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Per LINDH"?* and Polina LEMENKOVA’

LEACHING OF HEAVY METALS FROM CONTAMINATED SOIL
STABILISED BY PORTLAND CEMENT AND SLAG BREMEN

Abstract: Leaching behaviour is an important evidence of goality. The assessment of leaching of heavy
metals from the contaminated soil is vital for enmmental applications. However, leaching may diffesoil
stabilised by various ratios of binders. In thisdst we measured leaching behaviour of soil contatathby As,
Cd, Co, Cr, Cu, Hg, Ni, Pb, V, Zn, methyl Hg, alipic compounds of hydrocarbons, polycyclic aromatic
hydrocarbons (PAHS), polychlorinated biphenyls (BCRBnd dissolved organic carbon (DOC). To evaluate
leaching of these substances we tested the effécfsanged amount of binder (120 kg and 150 kg) inder
ratios (70/30 %, 50/50 % and 30/70 %) added tossoitples. Soil was dredged from several statior@sinand
area, SCA Sundsvall Ortvikens Pappersbruk. Thdtsedemonstrated a systematically decreasing lagcohvith

the increased slag. The contribution of this reseanclude: (i) devising systematic approach toramtt
information on leaching from stabilised soil cotledt from the coastal area of Bothnian Bay, (ii) eleping

a workflow for stabilising soils by various combiiwa of Portland cement Basement CEM Il/A-V (SS EdV-1)
and ground granulated blast furnace slag (GGBF&mBn type (SS EN 15167-1), (iii) determining watgio
and density for the untreated and stabilised suil performing comparative analysis, (iv) evaluataigmical
content of pollutants and toxic elements in theregated soil samples. Treatment of the contaminstddoy
binders improved its parameters by the increaseshgth and decreased leaching of heavy metals @nid t
elements.

Keywords: leaching, sediments, Baltic Sea, stabilisationgéer

Introduction

Solidification/stabilisation of soil by cement, centitious products or other binders is
one of the most representative geotechnical tedesign civil engineering aimed at
improving properties and performance of soil [1-8¢il stabilisation consists in treatment
of soil by stabilising agents aimed to increasetitsngth, maximise durability, stability and
compression characteristics, as required by safetyneering standards. During the past
decades, soil stabilisation has been applied toide wange of areas in geotechnical
engineering, from coastal environmental engineefdhgindustrial works, such as highway
construction [6] or remediation of contaminated wydwater [7], to agricultural
application, e.g., simulating moisture ingress/eligrinto subsoils from rainfall events for
modelling leaching cycles and field precipitatiomdamoisture infiltration processes [8].
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Soil stabilisation can be performed using variowthuds and techniques [9, 10]. Various
binders can be used as stabilisers for soil tre@ttneeg., cement, cementitious by-products,
slag, sludge, flying ash, lime, to mention a fev][1Characteristics of the stabilised soil
can be assessed by measuring its physical and mieah@roperties, e.g., compressive
strength, compaction, porosity, as applied in mgegtechnical tasks [12-16].

Chemical stabilisation of soil is beneficial forahing of the environmentally toxic
elements. Examples of leaching from the stabiliseits include immobilisation of heavy
metals [17, 18], rare earth elements [19, 20], enaving environmentally dangerous
pollutants [21]. By stabilising organic soils wihipplementary cementitious material, such
as high carbon fly ashes, such treatment helpsowiipg the geotechnical characteristics,
performance and environmental properties of sdtZ2]. An important aim of leaching
tests is to see if treated soil is acceptable, iceexamine environmental effects, impacts
and consequences of use in construction application civil engineering [25-28].
Contamination of soil by pollutants may be caused Various chemical elements,
e.g., compounds of hydrocarbons, polycyclic aromatihydrocarbons (PAHS),
polychlorinated biphenyls (PCBs). PAHs originat®nfr the anthropogenic activities:
industrial emissions, petroleum combustion, emissiédrom coal and fossil fuels and
domestic activities [29].

Soil stabilisation performed using binders enalilesremove dangerous chemical
elements originating from groundwater pollutantspstty generated by the industrial,
agricultural, and urban processes or stormwatechdige [30]. Although the existing
methods of soil stabilisation, either using cemenbther agents, are effective in many
geotechnical applications for improving soil quglithey have limitations. The first
limitation is the type of binder which has the effeon soil stabilisation [31]. The second
one is the ratio of binders used in various prapost For instance, various binder
combinations may have different effect on soil tmeent as to make them more or less
prominent, which requires an empirical testing loé toptimal ratio of binders [32-34].
Optimal ratio of binders obtained from a seriesests enables to define the best practical
setting for chemical leaching of toxic and dangsrelements from the contaminated soil.

