.
Substantial leaching rates in acidic conditions were also observed.

Mortar specimens were cast with tailings as 5-10% cement and 5-10% sand substitute.Reference
specimens without tailings were also cast for comparison of tests results. The water-
cement ratio was set to 0.5 for the reference mortar and for mortar mixtures with sand
replacement, while the water-powder ratio was set to 0.5 for mortar mixtures with cement
replacement.

The engineering properties of the fresh mortar mixtures were studied. Flow table tests
showed that tailings incorporation significantly reduce mortar consistency. This was at-
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tributed to the substantial water absorption of the tailings due to their angular plate-like
shape. It was also found that Zinkgruvan tailings delay initial setting, probably due
the presence in the tailings of lead and zinc that are known set inhibitors. Meanwhile,
Nalunaq tailings delay initial setting when they are used as cement substitute, possibly
because of a reduction in cement content, but accelerate setting when they are incorpo-
rated as sand substitute. It is suspected that heterogeneous nucleation is responsible for
this shortened setting time.

Compressive strength tests were carried out on each mortar mixture after curing times of
7, 14, 28 and 90 days. Results show that cement and sand substitution with tailings can
contribute to early age strength but lead to strength losses after 28 days. The observed
decrease in fresh mortar consistency is possibly responsible for strength losses. Strength
reduction in mortar with cement substitution is also due to a decrease in cement content.
Nalunaq tailings possibly act as a filler material, while pozzolanic activity in Zinkgruvan
tailings is suspected. Overall, acceptable strengths were observed for mortar mixtures
with moderate amounts of tailings. In particular mortar with 5% cement replaced with
Zinkgruvan tailings, and mortar with 5% sand replaced with Nalunaq tailings, yielded
the highest 28-day compressive strengths after the reference mortar.

Porosity and density tests performed on all the mortar mixtures did not show any appre-
ciable variation.

Leaching tests performed on crushed mortar showed that most metals present in the tail-
ings leach out of mortar, in various proportions. Results were compared with the limits
set by Miljgstyrelsen. Leaching of arsenic and lead from mortar with Zinkgruvan tailings,
and leaching of arsenic from mortar with Nalunaq tailings are particularly concerning.
Overall, lower leaching rates were observed for most elements in mortar with 5% cement
replacement. Additional leaching tests should be performed to determine if leaching oc-
curs at such high rates on non-crushed mortar samples, as this scenario would be closer
to reality.

Leaching of sulfates was investigated from a reference mortar sample and from a mortar
sample in which 10% sand is substituted with tailings. Zinkgruvan and Nalunaq tailings
both lead to increased sulfate leaching rates when they are incorporated in mortar, which
could be detrimental to concrete strength and reduce construction lifetime.

Overall, the use of Zinkgruvan and Nalunaq tailings in concrete appears to be possible
under certain conditions. Tailings contents should be kept low to achieve acceptable work-
ability, setting time and strength, and to restrain leaching of heavy metals. However the
ability of the cement matrix to retain enough heavy metals to comply with environmental
and public health requirements is questioned. Further leaching tests should be performed
to determine the extent of the hazard posed by leaching of toxic elements from mortar
containing tailings.
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CHAPTER -l

INnfroduction

In December 2015 during the COP21, countries agreed to strive to maintain global tem-
perature rise well below 2°C. While carbon dioxide is one of the main drivers of climate
change, cement production for the construction industry is responsible for nearly 5% of
yearly global COs emissions (World Business Council for Sustainable Development, 2009).
Therefore any initiative working towards more sustainability in the construction sector
should be encouraged.

Nowadays certain industrial by-products like fly ash or silica fumes are extensively used
as partial cement substitutes in concrete, thereby contributing to cut greenhouse gas
emissions. Yet other waste materials could be recycled and also incorporated in concrete.
Thus the use of mine tailings in construction materials is gaining interest and multiple
research projects investigate the feasibility of tailings incorporation in concrete. Mine
tailings consist of the solid waste materials generated after an ore has been crushed and
processed. They are produced in ever increasing amounts each year, and their disposal
is environmentally challenging and costly due to their high contents in toxic elements.
Substitution of cement or aggregates with zero-cost tailings in concrete could reduce the
needs for disposal of hazardous waste, prevent resource depletion, decrease energy con-
sumption and carbon dioxide emissions. Moreover it could help stabilize hazardous waste
by preventing leaching of toxic heavy metals from the tailings. Therefore the use of tail-
ings in concrete gives rise to both financial and environmental benefits.

EU’s reference document ”for Management of Tailings and Waste-Rock in Mining Activ-
ities” recommends the recycling of tailings in construction materials. DTU Byg, the civil
engineering department at DTU, wishes to contribute to these developments and to work
towards a "Zero Waste” society. Thus a project family has been established, that consists
of various research projects investigating the potential use in concrete of different types
of tailings.

The present study investigates the potential use of tailings originating from two mines:
Zinkgruvan mine, in Sweden, and Nalunaq mine, in Southern Greenland. Zinkgruvan
mine is a zinc, lead and copper mine operated since 1857, while Nalunaq mine is a former
gold mine that was operated from 2004 to 2013. The present study follows the works
of Nielsen (2017) who studied the impact of cement substitution with these tailings in
concrete. This project will focus on the potential use of the tailings as partial cement and
sand substitute. Cement and sand replacement levels of 5-10% will be considered. Focus
is placed on two main aspects: the impact of tailings incorporation on the mechanical
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properties of mortar, and the leaching behaviour of mortar containing tailings.

Experiments were conducted on the raw materials entering in mortar composition, as
well as on mortar mixtures containing tailings. Conducted experiments are listed below.

Water content in the tailings was measured. Tailings, sand and cement were checked for
heavy metals contents. Heavy metals desorption tests depending on the pH were per-
formed on the tailings. Mortar mixtures with various amounts of tailings were tested for
consistency, setting time, 7-day, 14-day, 28-day and 90-day compressive strength, density,
porosity, leaching of heavy metals and of sulfates from crushed mortar samples.

The abbreviations used to designate the various mortar mixtures are summarized in table
1.1 below.

Table 1.1: Abbreviations used for the mortar recipes

Abbreviation Mortar mixture

REF Reference mortar with no tailings

7ZC5h Mortar with 5% cement substituted with moist Zinkgruvan tailings
ZC10 Mortar with 10% cement substituted with dry Zinkgruvan tailings
7S5 Mortar with 5% sand substituted with dry Zinkgruvan tailings
ZS10 Mortar with 10% sand substituted with dry Zinkgruvan tailings
NC5 Mortar with 5% cement substituted with moist Nalunaq tailings
NC10 Mortar with 10% cement substituted with dry Nalunaq tailings
NS5 Mortar with 5% sand substituted with dry Nalunaq tailings

NS10 Mortar with 10% sand substituted with dry Nalunaq tailings




CHAPTER 2

Theory

2.1 Mine tailings

2.1.1 Definition

Mining activities generate huge quantities of toxic processing waste called tailings. Tail-
ings consist of residual materials that remain after an ore has been crushed and processed
to extract valuable minerals. High contents of heavy metals and residual processing
reagents in tailings pose serious environmental threats, making tailings handling and
storage challenging and costly. Tailings storage depends amongst other things on the
type of mine (open-pit or underground), on the tailings physical and chemical character-
istics and on the local environment (Salomons and Forstner, 1988; Ritcey, 1989). Poor
tailings management poses serious risks of water and soil contamination through leaching
of toxic elements or dust emission, thereby threatening biodiversity and human health
(Ritcey, 1989).

2.1.2  Zinkgruvan mine

The Zinkgruvan mine is located in south-central Sweden, about 250 km south of Stock-
holm. Mining activities began in 1857 and after several expansion programmes the mine
is still in use today. In 2014 reserves were estimated sufficient to operate the mine for
at least 10 more years. The mine primarily produces zinc concentrate (75 000 - 80 000
tonnes in 2014), and to a lesser extent lead concentrate (27 000 - 30 000 tonnes) and
copper concentrate (3 000 - 4 000 tonnes). Silver is also extracted from lead concentrate
with grades typically ranging from 1 100 to 1 500 g/t (Meyer, 2013).

Facilities on-site include an underground mine, processing plants for metal concentration,
a tailings impoundment for sub-aqueous deposition, and backfill plants. Processing of the
ore consists of grinding and successive bulk and selective flotation stages. Concentrates
are then thickened and filtered (Meyer, 2013).

Tailings are pumped from the processing plants to a tailings pond in Enemossen area,
where the solid fraction settles while decant water is recovered for ore processing. Since
2001 approximately 50% of the tailings are alternatively used as backfill material. Instead
of being pumped to the tailings pond, these tailings are sent to a conventional thickener
for dewatering, and then to a backfill plant that uses a vacuum disc filter to further de-
water the tailings (Malmstrom et al., 2008). The obtained paste is then mixed with 2-4%
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cement and used as backfill material in previously excavated stopes, contributing to the
structural integrity of the underground mine (Moore, 2012).

It is expected that the current tailings impoundment in Enemossen will reach full ca-
pacity by 2017 and alternative disposal areas are therefore investigated, such as Lake
Hemsjon nearby. The Enemossen tailings storage facility will then have to be rehabili-
tated. (Meyer, 2013).

2.1.3 Nalunag mine

Nalunaq gold mine is a former underground mine located in South Greenland. It was
operated from 2004 to 2008 by Nalunaq Gold Mine A/S and from 2009 to 2013 by An-
gel Mining A/S. The mine closed in 2013 due to resource depletion and declining gold
prices (GEUS/MIMR, 2013). Over the mine’s lifetime, 10.66 tons of gold were produced
(Naalakkersuisut, Government of Greenland, n.d.).

The ore was initially shipped abroad for processing. Gold extraction was performed in
Spain for the first 2 years, then in Canada until 2008 (Secher et al., 2008). When Angel
Mining acquired the mine in 2009, an underground processing plant was built on-site
for local extraction of gold. Processing consisted of ore crushing and milling followed by
gravity concentration and cyanide-based chemical extraction (Bach and Larsen, 2016).
Since ore concentration took place abroad until 2008, on-site tailings production began
in 2009 after the processing plant started operating. Processing waste originated from
gravity concentration and from the cyanide destruction process following cyanide-based
gold extraction. Tailings, consisting of a mixture of fines and water, were kept within the
underground mine and used as backfill material in previously excavated mine stopes. To
ensure proper pumping of tailings from the processing plant to the storage area, additional
dilution of the slurry was performed. Tailings were then dewatered during placement
(Angel Mining A/S, 2009).

2.2 Concrete and mortar constituents

2.2.1 Definition

Concrete is the most widely used construction material today with an ever increasing pro-
duction rate. In 2006, an estimated 25 billion tonnes of concrete were consumed (World
Business Council for Sustainable Development, 2009). Mortar and concrete compositions
are described in figure 2.1. In its simplest form, concrete is a mixture of cement, water,
and fine and coarse aggregates, while mortar corresponds to a mixture of cement, water
and fine aggregates. Various admixtures can be added to achieve certain physical or
chemical characteristics. Mix design is adapted to each project to achieve satisfactory
mechanical properties while optimizing costs (Kumar Mehta and Monteiro, 2006).
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Figure 2.1: Mortar and concrete composition

2.2.2 Cement

Cement is defined as a pulverized material that acquires binding properties when hydrated.
When stable under water, it is characterized as hydraulic. The most widely used hydraulic
cement is Portland cement. Its main constituents are calcium silicates that can react with
water to form calcium silicate hydrates possessing binding properties (Kumar Mehta and
Monteiro, 2006). Portland cement results from the pulverization of clinkers containing
calcium silicates and calcium sulfates. Clinker consists of a sintered material produced
by heating a calcium and silica-rich raw-mix to high temperatures . Typical calcium
sources for the raw mix include limestone, chalk, marl and sea-shells, while typical silica
sources include clays and shales . Cement production is responsible for nearly 7% of global
CO4 emissions, thereby significantly contributing to global warming (Kumar Mehta and
Monteiro, 2006).

2.2.3 Aggregates

Aggregates refer to the rock-like granular materials that are used in concrete and mortar.
Aggregates are commonly classified in two categories. Materials with particulates larger
than 4.75 mm, such as gravel or stones, are classified as coarse aggregates, while materials
with particulate sizes between 4.75 mm and 75 pm, such as sand, are classified are fine
aggregates (Kumar Mehta and Monteiro, 2006).

Only fine aggregates are used in mortar, whereas both coarse and fine aggregates are used
in concrete.

The workability, durability, strength and cost of concrete or mortar greatly depend on
the amount of aggregates used and on their characteristics, such as their shape, sur-
face texture, porosity, absorption, impurities, particle size distribution, mineralogy, bulk
density.
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2.2.4 \Water

Impurities in mixing water can influence the setting time, strength and durability of
concrete. Water used in concrete is often fit for drinking. Non-drinkable water such as
recycled water from urban systems or from the industry can also be used under certain
conditions, if tests show that it does not have a significant impact on concrete properties.
In general, contaminants such as chloride, sugar, phosphates, oil or heavy metals should
be avoided (Kumar Mehta and Monteiro, 2006).

2.2.5 Chemical admixtures

Admixtures refer to materials other than cement, water and aggregates, that can be
incorporated to the mix to improve certain properties of concrete during mixing, trans-
port, placement or curing. Admixtures are widely used throughout the world nowadays,
with over 80% of the concrete produced in developed country containing admixtures (Ku-
mar Mehta and Monteiro, 2006). There are five main categories of chemical admixtures,
namely air entraining agents, water-reducers, plasticizers, set accelerators and set re-
tarders. The specialty category includes all other chemical admixtures such as shrinkage
reducers, corrosion inhibitors or coloring agents (Tange Hasholt, 2016).

Air entraining agents

Air entraining agents are used to improve frost resistance in concrete by modifying the
pore structure. However, the entrained air bubbles in concrete results in a loss of concrete
strength (Tange Hasholt, 2016).

Water reducers and plasticizers

Water reducers and plasticizers reduce the amount of water required to achieve a certain
consistency. Therefore it allows concrete to have a lower water-cement ratio while main-
taining a given consistency or alternatively to improve consistency while keeping the same
water-cement ratio. A lower water-cement ratio results in a higher strength of hardened
concrete, as discussed in 2.3.3.

Set accelerators and retarders

Accelerators and retarders are used to influence the setting time of concrete. Accelerators
result in faster setting, which is useful for instance in cold weather conditions or when
early strength development is required (Tange Hasholt, 2016). Retarders, on the other
hand, slow down cement hydration and therefore delay setting time. They can be used
in hot climates or when additional time is needed for placement (Kumar Mehta and
Monteiro, 2006).

2.2.6 Mineral admixtures

Mineral admixtures refer to finely ground materials that improve workability, strength
or durability of concrete. They are generally used as partial Portland cement replace-
ment with typical substitution rates around 15-20%, hence reducing costs and energy
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consumption induced by Portland cement production. Mineral admixtures come either
from natural sources, like natural pozzolans that derive from volcanic materials, or from
by-products of the industry, like fly ash and iron blast-furnace slag. Mineral admixtures
can have hydraulic or pozzolanic activity, or be inert materials used as fillers to improve
workability in concrete with insufficient fine aggregates (Tokyay, 2016).

Pozzolans

A pozzolan is a silica- or alumino-silica-based material that does not have cementitious
properties in itself but that can produce hydrates possessing adhesive properties, when
finely ground and placed in the presence of cement and water. This is defined as the poz-
zolanic reaction (Tokyay, 2016). Fly ash and silica fumes are two examples of pozzolanic
materials. Fly ash comes from coal burning while silica fume is a by-product from the
silicon and ferro-silicon production (Tange Hasholt, 2016). Amongst other things, poz-
zolans lead to pore refinement in hardened concrete, thereby improving late age strength
and reducing permeability, which is beneficial for concrete durability (Kumar Mehta and
Monteiro, 2006).

Fillers

Fillers are inert and very fine grained materials that influence concrete properties. In
particular it has been shown that they can improve concrete compressive strength by
increasing concrete density and porosity (Jaturapitakkul et al., 2011). Filler materials
optimize the pore structure thanks to their fine particles that are able to fill more air
voids (Jaturapitakkul et al., 2011). Moreover, thanks to their substantial specific surface,
fillers can also accelerate cement hydration rate by providing additional nucleation sites
for cement hydrates (Oey et al., 2013).

2.3 Concrete properties

Below are listed the main properties of fresh and hardened concrete that will be of interest
in this project.

2.3.1  Workability

Workability is a characteristic of freshly made concrete or mortar. It refers to the ease
with which the fresh mix can be handled, placed and compacted, without segregation of
the constituents or bleeding. Segregation happens when constituents from fresh mortar
or concrete separate and become inhomogeneously distributed, which has adverse effects
on concrete strength and durability. Bleeding is a specific type of segregation that occurs
when some of the mixing water separates from the solid fraction and ”bleeds out” (Ku-
mar Mehta and Monteiro, 2006).

Therefore workability has two aspects: the ease of flow of the mixture, also called consis-
tency, and its resistance to segregation, also called cohesiveness.
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Consistency

Consistency refers to the ease of flow of fresh concrete or mortar. Several test methods
exist to evaluate consistency, such as the slump test or the flow table test. Consistency
mainly depends on the wetness of the mix. Other things being equal, a higher water
content in the mix yields a higher slump and flow diameter. Chemical admixtures like
water reducers or plasticizers can also be used to improve consistency without increasing
the water content. The amount of mixing water required to achieve a given consistency
decreases when the aggregates size increases and when the aggregates are rounded rather
than angular (Kumar Mehta and Monteiro, 2006).

Cohesiveness

Cohesiveness relates to the ability of fresh mortar or concrete to be compacted and
finished without segregation and bleeding. Cohesiveness is in general evaluated by visual
judgement. Unlike consistency, cohesiveness tends to decrease when the water content in
the mix increases.

2.3.2 Sefting time

During cement hydration, chemical reactions occur between cement and water that lead
to stiffening, setting and hardening of the plastic mix. These three different stages are
defined as follows: stiffening relates to the loss of consistency of the fresh mix, setting
refers to its solidification, and hardening refers to the moment when strength gain starts
(Kumar Mehta and Monteiro, 2006).

Setting is usually defined in terms of initial setting and final setting. Initial setting marks
the moment when the cement paste is no longer workable, while final setting refers to the
time when complete solidification is achieved. Initial setting should be long enough to
allow sufficient time to place, compact and finish concrete properly. On the other hand,
final setting should be early enough to avoid delays in construction works (Kumar Mehta
and Monteiro, 2006).

Setting is a relatively long and gradual process. Initial and final setting times are there-
fore determined arbitrarily and definitions depend on the standard considered. The Vicat
apparatus is commonly used to determine the initial and final setting time.

2.3.3 Strength

Strength of hardened concrete is of utmost importance as it ensures the structural in-
tegrity of buildings and construction works. Uni-axial compressive strength is commonly
used to characterize concrete strength. Concrete compressive strength is significantly
higher than other types of strength, such as tensile or flexural strength. It represents the
maximum stress that the concrete sample can withstand before failure, when subjected
to uni-axial compression. In particular, 28-day compressive strength is usually used as
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an index of concrete strength (Kumar Mehta and Monteiro, 2006).

Hardened cement is a multiphase material, composed of aggregates, a cement paste ma-
trix and interfacial transition zones between coarse aggregates and the cement paste. The
interfacial transition zone consists of a shell-like phase, with a thickness typically ranging
from 10 to 50 pm. Although its composition is identical to that of hydrated cement paste,
it has a different microstructure and mechanical behavior therefore it is treated as a third
phase. The coarse aggregates are generally the strongest constituents of concrete, thus
strength-limiting factors mainly lie with the cement paste and the interfacial transition
zone. In mortar, no coarse aggregates are present, hence there is no interfacial transi-
tion zone and the cement paste will determine the strength. At a given cement content,
water-cement ratio and curing time, mortar will usually yield a higher strength than the
corresponding concrete (Kumar Mehta and Monteiro, 2006).

Several factors influence concrete strength, including, but not limited to:

e The mix design, and in particular the water-cement ratio and the eventual admix-
tures content,

 the porosity,

e the curing conditions,

o the specimen geometry,
« the load rate.

The water-cement ratio and the porosity are two of the parameters with the largest influ-
ence and will be discussed below.

Impact of the water-cement ratio on concrete strength

The water-cement (w/c) ratio represents the ratio between the weight of water and the
weight of cement contained in the concrete or mortar mixture. Concrete strength was
found to be inversely related to the w/c ratio. This is described by Bolomey’s empirical
formula (Aalborg Portland A/S, 2012):

. = K<wl/ - a) (2.1)

where f. is the compressive strength of the mortar or concrete specimen (in MPa), w/c
is the water-cement ratio by weight and K anda are parameters depending on the type
of cement and the curing time.

