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Circular economy envisages resource efficiency and minimization of the negative impacts of waste on the

IBA environment and human health. This work considers municipal solid waste incineration bottom ash (IBA) for safe
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Geotechnical applications
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use in geotechnical works, through physical, chemical, ecotoxicological, and geotechnical analysis of samples
with different weathering periods. Low leaching potential and no relevant ecotoxic effects were found for IBA.
Better compaction was obtained for IBA mixtures with sand. All materials showed reasonable permeability after
compaction. IBA stiffness and shear strength values, consistently assessed through different tests, were within

dense granular soils range. Weathering seems to positively influence IBA geotechnical properties, which in any
case seem compatible with environmentally safe and sustainable geotechnical applications.

1. Introduction

World production of municipal solid waste (MSW) keeps increasing
due to the present production and consumption patterns, which should
reach 3.4 billion tonnes by 2050 [1]. The same trend has been observed
in the European Union (EU), where around 237 million tonnes of MSW
(EU-27) were generated in 2021 [2]. This has been one of the main
challenges for urban sustainable development, and incineration in
Waste-to-Energy (WtE) plants has been one of the main management
strategies adopted by developed countries to deal with it. In the EU,
around 27% of MSW are incinerated [3]. Incineration plays a key role in
the treatment of unsorted waste and residual streams from recycling
activities, reducing waste volume by about 90%, producing energy, and
eliminating potentially unsafe materials/molecules and pathogens [4,
5]. The main solid residue from this process is incineration bottom ash
(IBA), accounting for 20-25% of MSW incinerated [6]. IBA is a very
heterogeneous material with a wide particle size distribution mainly
composed of minerals, ceramics, metallic compounds, and glass [7]. It is
relevant to prioritise the valorisation of IBA over landfilling given the
high produced amount, promising properties, and the need to avoid
landfilling as highlighted by the waste management hierarchy estab-
lished in the EU waste framework directive (WFD; Directive
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2008/98/EC). The metallic fraction is generally recovered to be applied
in the metal industry, while the mineral fraction has been managed
through diverse strategies [8-10]. In the EU, the mineral fraction is not
valorised in certain Member States, while in others different applications
are permitted but the requirements for chemical analysis prior to
application are diverse [9]. In fact, IBA potential to cause negative
environmental impacts has been a central topic in this regard. IBA may
contain potentially toxic metals (PTM) and soluble salts with environ-
mental hazard potential, usually more concentrated in the finest fraction
[11-14]. Different pre-treatments may be applied to reduce this poten-
tial, and natural weathering is the most common one. Natural weath-
ering results in a more stable material through its storage outdoors for
6-20 weeks and the consequent neoformation and hydration of mineral
phases through carbonation and oxidation reactions, resulting in a pH
decrease from 10-13 to 8-10 and the encapsulation of some PTM [8,10,
14-18].

IBA is usually classified as non-hazardous [19,20] but it is a mirror
entry in the European List of Waste (LoW; Decision 2014/955/EU),
meaning it may be classified as hazardous (19 01 11*) or non-hazardous
(19 01 12) as a function of the assessment outcome of waste hazard
properties defined in Commission Regulation (EU) 1357/2014, and
persistent organic pollutants (POP) content (Regulation (EU)
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2019/1021). The Hazard Property HP 14 (“ecotoxic”) is related to po-
tential environmental impacts and the methods for its determination are
not consensual. The value of ecotoxicological tests has been increasingly
recognized for the assessment of complex matrixes (such as various
types of waste) since they account for the effects of all constituents, their
interactions, and bioavailability, thus more realistically evaluating
waste environmental impacts [21-23]. Some studies evaluated IBA with
a range of test organisms and endpoints, with varying outcomes
[24-29].

Applications that have been considered for IBA include artificial
aggregates or mineral addition in civil engineering applications such as
road constructions (base, subbase, embankments, asphalt concretes),
cement and concrete production, ceramics manufacture, as well as use in
noise barriers, pipe bedding, recovery in landfills, and filling and
restoration of degradable areas from extractive activities [4,8,9,11,17,
30]. Nonetheless, its use as a secondary aggregate in road construction is
one of its main potential applications [8-10,31]. However, important
geotechnical properties (such as compaction, compressibility, and shear
strength) of IBA and its mixtures with natural aggregates are not
comprehensively evaluated in the literature, and few studies can be
found with this information, particularly for the EU [29,32-40]. More-
over, IBA presents variable mechanical properties, which may prevent
extensive use [4,41]. Therefore, alongside environmental assessment,
the technical performance of IBA should be evaluated considering the
aimed application.