To address the aforementioned limitations of leagtperformance in stabilised soll,
we present a series of the experiments performedacdinus combinations of stabilising
agents selected in different combinations. Two éiedwere used in this study: cement
BasementCEM I1/A-V (SS EN 197-1) [35] and ground granulated blast doenslag
(GGBFS), Bremen type (SS EN 15167-1) [36]. We tested tBosaof cement/slag to
evaluate their effect on leaching: 70/30 %, 50/58r%d 30/70 %. Our analyses are based on
the three aspects:

1. First, the properties of binders were modifigddhanging their ratio: adding more
Portland cement and decreasing amount of slag,vaedversa. This makes out the
results flexibly applicable in case where the amaiinder varies.

2. Second, the amount of leached chemical elemestsquantitatively examined in all
the three cases of soil stabilisation. The resiltsaching are summarised in plots and
tables for each element: As, Cd, Co, Cr, Cu, Hg,Rli, V, Zn, Methyl Hg, aliphatic
compounds of hydrocarbons, polycyclic aromatic bgdrbons (PAHs), and
polychlorinated biphenyls (PCBS).

3. Third, water ratio and density for untreated tnedted (stabilised) soil were evaluated
for several test sample stations: A4, B4, B6b a6B.Besides, for each of these tests,
the amount of binder added into the soil mass ob@n@l20 kg and 150 kg,
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respectively). This enabled to assess both chaistate: local properties of soil in the
test sites and the effects of the amount of bidethe properties of the stabilised soil.

Experiment

This section describes the experiment workflow aresents the research scope and
objectives. Sampling methods performed by the Swald©rtvikens Pappersbruk (SCA)
including the description of binders and workflofvspecimen processing is included with
provided details regarding the environmental actnécal aspects of leaching experiments.

Research scope and objectives

The research has been performed on behalf of tha gaper mill by Swedish
Geotechnical Institute (SGI). The data were codlddn the Sundsvall region, located in
coastal area of Bothnian Bay of the Baltic Sea,d@ngFig. 1).
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Fig. 1. Topographic map showing study area in thestal area Bothnian Bay, Sweden. Data: GEBCO
DEM. Sample locations of taking soil samples in &wall area are from the test sites A4 and B4
within the location of SCA (62°2@’N, 17°190"E). Cartographic source: authors’ own map

The main goal was to evaluate how the choice ofldirratio affects leaching of
chemical elements in soil samples. The practicgailve to evaluating how the binder
combinations changes leaching of toxic elementqfsoil: heavy metals (As, Cd, Co, Cr,
Cu, Hg, Ni, Pb, V, Zn), methyl Hg, aliphatic compais of hydrocarbons, PAHs, PCBs as
well as BTEX chemical compounds (benzene, toluene, ethylbenzamk xylenes).
The geochemical and environmental properties ih sminples were evaluated through
technical processing of stabilisation.

The general purpose of this work was to analydepsoformance on leaching of heavy
metals by changing combination of binders. The grpnts were performed according to
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the geotechnical and environmental quality starslafdsoil. The practical aim was to
achieve the improved soil properties: strength stadility. Stability, i.e., settlement in the
stabilised soil should not exceed 5 cm after the ywwars from stabilisation. The quality
objective regarding the permeability constitutedotgehnical and environmental
requirements. The permeability should be below? bds when finished structure can be
considered as a monolith with low water permeahillthis reduces the risk of leaching of
the contaminants and shortens service life duectativering or corrosion.

Soil sampling by SCA

The SCA was responsible for collecting represerdgatioil samples of the dredged
sediments and groundwater that were used as |leathaikperiments. The location of the
study area and sampling points are shown in Figughe sampling was made during June
2017 fieldwork using a self-developed sampler, aated “Jonhuggare”, developed by
Sweco in the test point B6b. The test points wetected because of the specifics of the
soil in this place: high pollution of sediments aadhigh content of mesa and fibre.
The reason for choosing samples containing mesa/fias that laboratory experiments
needed to be performed using samples which conposnd structure represent natural
conditions, i.e., sediments consist not only nayi@ccurring materials but also external
inclusions. Eight different samples were taken iffeént bottom depths (0, 100) cm.
The samples were put into the 10 L buckets and teitte SGI. The groundwater was
extracted on 6 February 2018 in a test point GVY1Sweco, a total of approximately
5 litres. When sampling groundwater, the pH levelswevaluated, and the electrical
conductivity EC) was 0.43 mS/cm.

Binder

The following binders were chosen for soil testS{@l:
* Portland cement Basement typeEM Il / A-V (SS EN 197-1) [35].
* Ground granulated blast furnace sI&BFS), type Bremen (SS EN 15167-1) [36].
The reason of selecting these two binders is tbéit bf them (or comparable ones) are
available on the commercial market for purchase gqulify for geotechnical tests. Both
binders have been successfully used in similaripusvprojects in the SGlI, including the
Arendal geotechnical works on soil in the port afti@nburg. Besides, Portland cement
CEM 11 / A-V replaces previously used Byggcemer@&M Il / A-L.