Consequently, in order to optimize concrete strength, the w/c ratio should be no more
than what is necessary to achieve satisfactory workability (Kumar Mehta and Monteiro,
2006).



10 2 Theory

Impact of the porosity on concrete strength

In hardened concrete, porosity describes the total volume of concrete that is occupied
with voids, also known as pores. In solids, strength is inversely related to porosity. Con-
sequently concrete and mortar strength tends to decrease when the porosity of the cement
paste matrix increases (Kumar Mehta and Monteiro, 2006).

2.3.4 Porosity

As mentioned in the previous paragraph, porosity is the ratio of the volume of air voids
to the bulk volume of mortar or concrete. The open porosity corresponds to the ratio of
the volume of open and interconnected pores to the bulk volume of the mortar specimen.
The open porosity is different from total porosity as isolated pores are also taken into
account in total porosity determination (Kumar Mehta and Monteiro, 2006). However,
total porosity is in practice more difficult to determine than open porosity.

Porosity greatly impacts concrete strength and transport properties (Kumar Mehta and
Mounteiro, 2006). Therefore porosity determination is of particular interest in this study,
as it may influence mortar strength but also the leaching behaviour in mortar mixtures
containing mine tailings rich in heavy metals.

2.4 Literature study on the use of mine tailings in
consfruction materials

In this section previous research regarding the use of mine tailings in construction mate-
rials will be presented and discussed.

Scope

Industrial activities generate huge amounts of waste materials every year and waste man-
agement is becoming ever more challenging. In particular disposal of processing waste
that arises from mining activities is of growing concern. As discussed in section 2.1 mine
tailings pose a threat to their surrounding environment and to biodiversity, making their
disposal is very costly (Sivakugan et al., 2006). Previous research has shown that other
industrial wastes such as fly ash or blast furnace slag can be effectively recycled and used
in construction materials (see 2.2.6). Similarly, adequate use of mine tailings as cement
or aggregates replacement in concrete would be both environmentally and financially ben-
eficial. It would indeed lower the costs associated with tailings disposal, while allowing
the use of a ”zero-cost” raw material (Onuaguluchi and Eren, 2012a). Partial substi-
tution of cement with tailings would also reduce the environmental impacts associated
with cement production. Previous research projects regarding the use of mine tailings in
concrete have mainly focused on two aspects: the impact of tailings incorporation on the
mechanical properties of concrete, and the ability of the cement matrix to stabilize the
waste by immobilizing heavy metals.
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Influence of mine tailings on concrete mechanical properties

Research projects regarding the impact of various tailings on concrete mechanical behav-
ior yielded disparate results. It arises that tailings characteristics are mine-specific and
results from studies investigating different tailings cannot be generalized. Yet overall,
investigations suggest that acceptable compressive strength can be achieved using mod-
erate amounts of tailings in concrete or mortar (Kundu et al., 2016; Tixier et al., 1997;
Onuaguluchi and Eren, 2012a).

Certain studies found that tailings incorporation in concrete mixtures resulted in similar
to slightly improved compressive strength compared to a control mixture, for moderate
tailings contents. Onuaguluchi and Eren (2012) found that copper tailings from Lefke,
Cyprus, used as additives positively affected concrete tensile and compressive strength,
especially at an addition level of 5% per mass of cement. Similarly Tixier et al. (1997)
observed an increase in concrete compressive strength for partial cement replacement
with copper slag. In both studies it was suspected that strength enhancement was due
to an optimization of the pore structure thanks to the tailings and slag fine particles
that acted as fillers. Improved compressive strength was also observed by Celik et al.
(2006) for mortars containing fly ash and silica fume together with up to 15% gold tail-
ings from Bergama, Turkey, per mass of portland cement. Fine aggregates replacement
with tailings also showed positive effects on concrete strength. Lead and zinc tailings
incorporated as sand replacement in self compacting concrete were found to slightly en-
hance the 28-day compressive strength (Jankovic et al., 2015). Strength enhancement
together with porosity reduction were also observed at various w/c ratios when copper
tailings from Khetri, India, were incorporated in concrete, at sand replacement levels up
to 60% by weight (Thomas et al., 2013). However, this should be tempered by another
study that found that the same tailings were detrimental to concrete compressive strength
when they were incorporated in concrete mixtures with w/c = 0.45 (Beniwal et al., 2015).

Other studies found that tailings incorporation in concrete led to a loss of compressive
strength. Kundu et al. (2016) investigated cement substitution with copper tailings. Re-
sults showed that for a given water-binder ratio, compressive strength of concrete contain-
ing tailings decreases as tailings content increases. This was expected as cement content
decreases when the tailings substitution rate increases. However acceptable strength was
obtained for substitution rates below 10%. Celik et al. (2006) also observed a significant
decrease in compressive strength of mortar containing gold tailings for cement replace-
ment levels over 5%.

Moreover, tailings that come from sulfide ore processing usually have significant sulfide
contents. It has been shown that incorporating sulfide-bearing aggregates in concrete
can cause sulfate attack during which sulfate ions chemically react with cement hydra-
tion products (Neville, 1995). This results in a loss in concrete strength and durability.
Thus, the addition in concrete of sulphide-bearing copper tailings from Cyprus was found
to result in a minor decrease in concrete sulfate resistance (Onuaguluchi and Eren, 2012b).

Regarding the impact of tailings on fresh concrete or mortar, multiple studies attest
that workability is negatively affected by tailings incorporation (Onuaguluchi and Eren,
2012a; B. Kim et al., 2016). Tailings indeed tend to have a substantial water absorp-
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tion potential, thereby reducing water availability for cement hydration and decreasing
consistency. Large water absorption is due to the tailings grains fineness and angular
shape, that increase the surface to be wetted (Onuaguluchi and Eren, 2012a; Fall et al.,
2005). Onuaguluchi and Eren (2012) also observed a slightly negative impact of copper
tailings on setting time of fresh concrete. Certain elements like copper, lead and zinc
are known to inhibit the production of calcium hydrates during cement hydration hence
delaying setting (Zain et al., 2004). Jang and I. Kim (2000) also believe that heavy metal
contained in tailings can adversely affect concrete setting and hardening as their ions may
form inactive layers on the surface of cement particles. This could also explain observed
strength losses.

Overall, it appears that it is possible to use tailings in concrete while keeping satisfactory
strength and workability. In the studies mentioned in this section, tailings were either
incorporated as cement replacement, fine aggregates replacement, or as additives. Rec-
ommended addition levels and cement substitution rates generally ranged from 5 to 15%
by weight of cement (Onuaguluchi and Eren, 2012a; Tixier et al., 1997; Kundu et al.,
2016). No clear pattern appears regarding acceptable sand replacement rate, as observed
performances were greatly dependent on the tailings characteristics and on the w/c ratio
(Jankovic et al., 2015; Beniwal et al., 2015; Thomas et al., 2013).

Leaching behavior of concrete containing tailings

Leaching consists in the transfer of contaminants from a stabilized matrix to a liquid so-
lution. Stabilization-Solidification (S/S) is a treatment method used to immobilize trace
elements contained in hazardous waste. Cement-based S/S process relies on chemical
and physical encapsulation of leachable elements in a cement matrix, thus preventing
leaching of toxic heavy metals and contamination of the surrounding environment (Choi
et al., 2009).

Various studies have found that concrete can successfully stabilize mine tailings by re-
taining heavy metals in the cement matrix (Kundu et al., 2016; Onuaguluchi and Eren,
2012a; B. Kim et al., 2016). Kundu et al. (2016) observed that leaching of heavy metals
from concrete containing tailings decreases when tailings amount increases. B. Kim et al.
(2016) observed the same trend for arsenic leaching from cementitious low-strength ma-
terials containing arsenic-rich tailings. A possible explanation advanced by Kundu et al.
(2016) is that tailings contain fine particles that can act as a filler material and reduce
pore interconnectivity, thus limiting heavy metals mobility within the cement matrix.

However, although various research projects have examined the potential stabilization of
mine tailings through their incorporation in concrete, the mechanisms governing heavy
metals leaching from cementitious materials are still investigated and not fully understood
(B. Kim et al., 2016).
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2.5 Previous research on Zinkgruvan and Nalunagq tailings

Studies specific to the incorporation of Zinkgruvan and Nalunaq tailings in mortar have
been performed by Nielsen (2017), who examined the properties of mortar containing
tailings at replacement levels of 5 and 10% by weight of cement. When applicable, results
obtained in this project will be compared to Nielsen’s findings. General conclusions from
said study were as follows:

e Mortar strength: Cement substitution with Zinkgruvan or Nalunaq tailings results
in a loss in mortar compressive strength. Strength decreases when the amount of
substituted cement increases. Nalunaq tailings contribute to early age strength
development possibly thanks to a filler effect. Zinkgruvan tailings may have poz-
zolanic activity as after 14 days strength gain is faster for mortars with Zinkgruvan
tailings than for reference mortar. Mortar mixtures with Zinkgruvan tailings yield
higher 28-day compressive strengths than the corresponding mortar mixtures with
Nalunaq tailings.

e Grain size optimization: Incorporation of crushed Zinkgruvan tailings to optimize
grain size distribution did not increase compressive strength. Therefore these results
did not support the presence of pozzolanic materials.

o Workability: Workability decreases when the amount of tailings in mortar increases.
This is attributed to the large water absorption of the tailings. Mortar strength
increases when workability is improved by optimizing the water content.

o Setting: Cement substitution with Zinkgruvan or Nalunaq tailings results in slightly
delayed setting time for both initial and final setting.

Nielsen did not examine potential sand replacement with tailings or leaching behavior of
mortar containing tailings. It will be investigated in the present study.
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CHAPTER 3

Materials and
Methodology

This chapter documents the tests that have been performed. Materials and methods for
the experiments and for mortar casting are described. The tests conducted are listed
below:

o Materials characterization

— Water content in the tailings
— Heavy metals and sulfur contents in the tailings, sand and cement

— pH-desorption of heavy metals from the tailings
e Mortar testing

— Consistency of fresh mortar

— Setting time

— Compressive strength (after curing times of 7, 14, 28 and 90 days)
— Porosity and density

— Heavy metals and sulfur contents in sand and cement

— Leaching of heavy metals and sulfur from crushed mortar

— Leaching of sulfates from crushed mortar

3.1 The tailings

Two types of tailings are investigated in this study: Zinkgruvan tailings and Nalunaq
tailings. Figure 3.1 shows a sample of both tailings.
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(a) Zinkgruvan tailings (b) Nalunaq tailings

Figure 3.1: Tailings samples

Zinkgruvan tailings

Sampled Zinkgruvan tailings come from a tailings pond near the mine and were less than
2 years old at the time of sampling (Jensen et al., 2016). They were then stored in the
laboratory in a closed plastic bucket at ambient temperature.

Nalunaq tailings

Sampled Nalunaq tailings originate from the discharge of the cyanide destruction process
that followed gold chemical extraction. Tailings were sampled before placement in the
underground tailings storage area. The solid fraction of the slurry, representing 20-22%,
was sampled after settlement and decantation (Jensen et al., 2016). The tailings were
stored in the laboratory in a closed plastic bucket at ambient temperature.

Tests performed on the tailings

Previous investigations have been carried out by Nielsen (2017) to characterize the tailings.
Additional experiments that have been conducted on the tailings in the present study are
summarized in table 3.1 and test procedures are described below.
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Table 3.1: Tests performed on the tailings

Test Scope

The water content in the tailings will impact the w/c ratio
Water content . . . a1
in the mortar mixtures containing tailings.

Mine tailings contain high amounts of heavy metals, that
Heavy metals are toxic to the environment and humans. Thus, to ensure
content a safe use of tailings in concrete it is crucial to know their
heavy metals contents.

Depending on the pH, heavy metals in tailings can remain
bound in the solid matrix or be desorbed and leach out.
Mortar is alkaline, therefore desorption of heavy metals at
high pH could indicate potential safety hazards associated
with the use of tailings in mortar.

pH-desorption of
heavy metals

3.1.1 Woater content

Water content in Zinkgruvan and Nalunaq tailings was determined with triplicate deter-
mination, as documented in appendix A.l. The test was carried out twice with three
weeks interval between each test. Results reported in 4.1.1 are expressed in % of the
weight of the moist tailings and correspond to the average water content obtained from
each triplicate determination.

3.1.2 Heavy metals and sulfur contents

Heavy metals contents in the raw tailings were measured with triplicate determination
as detailed in appendix A.2. Sulfur content in the tailings was also determined as it may
have an influence on concrete properties if it leads to the presence of sulfates in mortar.

To perform the determination, tailings were dried overnight at 105°C and subsequently
pre-treated by acidic digestion in accordance with DS 259 (2003). During digestion 1.00
g of tailings and 20 mL of nitric acid at 7.3 M were heated for 30 min to 120°C (200 kPa).
After vacuum filtration through a 45 pm filter the liquid phase was recovered and diluted
to 100 mL. Concentrations of trace elements in the obtained solution were determined
using ICP-OES (Inductively Coupled Plasma with Optical Emission Spectrometer).

In an ICP analysis the tested sample is subjected to plasma energy to place its atoms
and ions in an excited state. Emission rays are emitted when the atoms and ions return
to their stable state. Based on the wavelength and intensity of the rays, contents in trace
elements can be determined (Hitachi, n.d.).
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Contents in the following elements were determined: Al, As, Ba, Cd, Cr, Cu, Fe, Ni, P,
Pb, S, Zn. The ICP analysis was performed by a laboratory technician.

The results reported in 4.1.2 correspond to the average content in each element obtained
from the triplicate determinations.

3.1.3 pH-desorption from the tailings

Release of heavy metals from Zinkgruvan and Nalunaq tailings depending on the pH was
investigated as described in appendix A.3, with duplicate determination. Tailings were
dried overnight to 105°C prior to the test. Sulfur desorption from the tailings depending
on the pH was also determined as it may give an indication on the release of sulfates in
mortar.

Concentration in the eluates of Al, As, Ba, Cd, Cr, Cu, Fe, S, P, Ni, Pb, Zn, were de-
termined through ICP-OES analysis. The ICP analysis was performed by a laboratory
technician.

Desorption rates were calculated as follows:

MC
Mt
Where %(metal released) is the desorption rate of the element, M C is the content in the

element that leached from the tailings into the eluate (in mg/kg) and Mt is the total
initial content of the element in the tailings determined in 3.1.2 (in mg/kg).

%(metal released) = (3.1)

The desorption rates reported in 4.1.3 correspond to the average desorption rates obtained
from the triplicate determinations.

3.2 Heavy metals and sulfur contents in cement and
sand

The impact of tailings incorporation on the leaching behaviour of crushed mortar was
investigated further on. The amount of heavy metals in cement and sand was therefore
determined to assess the contribution of each mortar constituent to the leaching process.
Heavy metals contents in cement and sand used in the mortar mixtures were determined
using the same method as in 3.1.2. Sulfur contents were also determined. Details of the
procedure are documented in appendix B.2.

The results reported in 4.2 correspond to the average content in each element obtained
from the triplicate determinations.
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3.3 Mortar casting

This section documents the various mortar mixtures that were cast as well as the materials
and methods used for the castings.

3.3.1 Mortar mixtures and mix design

Mortar mixtures

Mortar mixtures with different tailings, cement and sand contents were prepared. Sub-
stitution of cement and of sand with mine tailings were studied at replacement rates
of 5 and 10% by weight. Additionally, two identical reference mortar mixtures without
tailings, called REFa and REF, were cast on 2 different days (see 3.4). Table 3.2 below
summarizes the mixtures that were cast and the abbreviation used for their designation.

Table 3.2: Mortar mixtures

Abbreviation Mortar composition

REF, REFa  Reference mortar (no tailings)

5% cement substitution with Zinkgruvan,

ZC5, NC5 respectively Nalunaq tailings

7C10, NC10 10% cement SubStltuthI.l.Wlth Zinkgruvan,
respectively Nalunaq tailings

785, NS5 5% sanfl substitution w1't.h Zinkgruvan,
respectively Nalunaq tailings

7810, NS10 5% sand substitution with Zinkgruvan,

respectively Nalunaq tailings

Mix design

The mix design for the reference mortar complies with DS/EN 196-1. The w/c ratio
was set to 0.5 for the reference mortar and for mortars with sand replacement. The
water-powder ratio (w/p), meaning the water-(cement + tailings) ratio was set to 0.5 for
mortars with cement replacement. Table 3.3 displays the amount of cement, water, sand
and tailings in each mortar mixture. Experimental data for each batch is available in
appendix C.2.
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Table 3.3: Mix design for the various mortar mixtures

Cement Water Sand  Tailings

(2] (2] [g] (2]
REF, REFa 450 225 1350 0 w/ec=0.5
7C5, NC5 4275 225 1350 225  w/p=05
7ZC10, NC10 405 225 1350 45 w/p =05
7S5, NS5 450 225 12875 67,5 w/c=05

7510, NS10 450 225 1215 135 w/c=0.5

3.3.2 Materials

Cement
CEM II/A-LL:BASIS cement from Aalborg Portland was used in all mortar mixtures.

Sand
Sea sand complying with DS/EN 196-1 (2005) was used in all mortar mixtures. The sand
was dried prior to casting as follows:

o Batch 1 (used in REFa, ZC5, NC5, ZS5): sand was left to dry overnight at 105°C
o Batch 2 (used in REF, NS5, ZC10, NC10) : sand was left to dry at 55°C for 3 days
o Batch 3 (used in ZS10, NS10): sand was left to dry at 55°C for 4 days

Dried sand was then stored in buckets at ambient temperature. Casting was performed
after the sand had cooled down. The sand was used in mortar mixtures maximum 3
weeks after the drying process.

Tailings

Unmilled tailings were used for each mortar mixture. The first mixtures (NC5 and ZC5)
were prepared using moist tailings. However, due to the relatively large and variable
water content in the tailings (see 4.1.1) it was decided to use dried tailings further on to
better control the water content in mortar.

Tailings were subsequently dried in the oven at 55°C for at least 2 days, and then stored
in airtight plastic bags. Casting was performed after the tailings had cooled down to
room temperature. The water content in the dried tailings was checked 2 and 3 weeks
after the drying process and was found to remain negligible, below 1%.

Water
Distilled water was used in the mixes.
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3.3.3 Casting of mortar specimens

Planning

Table 3.4 documents the casting dates for each mortar mixture. More detailed planning
including demoulding dates, curing time and tests dates is available in appendix C.1. All
batches corresponding to a mixture were cast on the same day. Table 3.5 documents
the intended purpose of each batch. For REFa, 3 batches were prepared in one day
corresponding to batches 1, 2 and 3 in table 3.5. For all the other mortar mixtures 7
batches were prepared.

Table 3.4: Casting dates and number of batches for each mortar mixture

Casting date Batches

REFa 12/01 3
7C5 16/01 7
NC5 17/01 7
785 25/01 7
REF 30/01 7
NS5 01/02 7
7C10 06/02 7
NC10 07/02 7
7510 08/02 7
NS10 13/02 7

Table 3.5: Intended purpose of each batch

Batch nr. Purpose

7-day compressive strength test
14-day compressive strength test
28-day compressive strength test
90-day compressive strength test
Porosity and density test
Vicat test
Flow table test

N OO W

Mixing

Mixing of mortar was carried out following the requirements of DS/EN 196-1 (2005),
using a mixer from Toni Industri displayed in picture 3.2. The procedure for mixing
described in the standard is reminded below:

e Place the cement in the bowl and as soon as the water is added start the mixer at
low speed. Start the timer simultaneously.

e Between 30 s and 1 min of mixing, add the sand steadily.
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e After 1 min of mixing switch the mixer to high speed for the following 30 s.

e Stop the mixer for 90 s. During the first 30 s, scrape off the mortar from the sides
and place it back in the middle of the bowl to ensure homogeneous mixing.

e Start the mixer at high speed for 60 s, then turn it off.

Figure 3.2: Mixer from Toni Industri used for mixing

For mixtures with cement replacement, tailings were incorporated with cement from the
beginning of the mixing process. For mixtures with sand replacement, tailings were in-
corporated together with sand, after 30 s - 1 min of mixing.

The casting time was recorded for each batch (see appendix C.2) and corresponds to the
time water is added, to the nearest 5 min.