The development of waste legislation and policies to promote sus-
tainable waste management has been one of the main targets of the EU.
In this context, the EU circular economy policy [42] aims at using wastes
as resources in suitable applications, hence promoting efficient use of
resources and landfilling reduction. The use of secondary raw materials
contributes to reducing natural resource depletion and the consequent
impact of resource mining. Landfills require land space and high costs to
maintain engineered sanitary conditions, favour the loss of valuable
resources, and entail secondary pollution possibilities (e.g., ground-
water pollution and release of gases such as methane, a greenhouse gas)
[19]. It is important to pursue the utilization of secondary materials due
to the high demand for construction materials, the finite nature of nat-
ural resources, and issues related to landfilling. Geotechnical applica-
tions seem a relevant approach for IBA use given volume requirements,
allowing to save raw materials and the desirable use of IBA as much as
possible. The present study is part of a wider investigation that focused
on the assessment of weathered IBA for environmentally safe geotech-
nical applications. Previous research aimed at evaluating the basic
physical and mechanical properties of IBA alone and in a mixture with
quartz sand (30% IBA:70% sand) from a geotechnical perspective,
simultaneously analysing the chemical characteristics of these materials
and the suitability of a battery of biotests for HP 14 assessment [29].
This work aims at evaluating weathered IBA in compacted conditions
regarding technical performance and environmental impacts targeting
environmentally safe geotechnical applications within the circular
economy framework, namely those involving heavy compaction in the
field, such as road and railway bases, subbases, subgrades, and em-
bankments. Geotechnical properties, including advanced mechanical
testing to evaluate the strength and stiffness of the tested materials, were
assessed in IBA 3-months aged (IBA-3M) and 1-year aged (IBA-12M) to
analyse if differences would arise for different periods of weathering.
Moreover, two different mixtures (M1 and M2) of IBA 3-months aged
with quartz sand were evaluated for analysing the influence of sand
addition in geotechnical properties: M1 — 90% IBA:10% sand; M2 — 60%
IBA:40% sand. According to our knowledge, this work is the first to
encompass a multidisciplinary and comprehensive assessment of com-
pacted IBA including chemical, ecotoxicological, and geotechnical
evaluations as well as the assessment of the influence of factors such as
aging and different mixtures with sand, aiming at promoting real-world
efficient and sustainable engineering applications.
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2. Materials and methods
2.1. Materials

Two IBA samples were provided by a European WtE plant which
works with mass-burning technology. One sample was subjected to
outdoor weathering/ageing for 3 months (IBA-3M) and the other was
aged for ca. 1 year (IBA-12M). Ferrous metals were previously removed
in the WtE plant through magnetic separation. The received samples
were dried at room temperature and stored for further use. All tests were
carried out with diameter of particles (dp) <9.5 mm, except shear box
and oedometer tests which were performed with dp<2 mm due to
equipment size specifications. Representative subsamples were obtained
through a sample splitter. Whenever needed, subsamples were crushed
by a ball mill. IBA eluates were obtained for chemical and ecotoxico-
logical testing following EN 12457-2 (liquid/solid - L/S - ratio of 10 L/
kg for 24 h with distilled water; filtration through 0.45 pm pore mem-
brane). The fraction with 4<dp<9.5 mm was milled and mixed with the
fraction with dp<4 for leaching procedures. Furthermore, quartz sand
from Leiria (Portugal) was used to prepare mixtures with the 3-months
aged IBA with IBA:sand ratios of 90%:10% (M1) and 60%:40% (M2) for
geotechnical evaluation. Sand was also sieved to dp<2 mm to perform
shear box and oedometer tests with the mixtures.