Manufacturing specimens

The specimens were manufactured in the laboratbr@ from the dredged soil
sampled by SCA. The material was stored in a ckrmabm with a temperature of 7 °C.
The aggregated sample selected from the B6b sisedivéded into the two barrels with
tight-fitting lids. After that, one of the barrelsas mixed with more added water, to
simulate higher water ratio. Afterwards, specimemse mixed and thinned by mechanical
stirring for 5 minutes. This enabled to receiveoabgeneous mixture of binder and soil.

After mixing, soil was poured into the samplingesies with a lid attached to the
bottom. The sleeves had a diameter of ca. 50 mmaahdight of ca. 170 mm. During
“casting” of specimens, the sleeve was tappedthtdable to loosen the trapped air pores.
The sleeves were filled up, then placed in a waidh. The water level in a bath was kept
constantly above the upper edge of sleeves anexitesss water formed during mixing was
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recorded. The samples were stored in a water bath& days, afterwards, extruded out of
the sleeves and trimmed to the correct length @ m@n. The specimens were stored in
a plastic bag in a climate-controlled room witteenperature of (20 + 1) °C. An amount of
paper moistened with water was placed in a pléstg; to prevent specimens from drying.
The curing process was ensured according to thes@li®lards [37-41]. A compressive
strength was evaluated before leaching accorditiget&1S standards [42].

Laboratory stabilisation included weighing the regd amount of soil to produce the
two test specimens. The weighing took place onateswith a measurement accuracy of
0.1 g. The permissible tolerance was set to ttgetaveight £ 0.25 %. The binders were
weighed up. Experimental changes in binder amouave hpractical reasons for
geotechnical works. Thus, an optimal amount of &irttiat can provide a sufficient quality
for soil stabilisation. Besides, lower amount ohdsr is favourable for economic and
environmental reasons. These include low cost mtimu and reduced COemissions
related to the use of cement. A scale with a measent accuracy of 0.01 g was used. Each
mixture consisted of soil for two specimens. Thecsmens were divided into the A and B
samples, where A were used for geotechnical measms of compressive strength, while
B - for the environmental and chemical experimemnsleaching. This procedure was
repeated to obtain duplicate experiments. Leacpingerties of the contaminated soil from
the scaled-up experiment demonstrated agreememthetlaboratory experiment.

Leaching tests

The leaching properties of the stabilised matdréale been tested using three different
forms of leaching tests:

1. one-step shaking test L/S 10 according to SS-ENbZ-24(Phase 1 and 2) [37];
2. surface leaching tests according to standard S38883 (Phase 1) [38, 39];
3. reduced surface leaching experiments that were flraddrom standard to be adapted
to the project’s issues (Phase 1).
Table 1
Research questions, purpose of work and setugoffileg test experiments
No. Question Purpose Leaching test
Six (6) reduced surface leaching trials with
How is the diffusionsontrolled leachin Finding the best \water withdrawal on days 9 and 36. The 3 r.
1 | of pollutants from the surfaces affectedsc’h.mon f(r)]r blnlder "bln two dl’lrlferent scenagos ( wr?rst claseh_ard
depending on chosen proportions ratios with as low ("best case") were tested. A surface leachin
leaching as possiblpvith seven of the eight-time ste@cording t
the standard SS-EN 15863 [39]
Which equilibrium concentrations o Worst-case A one-step shaking test at leaching solutioh to
2 binders affects the material and how|dssessment of whigh solid ma?terial (L/gS) - 10 accordigg to the
they relate to the chemical compositipore wate_r levels mg SS-EN 12457-2 [37], leachate MilliQ
of the local groundwater? arise
Do differences arise in the equilibrium  Guidance on
chemistry depending on which water is interpretation of | A one-step shaking test at L/S 10 according to
3 |in contact with the material? How is thiacertainties in the I§ SS-EN 12457-2 [37], leachate groundwater
pH value of the leachate affected by results in lab scale| from the area
contact with natural water? versus pilot scale
Exp(_ected leaching accordln_g tq Phase Bupport for fl_nal Three one-step shaking attempts at LS 10
4 is affected by the optimisation | recommendation o according to SS-EN 12457-2 [37]
in Phase 2 of the experiment ratio of binders 9

"The last time step at 64 days was deselected dhe tack of time
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The majority of the leaching experiments have bd@me using chemically pure water
as a leaching liquid (MilliQ). Another test run arallel was made for the leachate
consisted of groundwater from the area for thedatple application. Table 1 shows the
test setup and describes the issues that formis foaeach test series. The emphasis was
set on surface leaching tests. The environmentdinteal quality requirement was that
a permeability should be lower Fom/s. Shake tests on crushed soil do not reproduce
expected leaching mechanisms, i.e., leaching frarfaces where the soil is a monolith.