Moulding
Immediately after mixing fresh mortar was placed in a mould complying with DS/EN
196-1 (2005) as displayed in figure 3.3 .
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Figure 3.3: Mould used to cast mortar specimens

The mould was placed on a vibrating table and filled in two steps. It was first filled
roughly halfway and vibrated for 15-20 seconds at 50 MHz. The mould was then filled up
completely and identically vibrated. Excess mortar was scraped off the top of the mould
using a metal ruler in a sawing movement.

Due to their lower workability, ZS10 and NS10 were vibrated for a longer time (roughly
15 s more each time) until satisfactory compaction in the moulds. Acceptable compaction
was estimated by visual judgement and vibration was stopped before segregation or bleed-
ing were visible.

Specimens were then covered in a plastic sheet to prevent water evaporation from the
faces exposed to air, and left to set at room temperature for 20-24 hours.

Demoulding and curing

Between 20 and 24h after moulding specimens were demoulded and submerged in distilled
water for curing. Three prism specimens, A, B and C (from left to right as shown on
figure 3.4) were cast per batch. Prisms dimensions were 40 x 40 x 160 mm. Reference
specimens, specimens containing Zinkgruvan tailings, and specimens containing Nalunaq
tailings were left to cure in separate containers.
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Figure 3.4: Mortar specimens

3.4 Mortar testing

Procedures for tests performed on fresh and hardened mortar are thereafter documented.
Table 3.6 provides an overview of the tests. For each mortar mixture, the following tests
were performed:

o For REF, ZC5, ZC10, ZS5, ZS10, NC5, NC10, NS5, NS10: consistency, setting time,
compressive strength (for curing times of 7, 14, 28 and 90 days), porosity, density
and leaching

e For REFa: compressive strength (for curing times of 7, 14 and 28 days). Results
were compared with that of REF to assess their consistency.
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Table 3.6: Tests performed on mortar

Test Scope

Sufficient consistency is required to allow proper compaction
Consistency of fresh mortar during the casting. Consistency was determined
by conducting flow table tests on fresh mortar.

Initial and final setting should remain in a range that allows
proper placement of mortar while avoiding delays in construction
works. Setting times were determined thanks to a Vicat
apparatus.

Setting time

Concrete compressive strength is crucial to ensure structural
integrity of construction works. Compressive strength tests
were conducted on mortar prisms after 7, 14, 28 and 90 days of
curing.

Compressive strength

Porosity can impact mortar strength, durability, and the
mobility of heavy metals within the cement matrix. Porosity

Porosity tests were conducted on mortar prisms that were cured under
water for 28 days and subsequently dried until reaching
weight consistency.

Leaching of heavy metals from mortar can pose a threat to the
environment and human health. Leaching of sulfate can result
Leaching from crushed in a loss of concrete strength and durability. Leaching tests were
mortar conducted on crushed mortar samples. Mortar specimens were
cured for 28 days and subsequently crushed and dried until
reaching weight consistency.

3.4.1 Consistency of fresh mortar

Consistency was determined for each fresh mortar mixture through a flow table test,
following the requirements of DS/EN 1015-3 (1999).

A metal mould was placed in the center of the table. The mould had an internal diameter
of 100 mm at its base, 70 mm at its top, and a height of 60 mm. It mould was filled
halfway with fresh mortar and tapped 10 times using a tamping rod. The mould was
then filled up to the top and tapped 10 times again. The surplus mortar at the top of the
mould was scraped off and removed. After 15-20 seconds, the mould was removed and
the table was jolted 15 times at intervals of 1 s. The diameter of the flowing mortar was
finally measured with a caliper, in two directions at right angles of each other as shown on
figure 3.5. The reported flow diameter corresponds to the average of the 2 measurements.
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(a) Before jolting (b) After jolting

Figure 3.5: Flow table test

3.4.2 Seftting time

The initial setting time of each mortar mixture was determined in accordance with DS/EN
193-3 (2016) thanks to the Vicat apparatus displayed in figure 3.6. To determine the set-
ting time, a needle is plunged in fresh mortar at 10 min time intervals and its penetration
depth is recorded. The initial setting time refers to the moment when the distance be-
tween the needle and the bottom of the mould reaches 6 +3 mm. The final setting time
corresponds to the moment when the penetration depth is no longer greater than 0.5 mm.
Setting times are expressed using the casting time as the ”zero-time”.
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Figure 3.6: Vicat apparatus

3.4.3 Compressive strength

Uni-axial compression tests were carried out following the requirements from DS/EN
196-1 (2005). Tests were executed on hardened mortar specimens at the following ages:

e 7 days £3h

o 14 days =3h
o 28 days =6h
e 90 days = 1day

The prism specimens were placed on the pressure test machine as shown on figure 3.7.

Figure 3.7: Compressive strength test
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The compressive strength test was first executed on one half of the specimen, at a load
rate of 2.48 kN/s. Subsequent to the breakage of the specimen, the test was carried out
again on the other half. Each time three specimens from a same batch were used (A,
B and C). Therefore six results were obtained for each determination. The compressive
strength was determined as follows (DS/EN 196-1, 2005):

R, ==t (3.2)

where R, is the compressive strength in MPa, F. is the maximum load at fracture in N

and A is the cross-section of the mortar prism in mm?.

The results reported in 4.3.3 correspond to the average strength calculated based on the
six results obtained for each determination. In case one result deviated by more than
10% from the calculated average strength, it was discarded and the average strength was
calculated again. In case at least one result still deviated from the average by more than
10%, determination was redone. This means that new specimens were cast and left to
cure for the appropriate duration, before being subjected to a new compressive strength
test.

Remark for the 90-day compressive strength tests

Due to a practical problem all mortar specimens used for 90 day-compressive strength
tests were left to cure out of water for 3 to 4 days. They were indeed left to cure in plastic
containers placed on a shelf that collapsed. As a result water leaked out of the containers,
leaving the specimens dry. Specimens were placed in new containers and submerged again
as soon as the incident was noticed. The specimens may also have collided when the shelf
collapsed, although no trace of impact was visible. Specimens had all been curing for
at least 70 days when the incident happened, therefore it was assumed that it had little
influence on their strength development. Decision was made to document the results for
the 90-day compressive strength tests in spite of the incident.

3.4.4 Porosity and density

Porosity and density tests were carried out on three specimens for each mortar mixture.
After 28 days of curing under water, mortar specimens from a same batch (A, B and C)
were left to dry in the oven at 55°C for at least 4 weeks until reaching weight consistency.
They were subsequently subjected to a density and porosity test, as described in appendix
B.7. Results reported in 4.3.4 correspond to the average open porosity and the average
dry density obtained for each mortar mixture. The dry density of the mortar specimens

was calculated as follows:
Mdry

pa = ————"—— py (3.3)
Mssd — Msw

where pq is the dry density of the mortar specimen (in kg/m?), mg;., is the specimen mass
after drying until weight consistency (in kg), mgsq is the specimen weight over water after
vacuum (in kg), mg,, is the specimen weight under water after vacuum (in kg), and p,,
is water density (in kg/m?).
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The open porosity corresponds to the ratio of the volume of open and interconnected
pores to the bulk volume of the mortar specimen and it was calculated as follows:
Mgsd — M
p= ssd dry (34)
Mssd — Msw
where p is the open porosity of the mortar specimen (in %) and mgyy, Mgsq and mg,, are
defined as in equation 3.3.

3.4.5 Leaching of heavy metals and sulfur from crushed mortar

Leaching of heavy metals from crushed mortar samples was investigated with triplicate
determination as follows. After 28-day compressive strength tests the pieces of the broken
mortar specimens were recovered. Mortar samples were dried at 55°C until reaching
weight consistency and crushed at 1100 rpm for 30 seconds. Crushed mortar samples
were subsequently subjected to batch leaching tests following the requirements of DS/EN
12457-1 (2002) at a Liquid-Solid ratio L/S = 2. Then 20.00 g of crushed mortar samples
were introduced in plastic vials together with 40.00 mL of distilled water at pH = 7.0.
After agitation on a shaking table for 24h, pH in the eluate was measured and the eluate
was separated from the solid fraction by vacuum filtration through a 0.45pm filter. Heavy
metals and sulfur concentrations in the eluate were determined by ICP-OES analysis. The
ICP analysis was performed by a laboratory technician. The results reported in 4.3.5
correspond to the average concentrations calculated from the triplicate determinations.

3.4.6 Leaching of sulfate from crushed mortar

Sulfate leaching from three mortar mixtures, namely REF, ZS10 and NS10 was investi-
gated, with duplicate determination. ZS10 and NS10 correspond to the mortar mixtures
with the highest tailing content.

The procedure was exactly the same as the one described in section 3.4.5. The only
difference resides in the final analysis, as sulfate content in the eluates was determined
by IC (Ion Chromatography) instead of ICP analysis. The IC analysis was performed
by a laboratory technician. The results reported in 4.3.6 correspond to the average
concentrations calculated from the duplicate determinations.
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CHAPTER 4

Results and Discussion

4.1 The tailings

4.1.1 Water content

The water contents in Zinkgruvan and Nalunaq tailings are displayed in table 4.1. Results
are expressed in % of moist matter. Detailed results are available in appendix B.1.

Table 4.1: Water content in Zinkgruvan and Nalunaq tailings, in % = standard deviation

Test date Zinkgruvan  Nalunaq
(%] (2]

09/01/17 82403 134 +0.2
30/01/17  10.5+0.2 11.4 £0.2

The water content of tailings from both Zinkgruvan and Nalunaq mines is relatively
high, reaching 10.5% for Zinkgruvan tailings and 13.4% for Nalunaq tailings. It is also
significantly changing from one test to the other, with at least 2% difference between the
tests for both tailings.

Storage of the tailings in closed buckets at room temperature may explain the water
content variability, as evaporation in the top layers may be more important than in the
layers beneath.

As explained in part 2.3.3 it is crucial to control the water content in mortar, as the w/c
ratio greatly influences the compressive strength. Therefore the tailings water content
should be accounted for and the volume of mixing water should be adjusted when incor-
porating tailings in mortar. The first mortar specimens to be cast, namely ZC5 and NC5,
were prepared using moist tailings. For these castings, it was assumed that the water con-
tent in the tailings was negligible compared to the total water content. Indeed a water
content in the tailings of 13.4% (corresponding to the worst case situation from table 4.1)
represents an increase of the total water content in mortar by 1,3%, when the volume
of mixing water is 225 mL. It is therefore relevant to neglect the tailings water content
for mortar with 5% cement replacement with tailings. However, after acknowledgment of
the substantial water content in the tailings and of its variability, it was decided to use
dried tailings for the rest of the castings as stated in 3.3.2
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4.1.2 Heavy metals and sulfur contents

The trace elements contents in Zinkgruvan and Nalunaq tailings are displayed in table
4.2 below. Previous results obtained by Jensen et al. (2016) are used for comparison.
Detailed results are given in appendix B.2.

Results are also compared with the threshold fixed by the Danish Environment Protection
Agency for category 1, 2 and 3 materials used in construction. Materials falling under
category 2 and 3 are considered more harmful than materials complying with category 1,
thus their use in construction materials is more restricted (Miljgstyrelsen, 2010).

Sulfur content in the tailings is also indicated as it may have an influence on concrete
properties if it leads to the presence of sulfates in mortar. Indeed, high concentrations of
sulfates in mortar will lead to a degradation of cement hydration products through chem-
ical reactions with sulfate ions. This is known as the sulfate attack and would decrease
mortar strength and durability (Kumar Mehta and Monteiro, 2006).

Table 4.2: Heavy metals and sulfur contents in the tailings, in mg/kg dry matter +
standard deviation, compared with previous results (Jensen et al., 2016) and with the
limits for category 1, 2 and 3 materials (Miljgstyrelsen, 2010)

Zinkgruvan -  Zinkgruvan - Nalunaq - Nalunaq - Limit - Limit -

Present study Jensen et al. Present study Jensenetal. Cat.1 Cat. 2& 3
As 49 £ 6 21 £ 2 529+ 15 122 + 35 <20 >20
Ba 258 £9 - 7.0+ 0.1 - - -
Cd 12.6 £ 0.4 11+ 0.2 23+0.2 28 +£0.9 <0.5 >0.5
Cr 3.7+£0.2 - 274 £0.1 - <500 >500
Cu 94 £ 1 372 £ 28 264 £5 105 + 28 <500 >500
Ni 18+1 24 £3 47+ 1 48 + 13 <30 >30
Pb 3995 + 465 3700 £ 233 10+1 59 + 14 <40 >40
S 5348 + 170 - 2712 + 122 - - -
Zn 7717 + 346 7331 + 322 37+ 2 45 £+ 22 <500 >500

As expected, both Zinkgruvan and Nalunaq tailings have high contents of heavy metals.
They both fall under category 2 or 3 materials due to certain heavy metals contents ex-
ceeding the category 1 threshold.

Most results from the present study are comparable with the findings of Jensen et al.
(2016), although some variations are observed:

e In Zinkgruvan tailings, content in arsenic is twice as high in the present study, while
copper content is more than 3 times lower.
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o In Nalunaq tailings, arsenic and copper contents are respectively almost 5 times and
2.5 times greater in the present study, while lead content is nearly 6 times lower.

This suggests that some heavy metals may not be homogeneously distributed in the tail-
ings.

Heavy metals in Zinkgruvan tailings

In Zinkgruvan tailings the contents in lead and zinc exceed the threshold for category 1
materials by two orders of magnitude. Lead and zinc are extracted from the Zinkgruvan
mine, which can explain the high residual amounts of these two metals. Copper is also
extracted but its content remains below the threshold for category 1 waste.

Additionally Zinkgruvan tailings contain significant amounts of arsenic and cadmium, re-
spectively about twice and 25 times greater than the category 1 limit. Substantial arsenic
content can be attributed to the occurrence of cobaltite (CoAsS) and chalcopyrite (FeAsS)
in the ore deposit (Bjarnborg, 2009). Substitution of zinc for cadmium in sphalerite, the
main zinc ore, was also reported (Bjarnborg, 2009), which can explain the high cadmium
content.

Chromium, copper, and nickel contents all lie below the category 1 limit.

Heavy metals in Nalunaq tailings
In Nalunaq tailings the contents in arsenic, cadmium and nickel exceed the limit for cate-
gory 1 waste, with amounts that are respectively over 25, 4 and 1.5 greater than the limit.

According to the present results, the lead content in Nalunaq tailings does not exceed the
threshold. This differs from the results of Jensen et al. (2016) who found a lead content
exceeding 40 mg/kg. Therefore the presence of lead may also be a concern in Nalunaq
tailings.

Contents in chromium, copper and zinc lie below the category 1 limit.

Sulfur content in Zinkgruvan and Naluna tailings

Sulfur content is roughly twice as high in Zinkgruvan tailings as in Nalunaq tailings. The
main concern regarding sulfur content in the tailings is that contamination of mortar
with high concentrations of sulfates would result in strength loss due to the sulfate at-
tack. Sulfates can form through oxidation of sulfide compounds, for instance if tailings are
subjected to weathering (Yin and Catalan, 2003). It was reported that Zinkgruvan and
Nalunaq tailings both have low sulfides content compared to other types of mine waste
(Lovgren et al., 2011; Bell et al., 2017). However, the digestion test does not provide any
information on the compounds formed by sulfur. Sulfate leaching from crushed mortar
is investigated in 4.3.6.
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Health and environmental concerns

Due to their substantial amounts of arsenic, cadmium, lead and zinc, Zinkgruvan tailings
fall under category 2 or 3 waste according to Miljgstyrelsen (2010). Similarly, due to
their content in arsenic, cadmium, nickel and potentially lead, Nalunaq tailings also fall
under category 2 or 3 waste.

Exposure to arsenic, cadmium, lead and nickel, even at a low level, is correlated with
increased risks of cancer, as well as other conditions such as cardiovascular, neurological,
respiratory and reproductive diseases (Tchounwou et al., 2012; Chervona et al., 2012).
On the other hand, zinc is fairly harmless at low doses, although a high level of exposure
can lead to severe intoxication (Fosmire, 1990).

Consequently, considering their respective amount and toxicity, the main environmental
and safety concerns regard arsenic, lead and cadmium contents in Zinkgruvan tailings,
and arsenic and cadmium contents in Nalunaq tailings.

Tailings should be handled with particular care to avoid contamination of the environ-
ment and human exposure especially through dust inhalation or skin contact.

In order to assess the safety of using tailings in concrete, it is essential to determine
whether the cement matrix can immobilize the toxic elements they contain, or if these
elements can leach out. This was investigated through pH-desorption tests and leaching
tests on crushed mortar (see 4.1.3 and 4.3.5).

4.1.3 pH-desorption from the tailings

Results of the pH-desorption tests are documented and discussed below. Detailed results
are given in appendix B.3. Desorption rates from the tailings depending on the pH of the
leaching medium are expressed in % metal released.

Desorption of toxic elements at high pH is of particular interest as concrete is an alka-
line material with a pH that usually lies above 12 (Kumar Mehta and Monteiro, 2006).
Therefore, leaching from the tailings at high pH could indicate a risk of leaching from
mortar containing tailings as well, which would be problematic for environmental and
health reasons.

Zinkgruvan tailings

Figure 4.1 displays the results of the pH-desorption tests conducted on Zinkgruvan tail-
ings for arsenic, cadmium, lead and zinc. In section 4.1.2 these elements were found to
exceed the limit for category 1 waste (Miljgstyrelsen, 2010). Result for desorption of zinc
at pH=L1 is not displayed as the measured desorption rate was abnormally high and not
coherent, reaching nearly 400%. This measurement should be redone.
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Figure 4.1: pH-desorption of As, Cd, Pb, and Zn from Zinkgruvan tailings

Figure 4.2 displays the results for barium, chromium, copper and nickel desorption. In
section 4.1.2 these elements were found to remain below the limit for category 1 waste.
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Figure 4.2: pH-desorption of Ba, Cu, Cr, and Ni from Zinkgruvan tailings

From figure 4.1 it is observed that leaching of lead, arsenic and to a lesser extent zinc
is significant in alkaline conditions, from pH>10. Leaching of lead reaches the highest
level, with a release rate of 70% at pH = 13. Leaching of zinc and arsenic range from
20 to 30%, respectively, at pH=13. From pH=10, desorption rate of arsenic, lead and
zinc increases with pH. Desorption of lead appears to begin at pH=11, while leaching of
arsenic and zinc start from pH=13. However this should be confirmed with additional
measurements for pH= 11-12.
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As pH in concrete or mortar usually lies above 12 (Kumar Mehta and Monteiro, 2006),
results suggest that leaching of lead at a high release rate may occur in mortar containing
Zinkgruvan tailings. Leaching of arsenic and zinc may also occur if the pH is high enough.
This is particularly concerning due to the large amounts of these three elements in the
Zinkgruvan tailings, as discussed in 4.1.2. In particular lead content is almost 1000 times
greater than the limit for category 1 waste (Miljgstyrelsen, 2010).

Cadmium, that is also present in amounts significantly exceeding the limit for category
1 waste (Miljgstyrelsen, 2010), remains bound in the tailings at high pH, indicating that
it could be immobilized in the cement matrix when tailings are incorporated in mortar.

From graph 4.2 it is observed that copper is desorbed from the tailings in alkaline condi-
tions, reaching a release rate of 20% at pH = 13. The other elements investigated, namely
barium, chromium and nickel, remain bound in the tailings even at high pH.

From figures 4.1 and 4.2 it can be seen that in acidic conditions leaching occurs for all
the elements investigated except barium. This is not surprising as acidic environments
are known to enhance dissolution of heavy metals (Saria et al., 2006). Desorption of
cadmium and nickel occur even at pH= 6-7. This means that particular care should be
taken when handling and storing the tailings, as exposure to for instance rainwater could
result in leaching of these two elements.

Nalunaq tailings

Figure 4.3 displays the results for the pH-desorption tests performed on Nalunaq tailings
for arsenic, cadmium, nickel and lead. In section 4.1.2 these elements were all found to
exceed the limit for category 1 waste set by Miljgstyrelsen (2010).
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Figure 4.3: pH-desorption of As, Cd, Ni and Pb from Nalunaq tailings
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Figure 4.4 displays the results for barium, chromium, copper and zinc. In section
4.1.2 these elements were found to remain below the limit for category 1 waste set by
Miljgstyrelsen (2010).