Workflow of leaching experiments
Table 2 describes the scope of the analysis.

Table 2
Summary of leaching methods and scope of analyghsei environmental technical evaluation

Leaching method Scope of analysis

Reduced surface leaching trials with water withddaw

9 and 36 days. Modification of the standard SS-EN  Heavy metals incl. Hg, DOC at both time steps

15863 [39]

Surface leaching tests with seven of eight-timpsste

according to the standard SS-EN 15863 [39]

One-step shaking attempt at L/S 10 according t&EN$- Heavy metals incl. Hg, DOBTEX, PCB, PAH 16
12457-2 [37] Mineral oil (C10-C40)

Heavy metals incl. Hg, DOC in seven-time stepg

Various equipment and analytical methods existdigiermining heavy metals in soil.
These include, for instance, Inductively Coupledsiia - Mass Spectrometry (ICP-MS),
Atomic Absorption Spectroscopy (AAS), Gas Chromaaphy - Mass Spectrometry
(GC-MS). In this study the leached elements wesduated according to the SGI technical
standards using the ICP-MS as the most optimalttier estimation of heavy metals
[42, 43]. For the majority of elements (As, Cd, @y, Cu, Ni, Pb, V, Zn) we used the
existing ISO 17294-2:2016/SS-EN 1SO 17294-2:20Hha4ard [45] for determination of
chemical elements and heavy metals in soil andsasgg water quality. The Hg was
assessed using standard ISO 17852:2006 / SS-ENLTBB2:2008 [46] for determination
of mercury using atomic fluorescence spectrométhg determination of dissolved organic
carbon (DOC) was performed using standard SS EM:18897 [47].

Results

The results of this study based on soil samplindopeed in the laboratory of SGI
include the assessment of surface leaching of heetgls from soil for the worst and best
cases and evaluating the effects from binder/watiéo measurements on performance of
the stabilised soil. The shake tests were madevaluating the equilibrium concentrations
of heavy metals in stabilised soil.

Water ratio and density evaluated in samples proceed in laboratory of SGI

Soil samples collected from testing sites A4 andiB4Ostrand area were mixed to
a homogeneous mass by stirring in the laborator8@F. This was done to minimise the
effects from the sedimentation that occurs duriaggport. The water ratio of the material
was determined upon the completion of the homogénis process (Fig. 2).
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Figure 2a shows water ratio for the untreated fsoih test points A4 and B4. For the
sample collected in site A4, the mean value fore@uninations of the water ratio was
about 135 % (excess) and the standard deviatiorOv@8s The equivalent for the test point
B4 was a water ratio of about 69 % and a standaxiation of 0.27. Test point B6b is
included as a connection to the original laboratesgs. The subplot in Figure 2b shows the
density of the untreated soil from test points A&dl 84. For sample A4, the mean value for
8 tests of density was 1.36 MgfrtMg = 1 g = tonne) and standard deviation 0.0052.
The equivalent for test point B4 was a density @f t.6 Mg/mi and standard deviation
0.0053. Test point B6b was included as a connedttidhe original laboratory tests.

a) Histo of multiple variables b)
B tnst 10 106 -
watav rnnw LAk N=8 Mea = 134.875: 14DV = 0,8345: Max = 136 Min = 133 Donsiy_Ad: N =0 W —TaT Min =136
onfant_B4: N = 8 Meai neuzs SHDv = 0.2686; Max = 89.8; Min = 66.9 Density B4 N = 8: Mean = 1.6; StdDy = ax=1.81: Min= .69
w e contant_BEb: N =10 Maan = 138 9835: SIdDv = 0.1204. Max = 138.1721; Min= 136 7517 Density BEb: N = 5 priSlii o G oy Ay S
350 i}
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2 & 2
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&
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Upscaled water ratio [] Density (Mgim’]

Fig. 2. a) Upscaled water ratio for the untreated @\4 and B4), b) density of the untreated soil
(A4 and B4)

Water ratio between the samples was large, bunéderial from the site A4 it had the
same ratio as for materials from B6b, as includedvipus laboratory experiments.
The density shown the same pattern in case of watier samples collected from the site
A4 had the same value of range as those from theB&ib. The differences between the
samples A4 and B4 demonstrated the same patterthéomwater ratio. The difference
between the masses from various test points inslddasity and water ratio. Soil collected
from the sampling points in the scaled-up experinoaver samples from the point B6b.
After sampling the contaminated soil samples weabiksed.

Water ratio and density evaluated in stabilised seachents

The stabilised samples were stored in the SGlmkdping for curing and testing. Soil
samples were processed under water to simulatedaiditions. Density and water ratio of
the specimens of stabilised soil were assessed 3rid he results of the B6b were taken
from the SGI laboratory report. The results of slsaled-up experiment show the expected
results between the samples from A4 and B4, iighen strength for B4 with lower water
ratio. The results also showed that performanceanfiples from B4 site have a good
agreement with the results from laboratory teste difference in water ratio in samples
from site B6b, stabilised by 120 vs 150 kg of bindeas evaluated to study the effects of
large water mixture (worst case). Testing B6b lateratory was done by ratié\WLB.

Figure 3a shows water ratio of the stabilised sollected from sites A4 and B4.
Samples from A4 show that 120 kg of binder givesightly higher water ratio, compared
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to those containing 150 kg of binder. The resuitenf the test site B4 show a deviating
pattern of values, however, in general, the valaee within normal distribution
range. The samples within each group were treapFdcessed and analysed for
density. The density of the stabilised specimefisvie the same pattern as for the water
quotas (Fig. 3b).

a) Histogram of m ultiple sariables b) Histogram of multiple variables
Upscaled water content stab 11v*10c Upscaled density stab 11v'10c
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B4_120: N = 9 Mean = 65,2889; StdDv = 0.8403; Max = 66.6; Min = 63.9 B4_120; N .= 8 Mean = 1.6; StdDv = 0.005; Max = 1.61; Min = 1.58

B4 150: N ='9; Mean = 67.4222; SIdDv = 0.342, Max = 68.1: Min = 67 B4_150: N =9 Moan = 1.5778; StdDv = 0.0044, Max = 1.58; Min = 1.57

B6b_120: N = § Mean = 139.7167, StdDv= 0.5123; Max = 140,4: Min = 136.8 86b_120: N =9:Mean = 1.3542; SdDv = 0.0055; Max = 1.36; Min = 13481
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Fig. 3. a) Upscaled water ratio in stabilised éd#t and B4), b) density in stabilised soil (A4 aBd)

The samples from B4 (lowest water ratio) have tlghdst density. The differences
between the B6b_120 (ratldWLB) and B6b_150 (ratick WHB) are a “forced” spread to
provide greater variation in data material. Thefedénces in the results from scaled-up
laboratory experiment are caused due to a force@ase in water ratio. The difference in
density is based on the soil samples: those froimt #et are well within the limits of the
experiment, while those from B4 are higher due karge difference in water ratio.

Parameters of sediments collected in Ostrand, Swede

After evaluating density and water ratio, the amooh binder was determined.
The selected binder mix was the same as in thed#dry, i.e, 30 % of Portland cement
BasementCEM II/A-V (SS EN 197-1) [35] and 70 % @GBFS [36]. The amounts of
binder were 120 and 150 kgfraf soil. The ratio of water to bindewfp) is the parameter
that controls both strength and permeability. TaBleshows parameters of various
sub-samples.

Table 3
Summary of the constituent parameters of the spg@m
Test point Water quota [%] [azn/ﬂ:g’] AmOLEE;/?; 3t]nnder b
A4 135 1.36 120 751
A4 135 1.36 150 6.21
B4 69 16 120 6.44
B4 69 16 150 5.35

A certain amount of dredged masses was taken onit fhe homogenised masses and
mixed with binder and water in various proportiombe water was added to simulate the
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wetting method, i.e., binder is mixed wet with tredged masses, in a similar way as was
previously done in Arendal 2 project in Gothenburg.

The mixing took place with 350 L of the forced mixe-rom this mixture,
a 120 L plastic barrel was filled with the statgtisdredged soil. The temperature sensors in
form of thermocouples were placed in the samplesiéasure variations of heat and air
temperature on the three levels. Test specimene w&st into sampling plastic sleeves.
In total, 60 specimens were made, including 15aghevariant of mix ratio. The specimens
were marked and transported to the SGI for stonaigeessing, and testing.

Contamination level in the aggregate sample B6b

The aggregate sediment samples used for stalilismtluded samples from the point
B6b (up to 100 cm depth). Total levels of pollutaint the aggregates are reported in Table
4 with statistical data on the SCA's sampling ia #tea. The sample contained Hg which is
frequently found in this area as well as a fractibimeavy aliphatic solvents, which caused
a distinct oil odour when samples were homogeriiséide SGI.

Table 4
Chemical content of contaminants in aggregatedssaiiples tested in the experiments (B6b).