100%

80%
-]
%
E 60% Ba
]
2 -=—Cr
o
@
2 40% —-+—Cu
=X n

20%

0% r—a—————a—all
0 2 4 6 8 10 12 14

pH

Figure 4.4: pH-desorption of Ba, Cr, Cu, Zn from Nalunaq tailings

From graph 4.3 it appears that for pH>12 leaching of arsenic reaches a maximum re-
lease rate of roughly 20%. This is concerning as the arsenic content in Nalunaq tailings
is more than 25 times greater than the threshold for category 1 waste (see 4.1.2). It
suggests a potentially problematic leaching of arsenic from mortar containing Nalunaq
tailings. However it should be noted that leaching of arsenic is close to 0 for 8<pH<12.5.
Therefore having pH<12.5 in mortar containing tailings could help prevent arsenic leach-
ing.

Leaching of cadmium, nickel and lead at alkaline pH is low, ranging from 0 to 6%. This
indicates that although these elements are present in high amounts in the tailings, they
could remain bound and immobilized in the alkaline cement matrix, and thus they will
not necessarily pose a threat.

From figure 4.4 it is observed that leaching of barium, chromium, copper and zinc are all
negligible at alkaline pH, meaning that these elements could also be successfully immobi-
lized in the cement matrix.

In acidic conditions, leaching occurs for all the elements investigated. The maximum
release rates are observed at the lowest pH (pH=0.9), ranging from 13% for copper to
100% for lead. Therefore tailings should not be exposed to acidic conditions to avoid
environmental and health issues due to the leaching of toxic elements.
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Conclusion on the desorption of heavy metals

Overall, according to the pH-desorption tests, leaching in alkaline conditions of lead,
arsenic and zinc from Zinkgruvan tailings and of arsenic from Nalunaq tailings are con-
cerning if tailings are to be used in mortar. Leaching of these elements from mortar
containing tailings should be carefully studied to ensure the safety of tailings incorpora-
tion. This was investigated in section 4.3.5.

Desorption of sulfur
Figure 4.5 displays the results for sulfur desorption from Zinkgruvan and Nalunaq tailings.
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Figure 4.5: pH-desorption of S from Zinkgruvan and Nalunaq tailings

For both Zinkgruvan and Nalunaq tailings, sulfur desorption is highest in alkaline con-
ditions. Significant leaching of sulfur from the tailings indicates potential leaching of
sulfates as well, which would be detrimental to mortar sulfate resistance. However no
information is provided regarding the compounds in which sulfur occurs. Sulfate leaching
was investigated in section 4.3.6.

Sulfur desorption rates from both tailings reach values over 100%, which should not be
possible. A first explanation could be that sulfur is not homogeneously distributed in
the tailings. It is also possible that all sulfur was not released during the acidic digestion
performed on the tailings, as the procedure described in DS 259 (2003) is not designed
for sulfur content determination. Therefore sulfur contents obtained in section 4.1.2 and
used to determine the percentage of released sulfur may be lower than the reality. Finally,
there may have been interferences with other elements during the ICP analysis.
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4.2 Heavy metals and sulfur contents in cement and
sand

Results regarding the heavy metals contents in sand and cement used in mortar are dis-
played in table 4.3. Detailed results are given in appendix B.2. Results are compared
to the limit set by the Danish Environment Protection Agency for category 1 materials
(Miljgstyrelsen, 2010). Results exceeding the threshold are highlighted in red. Unsatis-
factory standard deviations, arbitrarily defined as deviations exceeding 20% of the result,
are underlined. Results are expressed in mg/kg dry matter + standard deviation.

Table 4.3: Heavy metals contents in cement and sand in mg/kg + standard deviation

Limit -
Sand Cement Cat. 1
As 1.6 £0.2 8+1 <20
Ba 3+1 285 + 14 -

Cd 1.2+£14 043 =£0.03 <0.5
Cr 19402 30.6 £ 0.2 <500

Cu 3.0=£29 98 £ 1 <500
Ni 09402 26 £ 1 <30
Pb 3+£2 172 £0.2 <40
S 363 £ 56 14043 + 336 -

Zn 14 +£1 37+ 2 <500

Most standard deviations are acceptable, however five results yielded unsatisfactory devi-
ations. This is possibly due to the detection limit of the ICP-OES analysis as all excessive
standard deviations are observed for low amounts of concerned element. Large deviations
can be expected when the amount in the element is close to the detection limit. The ICP-
OES analysis can detect elements in the eluate from 0.2 mg/L, corresponding to a content
of 2 mg/kg.

Overall, heavy metals contents in sand and cement are significantly lower than in the
tailings (see 4.1.2). This means that when tailings are incorporated in mortar, they are
the primary source of heavy metals.

In sand, apart from cadmium, all metals contents are significantly lower than the limit
for category 1 waste (Miljgstyrelsen, 2010). The cadmium content appears to exceed the
category 1 threshold. However this threshold is lower than the detection limit of the
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ICP-OES analysis and the standard deviation is too large to draw conclusions.

In cement, all elements fall under category 1 waste (Miljgstyrelsen, 2010). Contents in
heavy metals are higher in cement than in sand, except for cadmium and zinc. All stan-
dard deviations are acceptable.

4.3 Mortar festing

4.3.1 Consistency of fresh mortar

Results of the flow table tests are shown in figure 4.6. The average flow diameter in mm
+ standard deviation is displayed for each mortar mixture. Detailed results are given in
appendix B.4.

Consistency of mortar containing Zinkgruvan and Nalunaq tailings at 5 and 10% cement
replacement has been previously investigated by Nielsen, whose findings will be compared
with the present results.
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Figure 4.6: Flow diameters

To provide satisfactory workability the consistency of mortar mixtures should remain
comparable to that of the reference. Yet, from figure 4.6 it appears that cement and
sand replacement with tailings results in most cases in a decrease in the consistency of
fresh mortar. Both Zinkgruvan and Nalunaq tailings have a negative impact on the flow
diameter.

Flow diameters for REF and ZC5 are almost identical, however for all other mortar
mixtures consistency is significantly reduced, with deviations from the mortar mixture
ranging from 11 to 22%. A decrease in consistency was also observed by Nielsen (2017)
when part of the cement was substituted with Zinkgruvan and Nalunaq tailings. This is
possibly due to the angular, plate-like shape of the grains that increases the water absorp-
tion potential of the tailings (Nielsen, 2017). The volume of mixing water is identical for
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all mortar recipes, thus partial absorption of mixing water by the tailings could explain
the observed adverse effects. This theory is supported by Onuaguluchi and Eren (2012)
who also observed a loss of consistency when studying the impact of copper tailings ad-
dition in mortar.

Some differences also exist between the present results and Nielsen’s findings (2017). First,
unlike in the present study, previous investigations found that the flow diameter increased
with cement substitution rate, with both Zinkgruvan and Nalunaq tailings. This result
was surprising, as a higher tailings content is expected to result in a higher absorption of
water. It should be noted that in the present study, ZC5 and NC5 were cast with moist
tailings, while the other mortar mixtures were cast with dry tailings. In Nielsen’s study
(2017) only dry tailings were used. This could explain the observed differences, as moist
tailings may have absorbed less mixing water, resulting in a higher flow diameter for
ZC5 and NC5. It is also possible that differences between the two studies are due to the
relatively large uncertainty associated with flow table tests, as the results can vary with

the instrumentation used, the environment and the person performing the tests (Hinrichs,
2008).

Onuaguluchi and Eren (2012) found that consistency of fresh concrete substantially de-
creased as the amount of tailings in the mixture increased. This trend is not observed
in the present study. Tailings contents in the mortar mixtures are reminded in table 4.4.
Apart from ZC5, the flow diameters of mortar mixtures containing tailings are rather sim-
ilar and an increase in the tailings content does not result in a visible loss of consistency.

Table 4.4: Tailings content in the mortar mixtures

ZC5, ZC10, 7S5, ZS10,

REF  Neos NC10 NS5 NS10

Tailings

0 22.5 45 67.5 135
content [g]

It should be noted that when used as cement replacement, tailings were incorporated
from the beginning of the mixing process, whereas when used as sand replacement, tail-
ings were incorporated together with the aggregates after 30 s - 1 min of mixing (see
3.3.3). Delayed addition of tailings may have impacted the consistency as flow diameters
of ZC10 and NC10 are respectively lower than that of ZS5 and NS5 although tailings
content is higher in the latter. However no literature was found to support this theory.

In order to maintain a satisfactory workability comparable to that of the reference mix-
ture, chemical admixtures such as plasticizers could be added in mortar containing tailings.
Thus a higher consistency could be achieved without increasing the volume of mixing wa-
ter, which would be detrimental to mortar compressive strength. Plasticizers addition in
mortar containing tailings was however not investigated in the present study.
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4.3.2 Sefting time

To determine the setting time of each mortar mixture, a Vicat apparatus was used that
measured the penetration depth of a needle plunged in fresh mortar at 10 min intervals.
The graphs obtained from the measurements are given in figure 4.8. Detailed results are
given in B.5. Figure 4.7 displays the initial setting time in minutes obtained for each
mixture, as defined by DS/EN 193-3 (2016). Final setting times are documented in ap-
pendix B.5, however they are not discussed here as their determination was judged too
unreliable due to the irregular upper surface of the samples. This can be observed on
figure 4.8, as large variations subsist for measurements made after 500 min. Setting of
mortar mixtures containing tailings as cement replacement was previously investigated
by Nielsen, whose findings will be compared with the present results.
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Figure 4.7: Initial setting times
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Figure 4.8: Distance between the needle and the bottom of the mould measured by the
Vicat apparatus

From figure 4.7 it appears that Zinkgruvan and Nalunaq tailings affect differently the
initial setting of mortars. The incorporation of Zinkgruvan tailings results in a delayed
initial setting. The delay increases with the amount of tailings in mortar. A decrease in
the cement content in ZC5 and ZC10 could contribute to the observed delay for these two
mortar mixtures (Mindess et al., 2003). Moreover, previous studies have found that the
presence of heavy metals such as copper, lead or zinc delayed cement hydration, thereby
increasing setting time (Onuaguluchi and Eren, 2012a; Tashiro et al., 1977). Thus the
large amounts of lead and zinc in Zinkgruvan tailings (see 4.1.2) could explain the adverse
effects observed on the setting time.

Initial setting times of REF and ZC5 are almost identical, however initial setting of ZC10,
7S5 and ZS10 are significantly delayed, with deviations from the reference ranging from
38 to 63%. Thus, in order to keep the setting time acceptable, tailings content in concrete
should remain low. From 4.7 it appears that 5% cement replacement with Zinkgruvan
tailings is the optimal solution. Another possibility is to add set accelerators in the mor-
tar mixtures containing large amounts of tailings. However this may have adverse effects
on the ultimate strength of mortar (Kumar Mehta and Monteiro, 2006).

Up to a certain amount, Nalunaq tailings delay initial setting of mortar. However, the
setting time decreases as the amount of tailings in mortar increases. Compared to the
reference, setting is delayed for the mortar mixtures with cement replacement, while it is
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accelerated for mortar mixtures with sand replacement.

Nielsen (2017) showed that Nalunaq tailings grains are finer than sand but coarser than
cement. When sand is substituted with tailings, the proportion of fine particles increases.
This may have induced an heterogeneous nucleation effect. This physical process relies
on the nucleation of cement hydrates on inert mineral grains. An increase in the specific
surface of mineral particles is believed to increase heterogeneous nucleation by providing
additional nucleation sites, thereby catalyzing cement hydration (Lawrence et al., 2005).
Thus it may explain why mortar mixtures containing Nalunaq tailings as sand replace-
ment see a decrease in their setting time. This explanation is consistent with the fact
that setting time decreases as the sand replacement rate increases.

Setting time is however not decreased for mortar with cement replacement. As Nalunaq
tailings are coarser than cement particles, cement substitution is not expected to induce
heterogeneous nucleation, possibly explaining why the initial setting time is not short-
ened. Moreover, a decrease in the cement content in NC5 and NC10 could explain why
initial setting is delayed compared to the reference mortar (Mindess et al., 2003).

The initial setting time for Basis Cement from Aalborg Portland is 165 min (Aalborg
Portland A/S, 2012). This fits the observations as the initial setting time obtained for
the reference mortar is 160 min.

Present results are consistent with findings of Nielsen (2017), and the largest deviation
observed between the two studies is 20 min. Indeed, a 20 min delay appears in this study
for the initial setting time of ZC5 and NC5. Given that measurements were performed
every 10 min, this is acceptable.

4.3.3 Compressive strength

The mortar mixtures were tested for compressive strength after curing times of 7, 14,
28 and 90 days. Results are displayed in figure 4.9. Table 4.5 documents the tests for
which one or more results exceeded the 10% margin (see 3.4.3). Detailed results are
given in appendix B.6. The impact of cement substitution with Zinkgruvan and Nalunaq
tailings on mortar compressive strength has already been investigated by Nielsen (2017).
Present results will be compared to that study. Moreover, additional results regarding
90-day compressive strength and the impact of sand replacement with tailings on mortar
strength will be discussed.
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Table 4.5: Discarded results for the compressive strength tests

Mortar  Curing time Discarded New determination

mixture [days] results required
REF 90 1 No
28 1 No
65 90 1 No
7 1 No
ZC10 90 4 Yes
7 1 No
Z85 90 1 No
7 1 No
7510 14 1 No
90 1 No
NC5 90 1 No
14 1 No
NC10 90 1 No
NS5 90 1 No
7 3 Yes
14 1 No
NS10 28 1 No
90 1 No

Conditions under which results are not satisfactory and strength determination should
be carried out again are specified by DS/EN 196-1 (2005) and mentioned in 3.4.3. From
table 4.5 it appears that 2 determinations should have been performed again due to ex-
cessive deviations of the results. Determination of the 7-day compressive strength NS10
was performed again and new results were satisfactory. However 90-day compressive
strength of ZC10 was not determined again due to time constraints. From table 4.5 it
also appears that for all mortar mixtures, the 90-day compressive strength tests yielded
at least one result that differed by more than 10% from the calculated average strength.
Such variations may be due to the incident mentioned in section 3.4.3. However, although
determination should be redone for ZC10, all the other tests complied with DS/EN 196-1
(2005).

Figure 4.9 displays the compressive strengths with their respective standard deviations
for the various mortar recipes after 7, 14, 28 and 90 days of curing. As the 90-day com-



46 4 Results and Discussion

pressive strength test for ZC10 yielded unsatisfactory results but could not be performed
again, the corresponding strength development is plotted in a dotted line.
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Figure 4.9: Compressive strength for 7, 14, 28 and 90 curing days



4.3 Mortar testing 47

Early age strength development

Cement replacement From 4.9(a), considering the results for 7 and 14 curing days,
cement substitution with tailings leads in most cases to a loss of compressive strength.
This is expected as the w/c ratio increases with the substitution rate. w/c ratios for
the different mortar mixtures are reminded in table 4.6. Early age strength development
of ZC5 and of reference mortar are very similar while results for NC5, NC10 and ZC10
are noticeably lower. This differs from the findings of Nielsen (2017), who observed a
decrease in early age strength for all mortars containing tailings, including ZC5.

In the present study, after 7 and 14 days of curing, NC5 yields a lower strength than ZC5.
This is unexpected and also contrasts with Nielsen’s findings (2017). Indeed, Nielsen
found that Nalunaq tailings have filler properties, complying with the filler limit set to
250 pm. Therefore a higher strength for NC5 than for ZC5 was expected. However, com-
pressive strength of NC10 is higher than that of ZC10 for all curing times, which differs
from Nielsen’s findings (2017) but corresponds to the expectations.

Sand replacement  From 4.9(b), when considering results for curing times of 7 and 14
days, sand substitution with tailings leads to similar to slightly increased compressive
strengths at a replacement level of 5%, and to lower to similar compressive strengths at
a replacement level of 10%. Variations cannot be explained by a change in the w/c ratio
as it is identical for all the concerned mixtures, with w/c = 0.5.

The highest 7- and 14-day compressive strength is obtained for NS5. As Nalunaq tail-
ings contain substantial amounts of fine particles compared to sand (Nielsen, 2017), this
could indicate that Nalunaq tailings induce a beneficial filler effect optimizing the pore
structure, as discussed in the previous paragraph. However this is not supported by the
results of the density and porosity tests. Moreover, NS10 yields compressive strengths
lower than the reference for 7 and 14 days of curing. This could be due to the lower
workability of the mixture that may have adversely affected compaction of mortar in the
moulds during casting.

Early age strength developments of ZS5 and REF are almost identical. 7-day compressive
strength of ZS10 is significantly lower than that of the reference, but 14-day strengths
of REF, ZS5 and ZS10 are almost identical. It was shown that Zinkgruvan tailings are
coarser than Nalunaq tailings and that grain size distribution of Zinkgruvan tailings is
closer to that of sand than that of cement or fly ash. This may explain why sand substi-
tution with Zinkgruvan tailings has a limited impact on early age strength development
of mortar.

28-day compressive strength
The 28-day compressive strength is commonly used as an index of mortar and concrete
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strength and is therefore of particular interest. 28-day compressive strengths for the var-
ious mortar mixtures are displayed in figure 4.10.
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Figure 4.10: 28-day compressive strength

Comparison with Bolomey formula Experimental results can be compared to the theoret-
ical strengths calculated according to Bolomey formula as displayed in table 4.6. Bolomey
28-day strengths were calculated based on the equation stated in 2.3.3. Parameters were
set to the values provided by Aalborg Portland A/S (2012) for 28-day strength calcula-
tion : @ = 0.5 and K = 30.

From table 4.6 it appears that the experimental 28-day strength of the reference mortar
is noticeably higher than its Bolomey strength. However, while ZC5 and NC5 experimen-
tal strengths are slighlty higher than their Bolomey strength, all the mortar mixtures
containing tailings yielded results lower than their theoretical strength. It should be
noted that Bolomey formula is normally intended for concrete containing fine and large
aggregates, whereas in mortar only sand is used. Therefore experimental mortar strength
results are expected to exceed the Bolomey strength, which is only verified for REF, ZC5
and NS5. Possible explanations for the observed strength losses are discussed below.
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Table 4.6: Comparison of 28-day compressive strengths with Bolomey formula

Deviation from

W/C fc28 Bolomey fc28
f628 Bolomey

[] [MPal] [MPal] %]
REF 0,50 45 51.7 +15
ZC5 0,53 42 45.9 +9
NC5 0,53 42 36.2 14
ZC10 0,56 39 32.1 -18
NC10 0,56 39 37.0 5
ZS5 0,50 45 37.8 -16
NS5 0,50 45 47.3 +5
ZS10 0,50 45 40.2 11
NS10 0,50 45 41.3 8

Cement replacement From figure 4.10 it can be seen that cement substitution with
tailings results in a decrease in the 28-day compressive strength for all concerned mortar
mixtures (ZC5, ZC10, NC5, NC10). This is expected as the w/c ratio increases when
cement is substituted.

After 28 days of curing, a slight decrease is observed in the strength of ZC5, that is 11%
lower than that of the reference mortar. Replacement of 10% cement with Zinkgruvan
tailings leads to a 38% strength loss compared to the reference mortar. As the w/c ratio
increases with the substitution rate, these strengths losses were expected. This substan-
tial decrease is also supported by Nielsen.

Replacement of cement with Nalunaq tailings also results in a decrease in the 28-day
compressive strength, as observed by Nielsen, 2017. Compressive strengths of NC5 and
NC10 are very similar, unlike strengths of ZC5 and ZC10. Nielsen also observed that the
impact of the cement substitution rate was lesser for mortar with Nalunaq tailings than
mortar with Zinkgruvan tailings, although variations between the strengths of NC5 and
NC10 were more substantial than in the present study. Nielsen (2017) found that mortar
with Zinkgruvan tailings used as cement replacement yielded higher 28-day compressive
strengths than the corresponding mortar mixture with Nalunaq tailings. This observation
is verified when comparing strength of ZC5 and NC5, however in the present study ZC10
yields a lower strength than NC10.

In this study, the strength of NC10 is even slightly higher than that of NC5, with respec-
tive compressive strengths of 37 and 36.2 MPa. This is unexpected as the water ratio is
higher in mortar with 10% cement substitution than with 5%. It may be due to the filler
properties of Nalunaq tailings that increase with the tailings content. However a filler
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effect should result in a denser and less porous mortar, which was not observed after the
density and porosity tests (see 4.3.4).

Sand replacement From figure 4.10 it appears that sand substitution with tailings
results in lower 28-day compressive strengths compared to the reference mortar.

7S5 and ZS10 yield similar results, with respective compressive strengths of 37.8 and
40.2 MPa. These results are significantly lower than the strength of the reference mortar,
corresponding to 51.7 MPa. This contrasts with the results for 7 and 14 curing days that
showed very similar early age strength development for ZS5, ZS10 and REF.