SGl's lab| Samples in double pontoon, contaminated sediments
Element/substance Unit tests N (0-ca 25m)
B6b 0. of Average Median Max.
samples

As mg/kg d.m. 1.5 24 4.9 4.2 12

Cd mg/kg d.m. 13 24 0.25 0.12 15

Co mg/kg d.m. 2.6 24 8.8 9.3 15

Cr mg/kg d.m. 27 24 43.1 36.4 187
Cu mg/kg d.m. 29 24 48.4 20.6 351

Hg mg/kg d.m. 5.1 24 13.6 0.5 246

Ni mg/kg d.m. 25 24 21.6 22.7 34

Pb mg/kg d.m. 27 24 20.4 14.3 91

\ mg/kg d.m. 12 24 35.7 38.1 46

Zn mg/kg d.m. 243 24 110 76.7 357

Methyl Hg ng/g d.m. 1 10 6.9 1.7 25
PAH 16 mg/kg d.m. 0.32 17 3.1 0.8 24
PAH 11 mg/kg d.m. 0.32 17 3.3 15 19

PCB sum 7 mg/kg d.m. 0.03 10 0.02 0.0014 0.11

Aliphatic C10-C12 mg/kg d.m. 22 10 20 20 20
Aliphatic C12-C16 mg/kg d.m. 42 10 20 20 20
Aliphatic C5-C16 mg/kg d.m. 64 10 20.8 24 24
Aliphatic C16-C35 mg/kg d.m. 366 10 56.3 20 165
d.m. 105 °C % 53 24 59.9 64.6 79.5
Remains after LOT % of d.m. 94 15 95.2 96 98.2
TOC % of d.m. 6.2 15 15 1.6 3.9

" In Tables 4 and 5, the d.m. is a dry matter. Retggdy, the ‘d.m. 105 °C’ indicates that it wastetenined at
105 °C in the oven

™ LOI (Loss of Ignition) is a test used in this studr the analysis of chemical and mineral makefigoil using
applied methods of inorganic analytical chemistepérted in Tables 4 and 5)

The aliphatic content was much higher in the agaegample B6b compared to
average and median levels in the dredging area.cbneparative analysis of chemical
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content for aggregate samples in the tests in Bih analysis of samples prepared for
stabilisation and modified using table from Swe0d&, is presented in Tables 4 and 5.

Table 5
Chemical content of contaminants in soil samplepared for stabilisation

SGl'slab | Samples between the double pontoon and shorelineg,
Element/Substance Unit tests contaminated sediments (0 - ca. 2.5 m)
Point B6b | Antal prover Average Median Max.
As mg/kg d.m. 1.5 25 3.4 3.7 11
Cd mg/kg d.m. 1.3 25 0.8 0.6 2.8
Co mg/kg d.m. 2.6 25 55 3.6 14
Cr mg/kg d.m. 27 25 68 36.8 377
Cu mg/kg d.m. 29 25 34.1 27.9 107
Hg mg/kg d.m. 5.1 25 13.5 3.2 155
Ni mg/kg d.m. 25 25 23.4 24.3 41
Pb mg/kg d.m. 27 25 28.7 16.9 149
\Y mg/kg d.m. 12 25 23.3 17.9 49
Zn mg/kg d.m. 243 25 171 151 537
Methyl Hg ng/g d.m. 1 23 8.6 1.2 67
PAH 16 mg/kg d.m. 0.32 16 6.4 1.0 35
PAH 11 mg/kg d.m. 0.32 16 5.2 1.0 24
PCB sum 7 mg/kg d.m. 0.03 16 0.04 0.0049 0.15
Aliphatic C10-C12 | mg/kg d.m. 22 16 20.5 20 22
Aliphatic C12-C16 | mg/kg d.m. 42 16 25.5 20 42
Aliphatic C5-C16 mg/kg d.m. 64 16 38.3 20 64
Aliphatic C16-C35 mg/kg d.m. 366 16 117.5 42 366
d.m.atT=105°C % 53 25 50.8 54.4 73.2
Remains after LOI % of d.m. 94 16 94.7 94.7 98.1
TOC % of d.m. 6.2 16 2.4 2.2 6.2

Surface leaching after 36 days: worst and best case

Water sampling was done at 9 and 36 days of sutéahing experiments. Table 7
compares the results from the upscaling experimagadinst the results for two
corresponding recipes in the feasibility study.uf&gg4 shows leaching of substances with
a clearly reduced trend with a higher slag conédigr 36 days of leaching. No support is
given for the fact that the worst cabB\LB ratio, gives a higher risk of leaching compared
to the best caddBLW ratio.

There is no environmental benefit in advising resigvith excessively high amounts of
binder, as long as the quality requirement of 1/s is satisfied. Figure 5 shows leaching
for substances showing neutral or increasing trethlthe increased content of slag.