Sand replacement with Nalunaq tailings causes less substantial strength losses than
Zinkgruvan tailings. Compressive strengths of NS5 and NS10 are respectively equal to
46.3 and 41.3 MPa. While NS5 showed higher 7 and 14-day compressive strengths than
REF, its 28-day compressive strength is 9% lower than that of the reference mortar. This
strength loss remains however acceptable.

Overall strength losses are lower than for mortar in which cement was substituted with
tailings. This was expected as the w/c ratio increases when cement is replaced but re-
mains unchanged when sand is replaced. Yet this means that similar strengths for the
reference mortar and for mortar mixtures with sand replacement were expected. How-
ever substantial strength losses were observed. A possible explanation is that mortar
with sand replacement is less workable (see 4.3.1) which may have adversely affected the
compaction during casting, creating extra air voids in the specimens and decreasing the
strength. However no visible increase in open porosity was observed in section 4.3.4. It
is also possible that tailings incorporation caused new chemical reactions in mortar, such
as sulfate attack, resulting in detrimental effects on the compressive strength. This is
discussed in section 4.3.6.

Previous research on lead and zinc tailings used as sand replacement in self-compacting

concrete showed positive effects of the tailings on the 28-day compressive strength (Jankovic
et al., 2015). Other studies on copper tailings used as fine aggregates replacement showed

that tailings could affect 28-day strength positively at w/c ratios greater than 0.5, but

negatively at w/c=0.45 (Beniwal et al., 2015). Therefore it could be beneficial to inves-

tigate sand substitution with tailings at different w/c ratios.

90-day compressive strength

Although 28-day compressive strength is commonly used to characterize concrete and
mortar strength, it is also relevant to investigate strength development at a later age.
Indeed, cement hydration keeps occurring for several years, therefore strength increases
over time (Kumar Mehta and Monteiro, 2006). Compressive strength of mortar mixtures
after 90 days of curing was determined and results can be seen in figure 4.9. Determi-
nation for ZC10 should have been redone as results did not comply with DS/EN 196-1
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(2005) but due to lack of time it could not be performed again. Specimens may have
been affected by the incident described in 3.4.3, therefore results should be treated with
caution. In particular, from figure 4.9 it appears that the 90-day compressive strength of
the reference mortar is abnormally lower than its 28-day strength, which may be due to
said incident.

Cement replacement From figure 4.9(a) it can be seen that ZC5 yields the highest
result with a 90-day compressive strength of 51.3 MPa. This is however lower than the
28-day strength of the reference mortar, namely 51.7 MPa. ZC10 achieves the lowest
strength, which is consistent with strength determination at earlier age. However results
did not comply with DS/EN 196-1 (2005) and due to the large standard deviation the
strength result for ZC10 is unreliable.

Compressive strengths of NC5 and NC10 are almost identical. This is also consistent
with the previous investigations that found comparable strengths for these two mortar
mixtures after 7, 14 and 28 days.

The rate of strength gain between 28 and 90 days, that can be derived from the slopes on
figure 4.9(a), appears to be very similar for ZC5, NC5 and NC10. Previous research found
that Zinkgruvan tailings may have pozzolanic activity (Nielsen, 2017). If it was the case,
a higher rate of strength enhancement should be observed for ZC5 as pozzolanic materials
contribute to long term strength (Kumar Mehta and Monteiro, 2006). Therefore present
observations do not support the theory of pozzolanic activity in Zinkgruvan tailings.

Sand replacement  As shown on figure 4.9(b), for each mortar mixture with tailings
used as sand replacement, the 90-day compressive strength is higher than the 28-day
strength. NS5 achieves the highest 90-day compressive strength with 51.3 MPa. This is
however lower than the 28-day strength of the reference mortar, corresponding to 51.7
MPa. Compressive strength of NS10 after 90 days is significantly lower than that of NS5.
This is consistent with previous investigations regarding compressive strength after 7, 14
and 28 curing days.

7ZS10 achieves a higher strength than ZS5. This was also the case after 28 days. One
explanation could be that Zinkgruvan tailings have pozzolanic activity, as suggested by
(Nielsen, 2017). An increase in pozzolanic materials in the mortar would thus increase
the long-term strength. The rate of strength gain between 28 and 90 days, derived from
the slopes on figure 4.9(a) is higher for ZS5 and ZS10 than for NS5 and NS10, which could
also be explained by a pozzolanic activity in Zinkgruvan tailings. This theory regarding
their pozzolanic properties was however not supported by the previous results obtained
for the 90-day strength of ZC5 ad ZC10 therefore further investigations are needed to
validate this assumption.
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Consistency of the compressive-strength results

The operator’s skills and therefore the quality of castings may improve after several mor-
tar specimens castings are performed, which can affect mortar compressive strength. In
order to ensure results consistency, compressive strengths of reference mortar specimens
after 7, 14 and 28 days were determined twice and compared. The first specimens, la-
belled REFa, were cast on the first casting day. The second specimens, labelled REF,
were cast on the fifth casting day (see table 3.4). REF and REFa specimens were both
subjected to compression tests after 7, 14 and 28 curing days. Results with their respec-
tive standard deviations are displayed in figure 4.11.
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Figure 4.11: Compressive strengths of REFa and REF

According to DS/EN 196-1 (2005), determination of the 7-day compressive strength of
REFa had to be redone due to excessive deviation of the results. REF gave satisfactory
results for the 7-day strength.

Both 14-day and 28-day compressive strength tests gave very similar results for REF and
REFa. This indicates that the quality of castings did not significantly improve over time,
thus results can be considered reliable.

It was chosen to report results obtained for REF in section 4.3.3.

4.3.4 Porosity and density

Results of the density and porosity experiments with the standard deviations are given
in table 4.7. Mean values for the dry density and open porosity of the mortar specimens
are displayed with their respective standard deviations. Porosities are also displayed in

figure 4.12 for better visualisation of the results. Detailed results are given in appendix
B.7.
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Table 4.7: Dry density and open porosity of the mortar mixtures

Density Porosity
[kg/m?] K

REF 2014 £10 20.7 £0.9
ZCh 2045 £ 20 21.2 £0.7
ZC10 2027 +5 21.6 £0.1
7S5 2008 £ 3 222 +0.1
ZS10 2014 +9 222 +0.3
NC5 2016 £5 21.8+0.1
NC10 2002 £ 11 22.6 + 0.4
NS5 2065 £ 5 202 +0.1
NS10 2041 +£7 21.2+0.3

From table 4.7 it appears that densities are very similar from one mortar mixture to the
other. They range from 2008 to 2065 kg/m?, which represents a difference of 2.8%. There
is no clear trend indicating an increase or decrease of density due to the incorporation of
tailings.

Porosities are also very similar and range from 20.2 to 22.2%. Porosity of mortar contain-
ing tailings is in most cases slightly superior to that of the reference mortar. In mortar
containing Zinkgruvan tailings porosity increases very slightly with tailings content. How-
ever the differences are very small, especially when accounting for the standard deviations.
In mortar containing Nalunaq tailings porosities are slightly higher than that of the ref-
erence mortar except for NS5. There is not clear trend indicating an increase in porosity
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Figure 4.12: Open porosity of the mortar mixtures



54 4 Results and Discussion

with tailings content. Slightly higher porosities in mortar containing tailings may be due
to a poorer workability compared to the reference mortar. The loss of consistency of
fresh mortar with tailings observed in 4.3.1 may have hindered proper compaction in the
moulds, thereby increasing the volume of air voids.

Overall, at the considered substitution rates, neither Zinkgruvan nor Nalunaq tailings
seem to have a significant impact on mortar dry density and open porosity. An increase
in porosity could have adversely affected mortar strength (see 2.3.3). It could also have
increased mortar permeability, thus possibly contributing to leaching of heavy metals by
permitting an easier circulation of leachable toxic elements in the interconnected pores
network (Galvin et al., 2014).

When investigating copper tailings incorporation in concrete mixtures, Onuaguluchi and
Eren (2012) found that porosity slightly increased with tailings content, which is con-
sistent with the present findings concerning Zinkgruvan tailings. This is however not
observed in mortar containing Nalunaq tailings.

However it should be noted that the test methods only allowed determination of total
open porosity. The experiments performed did not provide information concerning pore
size distribution in mortar, although it may have been affected by tailings incorporation.
In reality, strength and permeability of concrete are more dependent on the pore size
distribution than on the total porosity (Kumar Mehta and Monteiro, 2006). Therefore
additional experiments could be beneficial to determine if tailings affect pore size distri-
bution in mortar.

4.3.5 Leaching of heavy metals and sulfur from crushed mortar

Results of the leaching tests performed on crushed mortar samples are given in figure
4.13, for the following elements: As, Ba, Cd, Cr, Cu, Ni, Pb, S, Zn. Concentrations in
the eluates with their standard deviation are displayed for each mortar mixture. When it
exists, the limit for category 1 waste set by Miljgstyrelsen is plotted in a green line. For
a better readability of the graphs, the limit for category 3 waste is only indicated if it is
exceeded, and is plotted in an orange line. Detailed results including leaching of Al, Fe
and Y are given in appendix B.8.1.
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Figure 4.13: Leaching from crushed mortar of As, Ba, Cd, Cr, Cu, Ni, Pb, S, Zn

Leaching of arsenic

There is no leaching of arsenic occurring from the reference mortar. However, the leaching
rate of arsenic from mortar containing Zinkgruvan tailings is significant, ranging from 54
to 133 pg/L in the eluate, for ZC5 and ZS10 respectively. Leaching from ZS10 is thus
respectively 16 and 2.6 times larger than category 1 and 3 limits set by Miljgstyrelsen
(2010) for waste materials used in construction. Standard deviations are relatively large,
but results seem consistent as leaching results for ZC10, ZS5 and ZS10 are very close.
Arsenic also significantly leaches out from mortar containing Nalunaq tailings. Leaching
results from NC10, NS5 and NS10 are very close, ranging from 132 to 135 pg/L, with ac-
ceptable standard deviations. These results also exceed the limit for category 1 and 3. No
leaching of arsenic was however observed for NC5, which is surprising and may indicate
that for an amount of tailings low enough, arsenic can be stabilized by the cement matrix.

Leaching results for mortar containing Zinkgruvan and Nalunaq tailings are very simi-
lar except for ZC5 and NC5. Yet the initial arsenic content in Nalunaq tailings is 25
times higher than in Zinkgruvan tailings (see 4.1.2). During the pH-desorption tests, the
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maximum arsenic release rate in alkaline conditions was only 10% higher for Zinkgru-
van tailings than for Nalunaq tailings. Hence a higher leaching from mortar containing
Nalunaq tailings than from mortar containing Zinkgruvan tailings was expected. The
results suggest that although arsenic leaching is significant, part of the arsenic contained
in Nalunaq tailings is successfully immobilized in the cement matrix.

For mortar with both tailings, arsenic leaching seems to be lower at the 5% cement sub-
stitution level. Results are almost identical for all the other substitution rates.

B. Kim et al. (2016) determined the leaching fraction of arsenic from cementitious con-
trolled low strength materials containing arsenic-rich tailings. It was found that the
leaching fraction of arsenic remained minor, thus the waste was successfully stabilized.
The tests methods from B. Kim et al. (2016) differ from tests conducted in the present
study, therefore results cannon be quantitatively compared. However present results com-
pared with the limits set by Miljgstyrelsen (2010) suggest the Stabilization-Solidification
treatment process is not as successful in the present study and that arsenic leaching from
mortar containing Zinkgruvan or Nalunaq tailings is concerning.

Leaching of barium

Leaching of barium is large for all the mortar mixtures investigated, including for the
reference mortar. Results range from 1426 pg/L for ZS5 to 2737 pg/L for ZC10, while
the limit for category 1 waste is set to 300 pg/L. Standard deviations are acceptable.

Such a significant leaching of barium was not expected as even the reference mortar does
not comply with the requirements for category 1 waste. All results remain however below
the limit for category 3, that is set to 4000 ng/L (Miljgstyrelsen, 2010). Present results are
supported by Hansen (2016) who also found large barium leaching rates reaching around
1000 pg/L in similar experiments. The main source of barium in mortar is cement, with
a content of 285 mg/kg (see 4.2. Zinkgruvan tailings contain comparable amounts of
barium (257 mg/kg). Barium content in sand and in Nalunaq tailings is negligible. For
both tailings barium was not desorbed in alkaline conditions (see 4.1.3). From figure 4.13
it appears that apart from ZC10, all mortar mixtures yielded leaching rates lower than
the reference mortar. This suggests that tailings incorporation in mortar may prevent
barium leaching, however no literature was found to support this.

Toxicity of barium is characterized as slight to moderate by Choudhury and Cary (2001)
and depends on the barium compounds. Barium sulfate is for example used at high doses
as an oral radiocontrast medium. Therefore large leaching rayes of barium from mortar
may not pose a serious hazard.

Leaching of cadmium
Calculated average concentrations in cadmium in the eluates are all below the detection
limit of the ICP analysis, that corresponds to 20 ng/L. Hence standard deviations are
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very large, making results interpretation unreliable. It is possible that cadmium leaching
rate exceeds category 1 limit for waste materials, including for reference mortar. However
all results lie below the limit for category 3 waste, corresponding to 40 pg/L.

Overall, cadmium leaching appears lower for mortar with Nalunaq tailings than with
Zinkgruvan tailings. This would be consistent with the fact that cadmium content is
higher in Zinkgruvan tailings.

Leaching of chromium

Concentrations in chromium in eluates are nearing the detection limit of the ICP analysis
that corresponds to 20 ng/L. Standard deviations are acceptable except for the reference
mortar. The deviation is probably large because the detection limit exceeds the calcu-
lated average concentration in the eluate.

The lowest result is obtained for the reference mortar. All results exceed category 1 limit
but remain way below category 3 limit, corresponding to 500 pg/L. For all mortar mix-
tures containing Zinkgruvan tailings, leaching of chromium lies around 20 pg/L. Leaching
results for mortar mixtures containing Nalunaq tailings are slightly higher, with concen-
trations stretching from 25 to 40 pg/L. This is consistent with the fact that chromium
content in Nalunaq tailings is higher than in Zinkgruvan tailings (see 4.1.2).

Chromium toxicity strongly depends on its oxidation state. Cr(VI) is a known carcino-
gen and poses the most serious threat to human health and to the environment (D. G.
Barceloux and D. D. Barceloux, 1999). However the ICP analysis performed on the
eluates does not provide information about chromium oxidation state, therefore further
investigations would be needed to determine if chromium leaching from mortar is haz-
ardous.

Leaching of copper

Leaching of copper increases when tailings are incorporated in mortar. Leaching rate
of the reference mortar is much lower than the category 1 limit. For mortar mixtures
containing Zinkgruvan tailings results are all higher than that of the reference, and 3 out
of 4 results are above the category 1 limit.

For mortar mixtures with Nalunaq tailings, results are also higher than that of the refer-
ence mortar, with leaching from NC5 exceeding the limit. However all results remain far
below the limit for category 3 waste, that corresponds to 2000 png/L. Leaching from mor-
tar with Zinkgruvan tailings is generally more significant than from mortar with Nalunaq
tailings. This is coherent with the results of the pH desorption tests as leaching of copper
in alkaline conditions was observed for Zinkgruvan tailings, but not for Nalunaq tailings
(see 4.1.3). For 5% cement substitution with both tailings leaching only slightly increases
compared to REF, suggesting that excessive leaching of copper can be prevented if the
tailings content in mortar remains low enough.
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Leaching of nickel

Standard deviations are substantial for all results, due to the relatively low concentra-
tions of nickel in the eluates that are in the same range as the detection limit of the ICP
analysis. Six out of nine results exceed category 1 limit, however all results remain below
category 3 limit set to 70 png/L (Miljestyrelsen, 2010).

From figure 4.13 it can be seen that the incorporation of Zinkgruvan tailings seems to lead
to an increase in nickel leaching rates, except for ZC5 that contains the lowest amount of
tailings. For mortar mixtures containing Nalunaq tailings, the result for NC10 is signifi-
cantly higher than for the reference mortar. However, the 3 other mixtures with Nalunaq
tailings yielded results comparable or below that of the reference. Nickel leaching from
mortar with Nalunaq tailings was expected to be lox to moderate, as nickel content in
Nalunaq tailings was found to exceed category 1 limit in section 4.1.2, but no desorption
of this element was observed in alkaline conditions in section 4.1.3.

Leaching of sulfur

The incorporation of both Zinkgruvan and Nalunaq tailings results in increased sulfur
leaching rates compared to the reference mortar. For mortar containing Zinkgruvan tail-
ings, results are slightly higher for ZC5 and ZC10 compared to the reference mortar.
When the amount of tailings increases however, sulfur leaching significantly increases
and results for ZS5 and ZS10 are over four times higher than for REF. Incorporation
of Nalunaq tailings also increases leaching of sulfur from mortar. All replacement rates
result in a significant increase compared to the reference mixture. The largest leaching
is observed for NS5 with a sulfur concentration that is almost 4 times higher than that
of the reference.

This is consistent with the results of the pH-desorption tests that showed that for both
Zinkgruvan and Nalunaq tailings, leaching of sulfur in alkaline conditions occurred at
high rates.

The present leaching tests do not provide data about the compounds or oxidation states
of sulfur. The main concern is that if sulfur occurs as sulfates in mortar, sulfates will
attack cement hydration products and affect mortar compressive strength. Therefore it
was decided to determine sulfate release from crushed mortar, as presented in section
4.3.6.

Leaching of lead

Standard deviations are large. This may be due to concentrations in eluate that are
close to the detection limit for certain samples, especially for the reference mortar and
for mortar mixtures containing Nalunaq tailings. Another explanation could be an inho-
mogeneous distribution of lead in the mortar samples.
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Lead leaching from reference mortar is negligible. However, for all mortar mixtures con-
taining Zinkgruvan tailings, results exceed the category 1 limit. Concentration in eluate
from ZS10 also exceeds the category 3 limit.

A significant leaching of lead from mortar containing Zinkgruvan tailings could be ex-
pected due to the substantial lead content in the raw tailings (see 4.1.2) and due to the
high leaching rate of lead from the raw tailing in alkaline conditions (see 4.1.3.

Therefore the cement matrix seems to be unable to satisfactorily stabilize Zinkgruvan
tailings by immobilizing lead. However the test method involved crushing the mortar,
that may have resulted in the liberation in the eluate of heavy metals that would have oth-
erwise remained bound in mortar if the test had been performed on a bulk mortar sample.

Leaching rate of lead from Nalunaq tailings is generally low. One result exceeds slightly
category 1 limit but the standard deviation is large, therefore it can be assumed that the
incorporation of Nalunaq tailings does not result in hazardous lead leaching rates from
mortar. This is consistent with the previous investigations as lead content in Nalunaq
tailings is acceptable and desorption of lead in alkaline conditions is negligible (see 4.1.2
and 4.1.3).

Leaching of zinc

Leaching of zinc is negligible for the reference mortar and for the mortar mixtures contain-
ing Nalunaq tailings. Some leaching of zinc occurs from mortar containing Zinkgruvan
tailings, however it remains far below the category 1 limit and therefore should not
be problematic. In section 4.1.2 Zinkgruvan tailings were found to contain very large
amounts of zinc, and during the pH-desorption tests up to 20% of zinc leached out of
the tailing in alkaline conditions. Therefore a significant leaching rate could be expected.
Present results suggest that the cement matrix succeeded in immobilizing zinc.

Summary and discussion

The main observations deriving from the leaching tests are summarized below. Results
from section 4.1.2 and 4.1.3 are mentioned to interprete the present findings.

For mortar containing Zinkgruvan tailings:

e Leaching of arsenic and lead from mortar are of particular concern. This was
expected given the significant contents in these two elements in the raw tailings
and given the results of the pH-desorption tests.

e Zinc leaching occurs from mortar with Zinkgruvan tailings, however it does not reach
concerning levels. Therefore zinc is successfully immobilized in mortar, although
zinc content in the raw tailings is high and significant desorption from the tailings
was observed in alkaline conditions. Cadmium leaching from crushed mortar occurs
as well, but large standard deviations make it challenging to compare the results.
It can however be inferred that cadmium leaching rate does not drastically increase
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with tailings incorporation. Although cadmium content in the raw tailings was
found to be concerning, no cadmium desorption was observed in alkaline conditions,
which possibly explains why it is successfully stabilized in mortar.

Although nickel and copper contents are acceptable in the raw tailings, the leaching
rates of these two elements significantly increase and reach potentially problematic
levels when tailings are incorporated in mortar, except at 5% cement replacement
level.

e Sulfur leaching rate substantially increases when 5% sand or more is substituted

with tailings, which will be problematic if sulfur occurs in the form of sulfates.