In general, we noted that higher amount of binderagases leaching of heavy metals,
which shown similar results in the upscaling expemt compared to the standard test.
However, various effects were noted for differeleingents. For example, Ba is a possible
indicator of leaching in the stabilised soil, whiNé cannot be considered for that. Besides,
a higher slag content leads to the increased legatfi As and Cr, although 70 % of slag
resulted in the lowest permeability. Different belbar of As and Cr compared to other
heavy metals may indicate that leaching is affeotede by surface chemistry itself than by
the permeability. Leaching of Hg was low, so thatas not detected in the leachate.
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Fig. 4. Summary of the leached amount per unit fmea) Cu, b) Ni, ¢) Zn and d) DOC on the day'36
for the best and worst cases. Orange colour - deestHBLW (High binder-Low water ratio in
a stabilising mixture). Blue colour - worst cabBVLB (High water-Low binder ratio in
a stabilising mixture). Substances show a systealbtidecreasing trend with the increased slag
content. Variations in 3 cases of bars show rament/slag as 70/30 %, 50/50 % and 30/70 %
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Fig. 5. Summary of leached amount for: a) As an@bdn day 38 for the best and worst cases. Orange
colour - best caskelBLW (High binder-Low water ratio in a stabilising mixe). Blue colour -
worst caseHWLB (High water-Low binder ratio in a stabilising mixé). Substances show
a non-existent or increasing trend with increadad sontent. Variations in the 3 cases of bars
show proportions of cement/slag in binder rati@d@80 %, 50/50 % and 30/70 %

Table 6 shows the amount of leached elements arwatlet after day 36. Variation
between the lowest and highest leached amountadfyheetals is relatively small, which
is consistent with the results on soil permeabiRggardless of mixture of binder ratio and
variations in natural content of tested samples| gmperties shown low leaching.
The results from the scaled-up tests show agreemvht those from the laboratory
experiment. They show that it is possible to cauystabilisation on a larger scale in a safe
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and controlled way to achieve stabilised soil céshrirom contaminants. Tested soil
samples shown strength above 140 kPa. The restilteeopermeability tests showed
a clearly lower values than Tam/s. The leaching of the scaled-up test correlati¢hl the
laboratory test.

Table 6

Leached amount at water outlet after 36 days [rfigfmhe upscaling experiments (a total of 12 sasipl
Comparison is made against the two correspondimxgsiin the standard test: cement/slag in ratio®B%&and
high and low amount of binder combined with the wd high water ratio

Element Min. amount per Max. amount per Min. amount per Max. amount per
(heavy metal, DOC) outlet upscaling outlet, upscaling | outlet, pilot study | outlet, pilot study
vy ' [mg/m?] [mg/m?] [mg/m?] [mg/m?]
As 0.01 0.05 0.03 0.06
Ba 15 7.7 0.8 11
Pb < 0.0007 0.002 < 0.00081 < 0.00082
Cd < 0.0003 < 0.0003 < 0.0003 < 0.0003
Co 0.01 0.01 0.02 0.02
Cu 0.2 0.3 0.5 1
Cr 0.02 0.04 0.05 0.06
Hg < 0.007 0.02 < 0.008 < 0.008
Mo 0.06 0.2 0.1 0.1
Ni 0.09 0.2 0.6 0.6
Zn 0.3 0.4 <0.02 <0.02
DOC 160 610 240 270

Table 7 shows the leached content at L/S 10 iugsealing tests (4 samples in total).
Comparison is made against the 3 correspondingsniixe standard test: cement/slag in

ratio 30/70 % and high/low amount of binder combdiméth low/high water ratio.

Table 7

Leached content at L/S 10 in the upscaling experim@l samples in total). Comparison is made ag#ies3
corresponding mixes in a standard test: cementitsleagio 30/70 % and high/low amount of binder ¢aned
with low/high water ratio

Element Lowest leaching |Highest leachingl Lowest leaching|Highest leaching
(heavy metal| Groundwater | upscaling at L/S 10| upscaling at L/S| feasibility study | feasibility study
DOC) [pa/L] 10 [ug/L] at L/S 10 [ug/L] | at L/S 10 [ug/L]
As 18.6 0.7 1.1 0.5 0.59
Ba 4.1 160 520 320 360
Pb <1.0 0.15 0.28 0.1 0.24
Cd <0.5 < 0.004 < 0.004 < 0.004 0.004
Co <05 3.7 4.2 1.7 4.8
Cu <1.0 31 68 34 64
Cr <5.0 0.59 1.0 0.12 11
Hg <0.010 <0.1 <0.1 <0.1 0.15
Mo 12 25 29 19 22
Ni 3.1 40 52 140 210
\ <5.0 3.6 4.6 29 33
Zn <20 <0.2 0.75 0.52 0.74
DOC 7790 18 000 38 000 24 000 120 000

The pollution content in the analysed excess wats higher than those stated as
reference values for purified construction stornewdbr Hg and in some samples for Cr
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and Ni according to condition 9 in a judgment oé thand and Environment Court at
Ostersund District Court on 30.09.2020, case M7&.7However, the analysis of the
surplus water shown that no additional protectiopasures are needed compared with
those described in a plan for controlling and mampagvater that arises during the
construction phase of the project. Hence, it isvesed that there will be relatively limited
amounts of contaminated sediments that need taaislised as well as the amount of
excess water that could be formed from this treatmén general, a large part of the excess
water within the reinforcement line is estimatedyé&bound in the landfill.