For mortar containing Nalunaq tailings:

Leaching of arsenic occurs at concerning rates, except in mortar with the lowest
tailings content, corresponding to 5% cement replacement. This was expected as
arsenic content in the raw tailings was found to be problematic, and substantial
desorption from the tailings occurs at alkaline pH. However, part of arsenic appears
to be retained in the cement matrix. Leaching results for mortar with Zinkgruvan
and with Nalunaq tailings are indeed comparable although Nalunaq tailings contain
far more arsenic than Zinkgruvan tailings.

The leaching rate of nickel from mortar containing tailings at 10% cement replace-
ment level significantly increases compared to that of reference mortar. However
all other mortar mixtures yielded comparable or lower results than the reference
mortar. Nickel content in the raw tailings is high but desorption of this element
in alkaline conditions is negligible therefore low to moderate leaching rates from
crushed mortar were expected.

Cadmium is present in concerning amounts in Nalunaq tailings but it does not
leach out at significant rates from crushed mortar containing tailings. Lead content
is also potentially problematic in the raw tailings, yet lead leaching rates from
crushed mortar are low. Desorption of these two elements in alkaline conditions was
negligible, which possibly contributes to their stabilization by the cement matrix.

Chromium leaching rate increases significantly when tailings are added in mortar,
even though chromium content in Nalunaq tailings was found to be acceptable.
Further investigations should be carried out to determine if chromium occurs in its
most toxic oxidation state, Cr(VI).

Sulfur leaching rate significantly increases when Nalunaq tailings are incorporated
in mortar. This is problematic if sulfur occurs as sulfates.

Hence results show that almost all the heavy metals present in the tailings leach out from
mortar, in various proportions. This was also observed by Kundu et al. (2016). Certain
studies found that cementitious materials could successfully stabilize mine tailings (Onu-
aguluchi and Eren, 2012a; B. Kim et al., 2016), which does not appear to be the case
in this study. However others expressed concerns regarding leaching of certain metals
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(Kundu et al., 2016). Similarly, in the present project, concerns arise due to substantial
leaching of arsenic and lead from Zinkgruvan tailings, and leaching of arsenic from Nalu-
naq tailings.

It should be noted that the tests were performed on crushed mortar samples, which possi-
bly resulted in the release of elements that would have otherwise remained bound in the
cement matrix. Therefore the leaching experiments conducted correspond to the worst
case scenario of what could happen in practice. In DS/EN 12457-1 (2002) it is stated that
materials subjected to leaching tests should not be finely ground prior to the determina-
tion. Indeed, crushing the sample will expose new surfaces to the leaching medium, which
can influence the leaching behavior. In reality, leaching from mortar exposed for example
to rain is expected to occur at inferior rates than the ones observed in the present study.
Hence it would be relevant to carry out additional leaching tests on intact mortar samples
to determine if leaching rates comply then with the limits set by Miljgstyrelsen (2010).
If leaching rates are still concerning in that scenario, removing part of the heavy metals
from the tailings prior to incorporating them in concrete could be beneficial. This could
be done by electrodialytic remediation (Jensen et al., 2016). However tailings detoxifica-
tion would increase the costs.

Previous research found that leaching of heavy metals from concrete containing tailings
decreased with an increase in the tailings content. This was attributed to modifications
in the pore structure of concrete containing tailings. (Onuaguluchi and Eren, 2012a). In
the present study, there was no clear trend indicating a reduction in leaching associated
with increased tailings contents in mortar. Indeed, as samples were crushed, the impact
of mortar porosity could not be observed.

Another parameter of interest is the pH of the leaching medium. In the present study,
leaching of heavy metals from mortar was solely investigated using distilled water with
a neutral pH. However, pH is a key parameter governing leaching of heavy metals and
acidic conditions have been found to increase leaching rates from mortar containing tail-
ings (Kundu et al., 2016). Studying the leaching behaviour of mortar at various pH would
be particularly useful to forecast leaching from mortar exposed to acidic rain, for instance.

Curing time is another decisive parameter governing leaching from mortar. Previous
studies found that leaching of heavy metals from mortar containing tailings decreases
when curing time increases, making tailings use in construction materials safer (Kundu
et al., 2016). In the present study, tests were only performed on mortar specimens that
had cured for 28 days under water. Further investigations regarding the impact of curing
time on leaching from mortar could give insight on how to improve the efficiency of the
Stabilization-Solidification treatment performed on the tailings.
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4.3.6 Leaching of sulfate from crushed mortar

Leaching of sulfate from crushed mortar was investigated for REF, ZS10 and NS10, that
correspond to the mortar mixtures with the highest tailings content. Results are plotted
in figure 4.14. Details are given in appendix B.9.
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Figure 4.14: Sulfate leaching from crushed mortar

From table ?7? it appears that sulfate leaching rate significantly increases when Zinkgru-
van or Nalunaq tailings are incorporated in mortar. Substitution of sand respectively
with Zinkgruvan and Nalunaq tailings resulted in a 54% and 41% increase in sulfate
leaching. All results remain far below the limit for category 1 set by Miljgstyrelsen. How-
ever adverse effects on the sulfate attack resistance of mortar mixtures containing tailings
may arise, as the limits set by Miljgstyrelsen are not specific to materials destined to be
used in mortar or concrete. It is possible that strength losses associated with tailings
incorporation in mortar and observed in section 4.3.3 are due to some extent to internal
sulfate attack in mortar.

Sulfate leaching results are consistent with sulfur leaching observed in the previous sec-
tion, where sulfur leaching rates from ZS10 and NS10 substantially increased compared
to REF.

The mortar mixtures investigated for sulfate leaching correspond to the mixtures with
the highest tailings content. Therefore they should represent the worst case scenario, as
sulfate leaching rate is expected to increase with the amount of tailings. This assertion
could be verified by investigating the impact of tailings content in mortar on sulfate
leaching.

4.4 Suggestions for future research

The investigations conducted in this project have given new insight into the potential
use of Zinkgruvan and Nalunaq tailings in concrete. However they have also triggered
new questions that would be relevant to answer in order to gain a better understanding
of the impact of tailings incorporation in concrete. A few suggestions for future research
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projects are mentioned below.

First, additional experiments could be performed to improve the mechanical properties of
concrete containing tailings. Tailings were found to significantly decrease mortar consis-
tency and strength. Optimizing the mix design to improve fresh mortar workability could
contribute to strength enhancement by allowing better compaction during placement.
Therefore it could be relevant to investigate tailings incorporation in mortar mixtures
with different w/c ratios or with platicizers, that could improve the workability without
changing the w/c ratio. Certain studies have also found that tailings incorporation in
concrete was most beneficial when they were added together with fly ash and silica fume
(Celik et al., 2006). This could be interesting to investigate with Zinkgruvan and Nalunaq
tailings.

Further experiments to determine if Zinkgruvan tailings possess pozzolanic activity could
also improve the understanding of the influence of the tailings on concrete strength.

It could also be beneficial to know to if the increase in sulfate leaching rates from mortar
containing tailings results in strength losses due to a reduced sulfate resistance.

Regarding the leaching behaviour of mortar containing tailings, the findings from the
present study were concerning. Further experiments are therefore needed to validate or
disqualify the use of Zinkgruvan and Nalunaq tailings in concrete. Tests measuring leach-
ing of heavy metals from non-crushed mortar samples would provide valuable inputs to
assess the hazards posed by these toxic elements. The curing time of the concrete mix-
tures or the pH of the leaching medium are other parameters that could influence the
leaching behaviour and that could be interesting to investigate.

Detoxification of the tailings prior to their incorporation could also be investigated to see
if it solves the problems posed by the leaching from mortar of heavy metals present in
the tailings.

Pore size distribution is believed to influence both concrete strength and leaching be-
haviour. Therefore determining if tailings incorporation results in a modification of the
pore size distribution could be interesting.

These are just a few examples of potential research projects that could be conducted to
contribute to the development of the use of Zinkgruvan and Nalunaq tailings in concrete.






CHAPTER 5

Conclusions

The goal of this project was to evaluate the feasibility of using tailings from Zinkgruvan
and Nalunaq mines in concrete, following the works of Nielsen (2017). Incorporation
of tailings as 5-10% cement and 5-10% sand substitute were studied. The eligibility of
tailings for use in concrete was assessed through a series of laboratory tests investigating
the mechanical properties and the leaching behaviour of mortar containing tailings.

Water content measurements in the tailings yielded relatively large results that signifi-
cantly varied from one test to the other. Thus, while mortar mixtures with 5% cement
replacement were cast using moist tailings, it was preferred to cast the other mortar mix-
tures with dry tailings to have a better control on the total water content in mortar.

Digestion tests performed on the tailings showed that heavy metals contents were gener-
ally high. In particular arsenic, cadmium, lead and zinc contents in Zinkgruvan tailings,
and arsenic, cadmium, nickel and possibly lead contents in Nalunaq tailings did not com-
ply with the limit for category 1 materials set by Miljgstyrelsen (2010). Thus options for
the use of tailings in construction materials are restricted. The same tests performed on
cement and sand showed substantially lower metals contents, meaning that the primary
source of heavy metals in mortar originates from the tailings.

Desorption of heavy metals from the tailings depending on the pH of the leaching medium
was investigated. As pH in concrete is basic, desorption from the tailings in alkaline con-
ditions was of particular interest. Results showed that desorption of arsenic, copper,
lead and zinc from Zinkgruvan tailings at basic pH was significant. This is particularly
concerning due to the high contents in arsenic, lead and zinc in the tailings. Regarding
Nalunaq tailings, desorption of arsenic occurred at a high rate in alkaline conditions,
which is worrying due to the large amount of arsenic in Nalunaq tailings. Sulfur desorp-
tion from both type of tailings was also determined and found to occur at large rates in
alkaline conditions. This can be detrimental to mortar strength and durability if sulfur
occurs as sulfates.

Tailings incorporation was found to adversely affect fresh mortar consistency, owing to
the angular plate-like shape of tailings particles that induce a large water absorption
of the tailings. Setting time increases with the content in Zinkgruvan tailings in mortar.
This is probably due to the presence in the tailings of large amounts of lead and zinc, that
are known set inhibitors. Setting is also delayed when Nalunaq tailings are incorporated
as 5-10% cement replacement, possibly due to a reduction in cement content. Yet setting



66 5 Conclusions

time is decreased when Nalunaq tailings are used as sand substitute. Heterogeneous nu-
cleation is suspected to contribute to the accelerated setting.

The compressive strength tests performed after curing times of 7, 14, 28 and 90 days
showed that although tailings incorporation could slightly increase early age strength,
all mortar mixtures containing tailings yielded lower 28-day strengths than the reference
mortar. Strength losses are overall lesser when tailings are used as sand substitute than
when they are used as cement substitute. Strength losses in mortar mixtures with tail-
ings used as cement replacement are attributed to an increase in the w/c ratio. The
decreased consistency observed when tailings are incorporated in mortar probably also
contributes to strength losses for mortar with both cement and sand substitution. Mix
design optimization to improve fresh mortar workability could lead to strength enhance-
ment. Acceptable 28-day compressive strengths were observed for mortar with moderate
amounts of tailings. In particular 5% cement substitution with Zinkgruvan tailings and
5% sand substitution with Nalunaq tailings yielded the highest strengths after the refer-
ence mortar. Pozzolanic activity is suspected in Zinkgruvan tailings, however this should
be verified in further investigations.

Density and porosity tests were performed on mortar specimens. No visible variation was
observed across the various mortar mixtures. Porosity tests only provided data regarding
the total open porosity in the specimens, yet it possible that tailings incorporation mod-
ified the pore size distribution. This could affect mortar strength and leaching behaviour.

Leaching of heavy metals from mortar was investigated on crushed samples and yielded
concerning results. In particular leaching rates of lead and arsenic from certain mortar
mixtures containing Zinkgruvan tailings and leaching of arsenic from certain mortar mix-
tures containing Nalunaq tailings, exceeded the limit for category 3 materials defined
by Miljgstyrelsen (2010). Overall, leaching rates were lower for mortar mixtures with
the lowest amounts of tailings, corresponding to mixtures with 5% cement replacement.
Category 3 exceedance drastically restrains the potential use of tailings in construction
and suggests the need for partial removal of heavy metals from the tailings before incor-
porating them in concrete. However tailings detoxification would increase the costs. It
should be noted that excessive leaching rates may have been obtained due to the crushing
of mortar samples performed prior to the tests. Thus additional experiments should be
performed to assess leaching from non-crushed mortar samples, as this scenario would be
closer to reality.

Leaching of sulfates from crushed mortar increases when tailings are incorporated, thereby
reducing mortar sulfate resistance and potentially resulting in decrease of strength and
durability.

Overall, the use of Zinkgruvan and Nalunaq tailings in concrete appears possible under
certain conditions. Tailings content should be kept low to achieve satisfactory consistency,
setting time and compressive strength, as well as to restrain leaching of toxic elements.
Leaching of heavy metals from mortar containing tailings is particularly concerning and
should be further investigated to ensure the soundness of tailings use. Leaching tests
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on intact mortar specimens containing tailings would thus be relevant to determine if
excessive leaching rates were obtained due to the crushing of the samples.
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APPENDIX A
Test Methods

A.1 Water content

Apparatus and Materials
e Oven
e Technical scale
e 3 beakers

Procedure

Three empty beakers are weighed and then filled with moist tailings, up to about half
their height. The beakers containing moist tailings are weighed again. They are then
placed in the oven and left to dry for 2-3 days at 55°C. The beakers containing the dry
tailings are then weighed again.

Results
The water content is expressed in percent of the weight of the moist tailings, and is
determined as follows:

Muwet sample = Mdry sample

Jo(water content) =

Maywet sample
Where myet sampie is the weight of the wet sample and mgry sampie is the weight of the
dry sample.

Waste Management
The tailings are collected in the waste dunk marked for heavy metals.



2 A Test Methods

A.2 Heavy metals content
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1)

Digestion of soil or ash — DS259

Principle

This digestion method is a Danish Standard (DS 259) for determining the acid-
soluble metals in the soil. Metal concentration is found by this method
corresponds to an "overall concentration” of the element in the soil.

A total destruction of the soil will give a higher value of the various metals.

The DS 259 will therefore provide a more determined level of a metal
concentration of a complete determination of the metal concentration in soll

Special equipment

Autoclave
For the measurement ICP is used

Reagents

Half-concentrated nitric acid (1: 1) HNO3:

500 mL of concentrated HNO3 measured in a measuring glass and transferred
to a 1000.00 mL volumetric flask which is half filled with distilled water. Mix
well and add water to the mark. After mixing, transfer to a plastic bottle and
labeled

Read chemical instructions before the work begins. www.kemibrug.dk

Procedure

Weigh 1.00 g of dry, crushed soil on a technical weight in a pyrex glass with
screw cap (autoclave glass) and add 20.00 mL 1:1 HNO; using a volumetric
pipette (Remember to use the fume cabinet).

Autoclave glasses are closed completely, otherwise the HNO3 will evaporate.

Pour 1.5 L of distilled water in the autoclave and close the lid firmly and lock it
with the orange button. The black valve on the lid is opened completely and then
rotated one half turn. The autoclave is switched on and it takes about 10-15
minutes until it is warms up. After 3 minutes with steam coming out the valve
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has to be closed and the pressure will begins to increase. Take the time when the
pressure has reached in the blue mark on the pressure gauge.
Turn off the autoclave after 30 min.

The glasses are then cooled to room temperature.
The samples were filtered with suction through a 0.45 um filter using the fume
cabinet. Use disposable gloves. The glasses are rinsed 3 times with distilled

water. Filtered must be suck dry between each rinse.

Poured the filter into a 100.00 mL volumetric flask and add distilled water to the
mark and mix. The liquid is poured into a 20 mL plastic vial and stored for ICP.

Calculation of results

Based on the standard curves the metals content of the soil is calculated and
expressed in mg / kg.

A-0,100L-C
mg/kg=——"F———
B-10~" kg / g soil

Where

A = extract metal concentration, mg/L = ppm
B = g soil weighed

C = dilution

Waste management

Reagents and soil is collected in at waste dunk marked heavy metals X 4.41
The filter paper is thrown away in the trash in the fume cabinet.

Soil and Ashes must be collected in container soil waste.
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A.3 pH-desorption of heavy metals

Apparatus and Materials
e 22 plastic vials

e Reagents: Sodium hydroxide and nitric acid with concentrations of 1.0 M, 0.5 M,
0.1 M, 0.05 M, and 0.01 M

e Technical scale

o Shaking table

o pH-meter

o For measurement of heavy metals concentrations, ICP is used

Procedure

5.00 g of tailings are weighed on a technical scale and introduced into 22 plastic bottles.
Then 25 mL of each reagent listed in table A.1 below are added in two bottles containing
tailings. The last two bottles are filled with 25 mL distilled water and will serve as blinds.

Table A.1: Reagents used to determine the pH-desorption of heavy metals in the tailings

Nr Concentration Reagent | Nr Concentration Reagent
1 1.0 M HNO;3 6 1.0 M NaOH
2 0.5 M HNO;3 7 0.5 M NaOH
3 0.1 M HNO;3 8 0.1 M NaOH
4 0.05 M HNO3 9 0.06 M NaOH
5 0.01 M HNO; | 10 0.01 M NaOH

The bottles are securely closed with a lid and placed on a shaking table for a week. After
a week, the samples are removed from the shaking table. Once the solutions have had
time to decant, their pH is measured. The samples are then filtered through a 0.45 pm
syringe filter and placed in 20 mL plastic vials. These are finally sent for ICP in order to
determine the heavy metals concentrations.

Following the results of the ICP analysis, the metal content in the eluate is calculated as
follows:

0.025- A
0.001-B
Where M C is the metal content that leached from the tailings into the eluate (in mg/kg),
A is the extract metal concentration obtained in the ICP analysis (in mg/L) and B is
the mass of tailings weighed (in g).

MC = (A1)

Waste Management
Tailings and reagents containing tailings are disposed of in the waste dunk marked for
heavy metals.
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A.4 Porosity and density test
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Porosity and density (LBM standard)

Princip

The porosity of a material tells us how porous the material is, i.e., how fragile it
is. The higher the porosity is, the greater ability the material has to take up
water. It also means a good ability to absorb water. The density of the material's
mass per unit volume. The mass of a porous material can be a dry mass or a
mass of water in the open pores, that is, by finding the density can be calculated
mass at different conditions.

Special equipment

For measurement use the vacuum pump and a technical balance with the
possibility to weight under water.

Procedure
Dry the sample at 105°C until the sample is completely dry i.e. constant weight.

In case of a concrete sample, this has to dry at 50°C for min. 3 weeks. Because
drying at high temperature will results in change of the pore structure.

Weighed the sample on a technical balance and note the weight (mjos).

Place the sample in a desiccator with lid and tap. Connect the desiccator to the
vacuum pump and pumped it down for min. 3 hours.

The distilled water with room temperature is passed into the desiccator using a
hose and the under pressure in the desiccator. Close the tap as soon as the
water level is 3 cm above the sample. It must be close for 1 hour.

After 1 hour open the tap and let the sample be under water overnight at
atmospheric pressure.

First weight the saturated sample under water on a technical balance. The water
in box must have room temperature. The weighted is noted as (msy)

The sample is dabbed with a cloth before weighing over water. Note the
weight as (Mssq)
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In order to check whether where was a wash out or not. Dry the samples over
night at 105°C and weight it again.