Discussion

In this study, the dynamics of leaching of heavytal®® PAHs and PCBs from
contaminated soil was assessed with a case stu@wetlen. The tests were performed
using existing standards of SIS for assessmergaufhing behaviour of contaminated soil.
The summary of the leached amount per unit arednifhgor Cu, Ni, Zn and DOC and
comparisons between the beldB(W) and worst casedH{WLB) of different binder ratios
are depicted in Figure 4, while leached amountypér area [mg/fi for As and Cr - in
Figure 5, respectively. The results are discusseldvb in terms of leaching of the
contaminants affected by two factors: (i) the @ffeaf changing the binder ratio (cement or
slag) used for stabilising soil samples and (ii¢ thffects of the composition of the
stabilising agent regarding water/binder ratiotlvase HBLW) and worst caseHWLB).

The analysis of the differences between the legcbases of heavy metals and toxic
substances, can be supported by the comparisoali¢ B and 7 which show that leaching
content [pug/L] in samples is quite different fosttehowing variations in highest and lowest
leaching. This indicates that changes in high/lanoant of binder combined with the
low/high water ratio play a key factor for the lbam of heavy metals from soil.
This proves that the optimal ratio and contentiafler is a major factor for treatment for
contaminated soil, as also noted in previous exjsitudies [48-51].

We have observed from the inspection of the gr&id 6), that in case of As and Cr
leaching from the soil samples, leaching show a-e@xistent or increasing trend with
increased slag content, so that these elementsotdmeninfluenced by the added slag
content which was assessed in cases of binderaatitD/30 %, 50/50 % and 30/70 % by
gradual change of stabilising agent added to the WioughGGBFS slag Bremen affects
leaching in the most cases, there are notableréifées in leaching of As and Cr compared
to the Cu, Ni, Zn and DOC that, on the contraryndestrated a systematically decreasing
trend with the increased slag content. This isrssequence of the concentrations of anions,
time of treatment, sorption properties and matrirarals, as noted earlier [52-54].

Leaching of Cu may result of local corrosion argldifferences against other heavy
metals could be accounted for pH shifts from mi@blnetabolism, as noted earlier [55].
The source of DOC leaching can originate from akpteeased by rainfall wash and
runoff, which results in potentially environmenflirence by transferring hazardous matters
into aqueous and soil system [56]. However, thecentrations of metals may differ with
depth, according to recent geochemical studies lements behaviour [57]. In our
experiments, leaching of DOC demonstrated variatiomn best and worst cases thus
controlled by the binder/water ratio. Leaching ai mhay be affected by the different
physicochemical properties of the soils in testitgs (test sample stations: A4, B4, B6b
and B6B). Besides, the variations can be associaithdthe micronutrient source that may
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influence Zn leaching and its distribution among &actions in the depth of the layers,
which agrees to the previous works [58].

Conclusion

The research revealed a clear effect of incredsgdcentent in stabilised soil mixture
on the quantity and quality of leaching of the heawetals, PAHs and PCBs accumulated
in the contaminated soil. Thus, increase conterglag up to 70 % decreased leaching,
which can reduce risk of negative environmentaldotp from heavy metals. Besides, in
the soil stabilised with cement and slag, in relatio the samples where stabilising agents
were added in various ratios to the contaminatell @o effect of the ratio between the
binder components on leaching was found. At theeséime, we did not find enough
evidence if ratio between water and amount of hindggnificantly affect leaching.
The permeability of soil was characterised by arelse along with the increased slag
content.

At the same time, changes in water and binder natiostabilised mixture affected soil
permeability. Moreover, we noted that dredged sedisican be homogenised even if soll
contains elements of mesa and fibre. Furthermoreas found that the external inclusions
did not affect the soil properties with regardhe geotechnical requirements of its quality.
Amount of binder added as stabilising agents shotivedeffects on strength properties of
soil which increased proportionally with the slaantent. Accordingly, stabilising soil by
a proper amount and ratio of binding agent (cemkag) improves bearing capacity of soil
which satisfies technical requirements and starsdafd¢onstruction works.
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