Calculation of results

ORgomtemp: \Ol\éatertemp: Water density p,= kg/m?
Control let:

Before: kg

After: kg
Sample nr:
Maos5 Kg
Mssd Kg
Mew Kg
V = (Mssg-Msw)/ Pu m®
VP& = (Mssa-M105)/Pw m*/m®
Ps = Vpa/V Kg/m?®
Pa = Myos/V Kg/m?®
Pt = Myos/(V-Vpa) Kg/m?®
Pssd = Mssa/V Kg/m?®
Ussd = (Mssg-M1gs)/M1os Kg/kg

Definitions, concepts and symbols

M1os
Mssd
Msw
V
Vpa
Pt

Pd
Pssd
Pa
Ussd

Mass of sample after drying with 105°C (kg)

Mass of sample over water after vacuum(kg)

Mass of vacuum sample weight in water(kg)

Volumen of the sample (m®)

Volumen of the open pores (m®)

Soliddensity (kg/m®)

Drydensity (kg/m®)

Density of sample in the vacuum watersaturated surfacedry cond. (kg/ma)
Open porosity of the sample (m*/m?®)

Water Solids Ratio in vacuum watersaturated surfacedry condition (kg/m®)
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B.1 Water content

Water content - Tailings
Sample Bottle weight (g) Buttle+-wet Buttle+-drv Water content (g) Mean Star_|da-rd Test date
sample weight (g) | sample weight (g) water deviation
Zinkgruvan 1 5,01 17,91 16,88 8,0%
Zinkgruvan 2 5,02 16,72 15,72 8,5% 8,2% 0,3% 9/1
Zinkgruvan 3 5,03 16,12 15,21 8,2%
Nalunag 1 5,01 20,05 18,00 13,6%
Nalunaq 2 5,03 17,82 16,14 13,1% 13,4% 0,2% 9/1
Nalunag 3 5,04 18,31 16,53 13,4%
Zinkgruvan 1 19,18 47,85 44,78 10,7%
Zinkgruvan 2 19,35 49,32 46,23 10,3% 10,5% 0,2% 30/1
Zinkgruvan 3 22,50 52,30 49,20 10,4%
Nalunag 1 18,79 51,09 47,34 11,6%
Nalunag 2 19,19 49,70 46,29 11,2% 11,4% 0,2% 30/1
Nalunag 3 19,02 19,52 16,07 11,3%
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B.3 pH-desorption of heavy metals from the tailings

B.3 pH-desorption of heavy metals from the tailings

Raw data - Zinkgruvan tailings

B.3.1
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B.3 pH-desorption of heavy metals from the tailings

P E0+S00ET E0+371 20+ 3357 TE |62l 005 SHCEN AL DerniBuz seprd
£0% JU0EL 20+ 3609°C 15721 005 | v HOEN WG DermiBouiz sap-Ha
20t £0+35801 E0+32201 20+3b1z TEL |_O0EL 005 | 8 HOEN WG 0 UEAriBsulz s5p-Hd
E0+ 36601 Z0+3861°T a5z 005 | v HOEN WG 0 DenriBsuiz sap-Hd
) MEEEA [0+3600% 0+ 32081 g7 |_elal 005 | BHCEN LD Dermiboui sap-Hd
[0+ 38879 TEEETH aszl 005 | v HOPN LD Denrioii sap-Ha
Zh50 TEENEY [0+ 3c20F 00+ 3Pb0E g7 |95zl 0S5 HOEN WG0T0 DeArisuiz sep-Ha
L0+ S6IET 00+ 36698 ISz 005 ¥ HOPN W50 Denmibuiz sep-Hd
200 00+ 30T T 20-356V'6 P 005 6 HOEN W0 DermiBuiz sep-Ha
ML 0-3069E Szl 005 W HOPN W00 Dermibuiz sap-Ha
SIZIEE PO+3EI0E PO+ IPELE £0+36979 o PE T o0 8 ECNH b ' LEAMIBUIZ S8p-Hd
PO+ 3006 £0+ 38085 /5T o0's ' E0NH I 7L LEAMIBLIZ S8p-Ha
% E0+32851 E0+300E 20+ 3200°F 7t F 00'S 5 E0NH 14 50 JeArIBUIZ sap-Hd
FILETE] 207 38K6E BSE 00 ' E0NH /4 50 LEAMIBUIZ Sap-Ha
I 20+ 30605 Z0v 36402 20+ 3alp1 55 7K 005 | HEONH WL Derribg sep-Ha
2039006 20+ 3iz81 GEq 005 v EONH L0 Dermibuiz sep-Hd
PR 20+ 39609 20+3699 Z0+366ET 93 099 005 HE0NH WS00 DermiBuiz sep-Ha
20+ 30K2 20+ 302FL 99 005 ¥ E0NH S0 DermiBuiz sap-Ha
e 20+30F 2 20+3/Fr2 0+35E58F a1 25e 005 GE0NH W00 UEAriBsuIz S5p-Ha
20+36/E T [0+3052°F 5L 005 | W E0NH W0 DeAriBsuiz sap-Ha
%070 [0+38251 L0+ 35851 00+30/0°€ o 8 00'S 8 PUiig UenIBa iz 53p-Hd
85l LR e BYE o0S ' PUljg Uiz 5p-Ha
[E46u] [z] [Ery6] [ByELu] [6w] (-] [ [B]
Ju2juo0D [enul ueaw JU=2jUoa [ejEW |eraw Pwyjue sBuipe)
12101 - 1N WKW | onewyiug - g | daesy-aW | wenx3-y | -pd HY  |jossop-g Sjdums

uz

SONNIYL NYANYDANIZ




30

B Test Results
B.3.2 Graphs- Zinkgruvan tailings
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B.3 pH-desorption of heavy metals from the tailings
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B.3 pH-desorption of heavy metals from the tailings

HEFD o0+ 3+ 00+30kL1 10-3Le2'2 B2l 06zl n's A HOEM i’ Brunjepy ap-Hd
no+3azLL W-3552'2 28’2l 00's ' HOEM Li'L Beunjepy =ap-gd
oo 00+ 33+0° D0+3350° L-32L'2 B2l 38'2l 00's g HOEM g0 beunjer) sap-Hd
0034801 I0-3EL0°2 2371 n's "9 HIOEM LS50 beUnjeny) Sap-Hd
G20 L0-3515'9 L0-36+ES W0-3042°1 221 +L2L n's A HOEM Lo brunjepy =ap-pd
LO-3029'9 W-39LE" CL'ZL 00's ' HOEM L)' Beunjepy =ap-gd
Hal'n 10-3L52% 10-321L % Z0-3FZH'E 921 0a'zl 00's 8 HOER 50" BEUR|ER] S5p-Hd
L0-38038'% 20-3309'6 2571 n's g HOEM 50’0 beunjepy =ap-Hd
%an'n W-32a9 l-3a82 Z0-392+'C Bl 0G'L 00's g HOEM 00 Beunjepy) sap-Hd
0-3953° 20-3EL2E LB 00's ' HOEM LL0'0 BEURIER Sap-Hd
EEZL L0+ 3L2FE L0+319E'E 0031249 [1] 530 on's H £0MNH Ll DEUn|ER Sap-Hd
L0 3FEF'E O0+33E6'3 230 n's g SOMH Ll BEunfEp) sap-Hd
a'll l+3z0L's L+ 3ZI0'E DO +I0'a 1 G 00's 8 £0rH Lrg'o beunjery sap-Hd
L0+3LEL'E O0+3355" a0’ 00's g £OMH L5 BEUR|ER S5p-Hd
GBS 10+3k31 L0+3853°1 0034008 L2 L2 n's 3 20MH Lo Bruniepy ap-pd
L3518 N+ A6ZS'E ZL'E 00's g SOMH Lo Beuniepy =ap-gd
EATNT Z0-3AEGE 20-3090° Z0-36l'3 g'a 249 00's 8 ZOMH L50'0 beunjep) 2ap-Hd
20-3510'F £0-3620'8 29 n's 'y ZOMH 50’0 beunjepy zap-Hd
o 20-3056°1 Z0-3LALL 0-3HE2 g2 Ga'L n's 3 £0MH Lo beunjery) sap-pd
ZO-A6ZLT L0-385+'S £E'L 00's g £0RH LL0'0 Beunjery) sap-Hd
=00 20-3LEET Z0-35EL'2 L0-J69+'S ] 09's o0's 3 pulg beunjep £5p-Hd
LENE'EA2 20-3326'1 £0-3558'C 06's n's g puijg beunjery) sap-Hd
[Eyy ] [=] [EyyEnw] | GET | [yEw] [-] [-] [e]
W UOD
e JUIJUOD (e} HONEnRaanoD ueagny shuipey jo
1e101 TN UEIN - I EneaH - T [l -Hd Hd S5Epy - € ajdueg
- 10BNZI] -7
nJ

SONIMIYL DYNMTYM




B Test Results

38

E0D 00+3EL0'E 00+3L56'2 b0-351E"S Bl [ 0a'g JHOEM ') BrunEn) Sap-Hd

00+3351'E A Z87el 0a's " HIOEM 0’ beunjepy sap-pd

enn 00+3C6L+ 00+333L'+ W-3LLE'S B2l 28'El 00's = HIOEN LG brunjepy sap-pd

00+3022'+ H-30tE'E 187 0a'g 'y HOEM LG'D BEuner) sap-pd

=100 00+33+3'L 00+3325' H-32LE L2l FL'E) 0a'g JHOEM I'0 BeunjEn) Sap-Hd

00+3404 ERT o' 0a's " HIOEM I '0 beunjepy sap-pd

X100 00+ 3+Fl 00+330%1 0-3515'Z 97 03zl 0a's 2 HDEM LG0'0 beunen) sap-Hd

00+308§1 0-3096'2 252l 00's g HIDET LAG0"0 beunjen) sap-Hd

MEOD 00+3ZHF'E 00+3623 H-3ELL'E E'H 0L 0a's S HOE[ Lb0') BEUR[E[Y Sap-Hd

00+396E'2 0-3IEE"S ZE'H 0a's g HIDE[ LL0') BEUN[ENY Sap-Hd

MADLE £0+3205'S SO+IHE'S £0+3330° D 580 0a's 2 £0MH L brunjepy) sap-pd

£0+3292'S L0+3L50° ge'n 00's g EOMH L Brunjen) sap-Hd

MEL'es TO+3EEL'F £0+3599' ZO+FEE'E Fi 501 0a's 3 £0MNH Lrg'0 Beuner) Sap-pd

LO+3ELE'Y Z0+3kEE'E 'l 0a'g "¢ EOMH L3'0 bRUR|ER) Sap-Hd

HELE SO*3ELE SO+320F] Z0+3F08'2 L 2L 0a's = E0MH 10 beunjepy sap-pd

£0+355E Z0+ILE 2L 00's o' EONH L0 beunjen) sap-pd

EAT] 00+3000'0 00+3000°0 00+3000°0 29 ZLd 0a'g 3 £0MH LG0'0 Beunjery sap-Hd

0d+3000°0 0d+3000°0 ] 0a's g £0MH LG0'0 bEUnER) Sap-Hd

o0 00+3000'0 0o+3000°0 0o+3000°0 E G5 0a's = EOMH L'y beunjepy sap-Hd

0+3000°0 00+3000°0 gE' 0a's o EOMH L' beunepy Sap-Hd

oo Z0-3E52'F 00+3000°0 00+3000°0 a8 09's 0a's 3 pug beunjery sap-pd

CLBELE Z0-3505'8 Z0-3ML’t 0E's 0a's g puljg BEUNEN Sap-Hd
[Eypbw] [] | (ZET) [y ] [ebw] -] [-] [B]

WUAUDD
[l FIL] JUIUOD B HERE S RugD ueapy sbupie; jo
3T 31 F] 5 P ] ] uedjn] - il n?ﬂ..ﬂ—-— - JE12W I —-—A— —-—ﬁ_ ssep - 8 W—A—Eﬂm
- wenzIj -y
i |

SONITIVL DYNMIYN




39
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B.3 pH-desorption of heavy metals from the tailings
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B.3 pH-desorption of heavy metals from the tailings
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B.3.4 Graphs - Nalunaq tailings
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B Test Results

B.4 Consistency of fresh mortar

Horizontal Vertical Standard
Mortar B : Mean flow e
¥ Batch No. | diameter diameter deviation
recipe (mm)
(mm) {mm) {mm)
REF REF_7 146 151 148 4
Z2C5 Z2C5_7 150 148 149 I
ZC10 ZC10_7 120 118 119 1
255 Z55_7 128 134 131 4
Z510 2510_7 118 114 116 3
NC5 NC5_7 128 130 129 2
NC10 NC10_7 128 123 126 3
NS5 NS5_7 133 132 133 1
NS10 NS10_7 126 120 123 4
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B.5 Seftting time

Results from the Vicat apparatus
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B Test Results

B.5.2

Initial and final setting time

Initial Final setting
setting time time
(min) (min)
REF 160 720
ZC5 170 770
NC5 190 440
ZC10 220 820
NC10 180 700
Z55 230 480
NS5 160 810
Z510 260 700
NS10 150 770
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B.6 Compressive strength
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B.6 Compressive strength
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B.7 Porosity and density

(&) 1075zt 6€165C S8'8E0Z 120 500 S0 TEELS PLBTE €0'615 € OTSN|
01’0 10 00°€s2T £6'6v2C TL'065C 00265 vL'9 69°0v0C 90'S€07 €000 [4140] 170 T00'0 ¥500 s00 9’0 sz'0 9ETUS L6'LTE oL'L1s 9€70TSN|
or'o 86'9522 518852 918607 170 500 970 17'6LS 8572¢ 29'sts VE OISN
10 80°EELC V8'S85C ¥9°0T0Z 20 900 920 €6'0LS Ly'LIE 99715 € 0157
o ' 0s'seee EV'TECT 69485 98'885C [a13 89'€10C Lv'900C €000 [244] 1244 000 9500 900 sT'0 sz'0 0T'ZsS 89'V0E b'96Y 8€70TSZ|
1o 00'zvzz 9€'8857 6'€202 44} 900 970 w6'LLS ST'0ZE LTS ve o1s7]
(&) 1r'19zt 67'L85C 66'590Z 020 500 920 55985 18'(TE €7VES € SSN|
01’0 ot'o Tr'992C ez £0'985T TY'E8sT 8T's 98'v90C 126502 000 20z'o 0z'o 000 7500 500 97’0 9z'0 09'6LS BE'ETE 19'228 8E7SSN
01’0 £9'6922 751852 66902 0z'0 500 Sz 29815 89'e2€ 15125 VE SN
10 €STELC 756L5C 70z 20 900 S0 21995 9LTTE 0TS € 557
o 0 89'622Z 58'822¢ S8'6LST 50085 9T ¥0°800C 859007 1000 [224] 1244 0000 9500 900 sz'0 ST ¥2'65S €€'80€ LY'€0S 9€7557|
110 L9'seze 86'6L5C 2€'9002 270 900 Sz 29'195 £621E 66015 Ve ss7]
10 0€'VELL VUL8ST 661102 20 900 920 TE6LS €0°02€ 19'TeS € OTN|
o o Le'8TTT or'rzee 85485 ot's85 98°01 012002 8v'066T 000 9ze’o €20 1000 8500 900 97’0 97’0 TLTLS TEVIE SETTS 9€70TON
1o 747444 05'8852 YB'E002 £20 900 970 0v'695 £0'YIE 175383 VE OION|
10 T9'ShZe 00285 64°0£0Z 20 900 920 S9'9L5 98'61E TrTZS 5€ 0107
o 10 [d¥4z44 ST'6ETT LE'585T £5'E8ST 54 16'920C 8120C 1000 9tz’o o 1000 9500 900 97’0 97’0 €185 66'€ZE 65'82S 9€70197
110 68'EVZZ 65'5852 6€'8202 44} 900 970 99'%LS 9581€ Ly'61S vE 0127
10 68'SELC vL'085C €L°2107 20 900 S0 SE'995 SO'ETE 60'T1S 3¢ SON|
o ' 20'veTe Eig:1a44 s0'LLsT 62°0L5T ve's 05'910C sL'otoz 1000 810 1244 1000 ¥500 S0'0 sz'0 ST PETSS €6'€0€ 8Y'L6Y 9€7SON|
1o 1344 £10852 101202 44} 500 Sz 06'955 £0'80E 16205 VE SON|
(&) LT L8119 LE'650Z 120 500 ST0 Sv'8LS €6'€2E STVZS o€ 57
ot'o 10 ov'9szz 8Y'6ETT 0L'g65T €T'€8ST TL'6T 8L'vv0T 9€2z0T 2000 [4140] 1244 2000 ¥500 900 9z'0 97’0 S6'8LS £v'oze 28'7es ey
or'o 20'Ls22 66'6L52 097502 0z'0 500 970 L£9%6LS v8'7zE Lrzs ve 57|
10 sseezt 96'655C 92'900Z 20 900 920 ¥8'29S SeTie 85Z1S o€ 43y
01’0 ot'o or'teze [35:)244 EV'6EST 8Y'0€ST 76’6 LE'VTOT or'T10T 6000 Loz'o 170 €000 £50'0 S0'0 sT'0 ST bO'v9S LS'60€ v8TTS 9€743y
or'o oz'vzze 981252 9v'sz0z 0z'0 500 sz 06095 2L'80E 8L°01S vE 43y
[ [ [ A3p pis = A3p pis (= A3p pS (= [
pssn pssous Jou pous d 51007 pssw MSW Tpw




B.8 Leaching of heavy metals from crushed mortar

B.8 Leaching of heavy metals from crushed mortar

B.8.1 Results from ICP analysis

Al308.215 | As193.696 | Ba233.527 | €d228.802 | Cr206.550 | Cu327.395 | Fe 238.204
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
REF pH metal metal metal metal metal metal metal
concentratio | concentratio | concentratio | concentratio | concentratio tratio ratio
[ [me/L] [me/L] [mg/L] [me/L] [me/L] [me/L] [me/L]
REFb_1 12,54 1,7E-01 0,0E+00 2,9E+00 1,1E-02 0,0E+00 1,5E-02 1,8E-02
REFb_2 12,54 1,4E-01 0,0E+00 2,3E+00 1,0E-03 2,0E-02 9,8E-03 0,0E+00
REFb_3 12,55 1,7E-01 0,0E+00 2,7E+00 2,8E-03 1,9E-02 1,7E-02 2,0E-02
Mn 260.568| Na589.592 | Ni231.604 P 214.914 Ph 220.353 5182.562 Y 377.433 Zn 213.857
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
REF metal metal metal metal metal metal metal metal
concentrati | concentratio | concentratio | concentratio | concentratio tratio tratio ratio
on n n n n n n n
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
REFb_1 0,0E+00 1,1E+02 8,4E-03 0,0E+00 0,0E+00 2,6E+00 9,8E-01 0,0E+00
REFb_2 0,0E+00 9,9E+01 1,0E-02 4,6E-02 0,0E+00 4,3E+00 9,8E-01 0,0E+00
REFb_3 0,0E+00 1,1E+02 1,5E-02 0,0E+00 8,5E-03 2,1E+00 9,8E-01 0,0E+00
Al308.215 | As193.696 | Ba233.527 | €d228.802 | Cr206.550 | Cu327.395 | Fe 238.204
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
2C5 pH metal metal metal metal metal metal metal
concentratio | concentratio | concentratio | concentratio | concentratio tratio ratio
[me/L] [me/L] [me/L] [me/L] [me/L] [me/L] [me/L]
ZE5 4 12,54 8,1E-02 8,3E-02 2,1E+00 4,0E-03 1,8E-02 2,3E-02 1,7E-02
7C5_2 12,54 8,2E-02 8,1E-02 1,9E+00 3,3E-03 2,1E-02 2,1E-02 2,3E-02
ZE5.3 12,54 7,7E-02 0,0E+00 2,0E+00 1,1E-02 2,5E-02 2,0E-02 1,9E-02
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Mn 260.568| Na589.592 | Ni231.604 P214.914 Pb 220.353 S 182.562 Y 377.433 Zn 213.857
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
7¢5 metal metal metal metal metal metal metal metal
concentrati | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
on n n n n n n n
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
ZC5 1 0,0E+00 1,0E+02 1,1E-02 0,0E+00 1,3E-01 4,2E+00 1,0E+00 6,1E-02
7205 2 0,0E+00 1,0E+02 1,0E-02 0,0E+00 0,0E+00 5,2E+00 9,9E-01 0,0E+00
653 0,0E+00 1,1E+02 8,0E-03 4,2E-02 9,2E-02 5,2E+00 9,9E-01 0,0E+00
Al308.215 | As193.696 | Ba233.527 | Cd 228.802 | Cr206.550 | Cu327.395 | Fe 238.204
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
NC5 metal metal metal metal metal metal metal
concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
pH [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
NC5_ 1 12,58 2,0E-01 0,0E+00 2,1E+00 0,0E+00 3,9E-02 3,4E-02 2,2E-01
NC5 2 12,57 1,4E-01 0,0E+00 2,1E+00 0,0E+00 4,4E-02 1,7E-02 2,7E-02
NC5_3 12,54 1,7E-01 0,0E+00 2,1E+00 8,1E-03 3,7E-02 2,6E-02 1,7E-02
Mn 260.568| Na589.592 | Ni231.604 P214.914 Pb 220.353 $ 182.562 Y 377.433 Zn 213.857
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
NG5 metal metal metal metal metal metal metal metal
concentrati | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
on n n n n n n n
[mg/L] [me/L] [mg/L] [mg/L] [me/L] [meg/L] [meg/L] [mg/L]
NC5_ 1 2,1E-02 1,0E402 7,8E-03 8,7E-02 0,0E+00 7,4E+00 9,5E-01 0,0E+00
NC5_2 1,4E-02 1,0E+02 0,0E+00 8,3E-02 0,0E+00 7,2E+00 9,4E-01 0,0E+00
NC5 3 2,1E-02 9,1E+01 0,0E+00 6,5E-02 0,0E+00 4,9E+00 9,4E-01 0,0E+00
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Al 308.215 As 193.696 | Ba 233.527 Cd 228.802 Cr 206.550 Cu 327.395 Fe 238.204
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
ZC10 metal metal metal metal metal metal metal
concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
pH [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
2C10 1 12,52 2,2E-01 1,1E-01 2,9E+00 0,0E+00 1,8E-02 6,8E-02 0,0E+00
7C10_1 12,54 2,3E-01 1,5E-01 2,6E+00 4,9E-03 2,0E-02 6,2E-02 0,0E+00
7C10_1 12,54 2,0E-01 1,2E-01 2,7E+00 0,0E+00 2,0E-02 6,1E-02 0,0E+00
Mn 260.568| Na589.592 | Ni231.604 P214.914 Pb 220.353 5182.562 Y 377.433 Zn 213.857
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
7¢10 metal metal metal metal metal metal metal metal
concentrati | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
on n n n n n n n
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
2C10_1 0,0E+00 9,7E+01 2,1E-02 3,3E-01 3,0E-02 3,8E+00 9,3E-01 7,8E-03
2C10_1 0,0E+00 9,3E+01 2,2E-02 0,0E+00 2,6E-02 3,4E+00 9,4E-01 0,0E+00
Z2C10 1 0,0E+00 9,1E+01 1,7E-02 0,0E+00 3,6E-02 3,3E+00 9,4E-01 0,0E+00
Al308.215 | As193.696 | Ba233.527 | Cd228.802 | Cr206.550 | Cu327.395 | Fe 238.204
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
NC10 metal metal metal metal metal metal metal
concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
pH [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
NC10_1 12,57 1,1E-01 1,4E-01 1,7E+00 0,0E+00 3,0E-02 4,8E-02 0,0E+00
NC10_1 12,52 1,1E-01 1,3E-01 1,6E+00 0,0E+00 2,8E-02 5,7E-02 0,0E+00
NC10 1 12,54 1,1E-01 1,3E-01 1,6E+00 0,0E+00 3,1E-02 5,4E-02 0,0E+00
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Mn 260.568| Na 589.592 | Ni231.604 P 214.914

Ph 220.353 §182.562 Y 377.433 Zn 213.857
A- Extract A- Extract A- Extract

A- Extract A- Extract A- Extract

A- Extract A- Extract

NC10 metal metal metal metal metal metal metal metal

concentrati | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
on n n n n n n n

[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
NC10 1 0,0E+00 9,5E+01 2,3E-02 0,0E+00 2,0E-02 1,2E401 9,1E-01 1,5E-02
NC10_1 0,0E+00 9,2E+01 1,7E-02 0,0E+00 0,0E+00 1,1E+01 9,1E-01 0,0E+00
NC10 1 0,0E+00 8,8E+01 2,8E-02 0,0E+00 7,5E-03 1,1E+01 9,0E-01 3,3E-03

Al308.215 | As193.696 | Ba233.527 | Cd228.802 | Cr206.550

Cu327.395 | Fe 238.204
A- Extract A- Extract A- Extract

A- Extract A- Extract A- Extract A- Extract
255 metal metal metal metal metal metal metal
concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
PH [mg/L] [me/L] [me/L] [mg/L] [mg/L] [mg/L] [me/L]
755 1 12,51 1,4E-01 1,2E-01 1,5E+00 1,0E-02 2,1E-02 7,0E-02 0,0E+00
255 2 12,50 1,2E-01 1,1E-01 1,4E+00 3,4E-03 1,9E-02 6,4E-02 0,0E+00
755_3 12,51 1,2E-01 1,4E-01 1,4E+00 0,0E+00 2,3E-02 6,8E-02 0,0E+00
Mn 260.568| Na 589.592 Ni 231.604 P 214.914 Pb 220.353 5182.562 Y 377.433 Zn 213.857
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
755 metal metal metal metal metal metal metal metal
concentrati | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
on n n n n n n n
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [me/L] [mg/L] [mg/L]
7551 7,6E-02 8,2E+01 1,2E-02 0,0E+00 3,5E-02 1,2E+01 9,5E-01 7,3E-02
255_2 1,4E-03 8,8E+01 2,0E-02 0,0E+00 4,3E-02 1,2E+01 9,3E-01 2,6E-03
Z55 3 0,0E+00 8,7E+01 1,7E-02 0,0E+00 7,7E-02 1,4E+01 9,3E-01 9,0E-03
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Al 308.215 As 193.696 | Ba233.527 | Cd 228.802 Cr 206.550 Cu327.395 | Fe 238.204
A- Extract A- Extract A- Extract A-Extract A- Extract A- Extract A- Extract
NS5 metal metal metal metal metal metal metal
concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
pH [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
NS5 1 12,51 9,3E-02 1,3E-01 1,6E+00 4,5E-03 2,6E-02 3,2E-02 0,0E+00
NS5 2 1252 7,3E-02 1,2E-01 1,6E+00 0,0E+00 2,7E-02 2,8E-02 0,0E+00
NS5 3 12,51 9,9E-02 1,4E-01 1,6E+00 0,0E+00 2,2E-02 4,2E-02 0,0E+00
Mn 260.568| Na589.592 | Ni231.604 P214.914 Pb 220.353 §182.562 Y 377.433 In 213.857
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
NS5 metal metal metal metal metal metal metal metal
concentrati | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
on n n n n n n n
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
NS5 1 1,2E-03 1,0E+02 1,2E-02 0,0E+00 2,9E-02 1,2E401 9,6E-01 0,0E+00
NS5 2 0,0E+00 1,0E+02 1,8E-02 0,0E+00 0,0E+00 1,2E+01 9,5E-01 6,4E-03
NS5 3 0,0E+00 1,1E+02 1,1E-02 0,0E+00 2,2E-02 1,2E+01 9,4E-01 8,7E-03
Al 308.215 As 193.696 | Ba233.527 | Cd 228.802 Cr 206.550 Cu 327.395 | Fe 238.204
A- Extract A- Extract A- Extract A-Extract A- Extract A- Extract A- Extract
510 metal metal metal metal metal metal metal
concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
pH [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
7510 1 12,52 9,7E-02 1,3E-01 1,7E+00 0,0E+00 2,1E-02 4,6E-02 0,0E+00
7510 1 12;52 9,5E-02 9,7E-02 1,5E+00 0,0E+00 2,2E-02 5,7E-02 0,0E+00
7510 1 12,53 9,7E-02 1,7E-01 1,4E+00 0,0E+00 2,0E-02 5,2E-02 0,0E+00
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Mn 260.568| Na589.592 | Ni231.604 P214.914 Pb 220.353 5182.562 Y 377.433 Zn 213.857
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
7510 metal metal metal metal metal metal metal metal
concentrati | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
on n n n n n n n
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
2510 1 0,0E+00 1,0E+02 1,3E-02 0,0E+00 1,2E-01 1,1E+01 9,4E-01 0,0E+00
7510 1 1,0E-03 1,0E+02 2,0E-02 0,0E+00 1,3E-01 1,3E+01 9,4E-01 2,1E-02
7510_1 0,0E+00 9,9E+01 1,9E-02 0,0E+00 1,5E-01 1,4E+01 9,4E-01 9,5E-03
Al308.215 | As193.696 | Ba233.527 | Cd228.802 | Cr206.550 | Cu327.395 | Fe238.204
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
NS10 metal metal metal metal metal metal metal
concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
pH [mg/L] [mg/L] [mg/L] [me/L] [mg/L] [mg/L] [mg/L]
NS10_1 12,52 1,2E-01 1,3E-01 1,9E+00 0,0E+00 2,7E-02 3,3E-02 0,0E+00
NS10_1 12,53 9,8E-02 1,6E-01 1,9E+00 0,0E+00 2,8E-02 2,5E-02 0,0E+00
NS10_1 12,53 1,2E-01 1,2E-01 2,0E400 0,0E+00 2,6E-02 3,3E-02 0,0E+00
Mn 260.568| Na589.592 | Ni231.604 P214.914 Pb 220.353 5182.562 Y 377.433 Zn 213.857
A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract A- Extract
NS10 metal metal metal metal metal metal metal metal
concentrati | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio | concentratio
on n n n n n n n
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
NS10_1 5,3E-04 1,0E+02 1,1E-02 0,0E+00 0,0E+00 9,3E+00 9,4E-01 1,6E-03
NS10_1 9,5E-04 8,9E+01 1,0E-02 0,0E+00 6,2E-03 9,8E+00 1,0E+00 0,0E+00
NS10_1 0,0E+00 9,8E+01 0,0E+00 0,0E+00 0,0E+00 9,2E+00 9,6E-01 2,7E-03
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B.8 Leaching of heavy metals from crushed mortar

B.8.2 Concentrations in eluates
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B.8.3 Graphs
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B Test Results

B.9 Leaching of sulfate from crushed mortar

REF
Sulfate
H A - Extract Concentrati
i concentration | on in eluate |Std dev
[-] [mg/L] [ne/L] [pg/L]
REES L L LB 10945,004 | 503,658338
REFb_2 12,54 1,1E401
2510
Sulfate
A - Extract Concentrati
concentration | on in eluate |Std dev
pH [me/L] [pne/L] [ue/L]
Z510 1 12,57 LGB 16900,0626 | 838,437658
7510 1 12,53 1,7E401
NS10
Sulfate
A - Extract Concentrati
concentration | on in eluate |Std dev
pH [mg/L] [ne/L] [pg/L]
alilil 12,52 1,6EH1 15451,8287|1112,33105
NS10_1 12,53 1,5E401




APPENDIX C

Mortar casting

C.1 Planning
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C.2 Mix designs - Experimental data

C.2 Mix designs - Experimental data

18317 2 0zTT T/91 05z 6'6TET to'szT STy [ 577
Anjigexiom = 06T T/o1 152 £0'0SET £0'see 0s'zzr 9 537
(sAepgz) " . " 3 -
/el ; i TN OFET T/91 L¥'Ee 00°0S€ET 00'see BF'Ler 5 52
35 “Ausuap ‘Auisosod
/91 4i8uau3s anssaadwoo shep o STOT 0T:ET T/t 0s'eg T0'0SET 6617 b v 507
TfeT fuans anissaidwod shep gz 0z:0T COIET /o1 8'TT E0'0SET £0'572 VoLl £ 87
T/og U1ua.1s AIssasdwod shep 1 ST:0T 0zt T/9T 182 00°0SET £0'S72 Fawdra 782
T/ Y18uans anssaudwod shep 4 010t 0S1T T/o1 0s'zZ €0°0SET 16'v2E FIr T 507
L [ITVIN
Aep asn asoding ( uu) ( uu) a1ep Bupses (8) pues (Tw) 133EM (8) wawad X1l
awn Suip|nowsaq awn Junsey
L0 ¥
= 00:9T T/0€ 00°0 Z0'0SET 90'see 00°05F FEET]
= 06T T/0€ 00°0 +0O°0SET 00'672 T0°0SF 9 43y
T/iT SETE 06T T/0g 000 00'05ET 20'sTT 00'0st 5 434
wfog fuans anissaidwod shep o6 OT:TT 0GIET Tfoe 00'0 TO'0SET c0'szT £0°0St ¥ 434
(/x4 W18ua.1s aAIssadwod shep g7 SOATT T/og 000 00°05€ET T0'6TE S0'05t €43y
z/er y18uans anissaidwod shep g1 00°TT O LT T/oE 000 TO'0SET £0's22 T0'0SYF FAEEH]
z/9 y18uais anissaidwod shep £ gci0T STl T/oe 00'0 TO'0SET vo'sze 10'0Sk T 434
[TTE wu:
Aep asn asoding ( uu) ( uu) a1ep Bunsed (8) pues {Tw) 1338 (8) Juawan XA
awn Suipjnowag awn funse)
434
z/6 LIFua3s anissaadwod shep gz L0:0T S0:0T /et 000 60'0GET T0'6EZ 00°0S¥ £ e434
T/t y1fuans anssasdwod shep 1 fi ] (3 /et 00'0 SE'0SET ve'sze 0£'0sT 7 e434
T/6T y1duans anissasdwoo shep £ SE6 06 T/er 000 ET'0SET £0'6T2 7e'0sy T e434
[TTE wu:
hep asn asoding ( uu) ( uu) ajep Bunse) (8) sBunjier (8) pues (Jw) 1338 (8) Juawa) XA
awn Suipjnowsg awn Sunse)

43y




C Mortar casting

88

A CETET z/a 60°Str 90'DSET £0°672 6050t £ 0132

Aupgesom S0:ET z/9 20'str £0'0SET £0°522 +0'S0F 9 0132

/o y13uans anssaadwos shep o6 SEi0T SHiET z/o 00'sl 60'0SET T0'6TE 10'60t 5 0132

(shepsz) f ’ ’ ’ =
S/L . i 0E0T STET (L] B80S LO0SET To'sZT £0°s0P ¥ 0122
w3s ‘“Aususp ‘Ausolog
L] yrBuans anssasdwoo shep gz Sz:01 01T zf9 S0'st +0°05ET £0'5EE S0'sov £ 0122
zfoz y18ua.s anssaadwo shep #T 0701 eIt z/9 £0'st Z0'05€ET To'sze £0°50% 7 0132
Z/ET U1BUaNs aAIssadwWoD SAEp £ 00°TT 00'sy £0°0SET 70°522 Z0'50F T 0132
wu: Wi
Aep asn asodind ( uu) ( uu) (8) sBuiper (8) pues {1w) 12380 {8) Juawa> XIIAL
aw} Suippnowaq awn unse)
BN & SEIT j9/as 05'ZT TO'0SET 00's7e £QLTY L SON
Aupgexiom - SENT 1/t 0S'ZT 00'DSET 705tz TS 9 SON
(shepsz] 5 s . ’ . . =
2T 2 : 0T-TT STATAN T/ [Aya4 66°6FET 0o'see S8y 5 52N
35 ‘Ausuap “Ajisosod
/i1 YiBuans amssaudwod shep os SOTT 00T /i1 BY'TT TO'DSET 70622 05°/2r ¥ SIN
T yrduans anssaudwos shep sz O0:TT SHTT /11 £6'TT 10'0SET 86'VTT 08'TY £ SON
1/ y18uans anissaidwod shep vT CE6 0ETT TIT 162 £0°0SET 66'FZT ST T SON
1/v fuans snssaudwod shep £ 0E6 SOTT 1/1 VST 00'DSET v0'sTT 0Ly T SON
wu: wiu:
Rep asn asoding ( 4u) ( 4u) ajep Bunse) (8) sBuiper (8) pues (1w} 12380, (8) uswan XA
awn Suipnowag awn Bunse)

SON




89

C.2 Mix designs - Experimental data
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C.2 Mix designs - Experimental data
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Presentation

Mine tailings (MT) consist of the waste materials remaining after
mechanical and chemical processing of the ore. Tailings storage is
of major concern as MT generally have high amounts of heavy
metals that can lead to contamination of the surrounding
environment through leaching or dust emission, thereby posing a
threat to biodiversity and human health. It has been shown that

incorporating MT in concrete can result in the

immobilization of the leachable elements in the cement matrix,
while providing satisfying mechanical characteristics (1). In this
thesis, the mechanical properties and leaching behaviour of
mortar containing MT from two mines will be studied. The tailings
considered come from Zinkgruvan mine, in South Sweden (Zn, Pb,
Cu extraction) and Nalunaq mine, in South Greenland (Au
extraction).

Approach

Mortar

Substitution of cement and sand with mine tailings is investigated
in mortar, with replacement rates of 5% and 10% by weight.

Table 1. Composition of the mortars

Leaching behaviour

Heavy metals content of the tailings

Heavy metals content in the MT is assessed through acidic
digestion, in accordance with DS 259 (3).

Table 2. Heavy metals content in Zinkgruvan and Nalunagq tailings (in mg/kg +std. dev.)
and comparison with category 1 waste from Miljgstyrelsen (4

As cd Ni Pb Zn
Zinkgruvan 496 126+04 18+1 3995%465 777346
Nalunaq 529+ 15 23+02 47+1 10£1,0 38+2
Limit 20 0,5 30 40 500
(Category 1)

pH-desorption of heavy metals in the tailings

Sample name | Composition C

REF Reference mortar (no tailings) w/c" =05

ZC5,NC5 5% cement substitution with Zinkgruvan w/p” =05
(respectively Nalunaq) tailings

ZC10,NC10 10% cement substitution with Zinkgruvan w/p =0,5
(respectively Nalunaq) tailings

7S5, NS5 5% sand substitution with Zinkgruvan w/c=0,5
(respectively Nalunaq) tailings

Z510,Ns10 10% sand substitution with Zinkgruvan w/c=0,5
(respectively Nalunaq) tailings

* w/c = water-cement ratio (by weight)
**: w/p = water-powder ratio, meaning water-(cement + tailings) ratio (by weight)

Compressive strength

Compressive tests are carried out after 7, 14 and 28 days of curing

under water, following DS/EN 196-1 (2).

Compressive strength - Mortar with
cement replacement
60,0 60,0

Compressive strength - Mortar with
sand replacement

g -
2 500 £
5 : £ s00 I
T Lo Eor, LT Bwoo o Lo il
H 1 S
% 300 = & 5300 _
2 200 H
[ £ 200
£ 100 Z
Y £ 100
© 7 days 14 days 28 days E 00
Curing time [days] 7 days 14 days 28 days

Curing time [days]
HREF 2755 7510 =NS5  NS10

®REF ®ZC5 =ZC10 = NC5 NC10
Observations:

Cement replacement: for substitution with both Nalunaq and
Zinkgruvan tailings, a loss of strength after 28 days is observed.
The more cement is substituted with MT, the more the strength
decreases.

Sand replacement: for both tailings, a loss of strength after 28
days is also observed, although it is less significant than for cement
replacement.

Workability was also found to decreases with the addition of
dry tailings, especially for sand substitution. Increasing
workability could improve mortar compaction and result in higher
compressive strength.

pH-desorption of heavy metals in
Zinkgruvan tailings

pH-desorption of heavy metals in
Nalunagq tailings

100% 100%

g
g
g

60%

20% ; 20%
0% L 0%

o 2z 4 6 8 10 12 14 0
pH

g
o

-
g
B
5
ES

% metal released
% metal released

s e N p—— pH

Observations: At high pH (>12): significant leaching of Pb, As,
Zn (for Zinkgruvan tailings) and of As (for Nalunaq tailings) is
observed. This is a concern due to the high content of these
metals in the tailings. Concrete is alkaline, therefore this could
indicate a risk of leaching of these elements in mortar
containing MT.

Leaching of heavy metals in crushed mortar

Mortar samples are crushed and subjected to batch leaching
tests at a Liquid-Solid ratio of 2 L/kg (5).

Table 2. Heavy metals concentration in eluate (in pg/L *std. dev. ) and comparison

with category 1 waste from Miljgstyrelsen (4

As Ba Cr (tot) Pb Zn
REF 010 26162300 13411 50344 020
zcs 23 £39 199078 2143 73 65 320 £554
NC5 00 2096 £30 40+3 00 00
Limit for 8 300 10 10 100

Observations: Uncertainty is high for the main heavy metals of
concern (As, Pb). Some values are significantly above the limit
even for the reference mortar (Ba, Pb), possibly due to the
crushing of mortar before the leaching test, that releases
additional heavy metals. There is also a lack of specific
legislation for concrete containing MT.

Conclusion and further prospects

Cement and sand substitution with both MT lead to a loss of
compressive strength. Depending on the concrete use and
substitution rate, it could still be satisfactory.

Leaching tests with crushed mortar yield results significantly
above the limit for some elements, including with reference mortar.

) Cop inconcrete
Engineering and Materials Sciences

(2) DS/EN 196-1

(5)p5 259

properties, Onuaguluchi, 0. and Eren, 0, 2012, Indian Journal of

Further experiments:
- Batch leaching tests for the other mortar compositions
studied
- Porosity and density
- Leaching experiment that does not involve crushing of
mortar

(4) Miljostyrel

om anvendelse og jord til bygge- afsorteret, uforurenet bygge- og ankegsaffald,

2010
(5)DS 12457-1
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