2.2. Analysis of potential environmental impact

2.2.1. Chemical parameters

Moisture and volatile solids (estimation of organic matter, OM) were
determined at 105 °C for 24 h and 550 °C for 2 h, respectively, based on
EPA Method 1684. Electrical conductivity (EC) and pH were measured
in IBA eluate with a Consort C1020 multiparameter analyser. The
elemental composition of solid IBA (after acid digestion) and concen-
trations in its eluate was analysed through flame atomic absorption
spectroscopy (FAAS) and inductively coupled plasma mass spectrometry
(ICP-MS). FAAS was carried out using Analytikjena ContrAA 300
equipment and Aspect CS 2.1.1.0 Tech:Flame software. Previously, mi-
crowave assisted acid digestion of milled IBA (dp<0.075 mm) was
conducted with a TRANSFORM 680 Microwave Digestion System
(Aurora Instruments) following EPA Method 3051 A. ICP-MS analysis
was performed using Thermo Elemental X-series spectrometer in a
certified laboratory. Quality control was safeguarded by the analysis of
certified reference materials, blanks, and testing samples in triplicate.
Chlorides and sulphates were measured in IBA eluates by ion chroma-
tography with Dionex ICS 5000+ equipment.

2.2.2. Ecotoxicological tests

Different concentrations of initial IBA eluates (100%) were prepared
with distilled water for ecotoxicological assessment, all being analysed
with their natural pH. All organisms were tested with eluate concen-
trations of 3.125, 6.25, 12.5, 25, 50, and 100%(v/v), except A. fischeri
for which the 3.125% concentration was not tested. For this purpose, a
biotest battery covering species from different trophic/functional levels
previously evaluated [29] was used. Tests were performed based on
standard methods (Table 1), which are further detailed by the authors
elsewhere [43,44]. Median effect concentrations (ECsg) were considered
as ecotoxicological references a priori. Significant effects of eluates were
analysed using one-way ANOVA (p<0.05), followed by the Dunnett’s
test (p<0.05) to identify treatments leading to significant effects on test
organisms. The nonparametric Kruskal-Wallis H test was used whenever
the normality or homoscedasticity assumptions of the parametric
approach were not met (Kolmogorov-Smirnov test and Levene’s test,
respectively; p<0.05).
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Table 1
Biotest battery and methods followed.
Test organism Endpoint (%) Duration = Temperature Light Standard
Q)
Aliivibrio fischeri Luminescence inhibition 30 min 15+1 - I1SO 11348-2 [45]
Raphidocelis Growth rate inhibition 96 h 23+1 Continuous  OECD guideline 201 [46] adapted to 24-well
subcapitata microplates [47]
Lemna minor Growth rate inhibition considering frond number 7d 23+1 Continuous ~ OECD guideline 221 [48] adapted to 6-well
and dry weight microplates [49]
Daphnia magna Immobilisation 48h 20+2 16 h:8 h®  OECD guideline 202 [50]
Lepidium sativum Seed germination and root growth inhibitions 72h 25+1 - ISO 18763 [51]
2.3. Geotechnical evaluation .
W Water. welght 0 o)
2.3.1. Physical properties Dry soil weight
The initial particle size distributions of test materials were obtained ¥
by dry sieving (dp>2 mm), wet sieving (0.075<dp<2 mm), and sedi- Ya = T+w 2
mentation (dp<0.075 mm). The granulometric curve of mixtures was
determined as the weighted average of measurements for sand and IBA. Yo = G xvy, 3)
Dgo, D30, and D1 represent, respectively, the grain size diameters below 47 14+ (wxG/S)

which 60, 30, and 10% of particles, in weight, are finer and were
determined based on the granulometric curve. Coefficients of uniformity
(Cy) and curvature (C¢) were calculated as Cy = Dgp/D1p and Cc =
D2,/(D19%Deg), respectively. The density of solid particles (G) of quartz
sand and IBA was obtained through pycnometry following ASTM
D854-14. Regarding IBA, G was first determined for three different size
fractions (dp<0.425 mm; 0.425<dp<2 mm; 2<dp<9.5 mm) to eval-
uate the potential effects of particles different composition. The G of
mixtures was calculated as the weighted average of values determined
for sand and IBA. The liquid limit (LL) was determined through the cone
penetrometer method based on BS 1377-2:1990 (dp<0.425 mm). This
method allows to evaluate low plasticity materials more easily than the
commonly used Casagrande apparatus, while providing more repro-
ducible results since it depends less on the operator judgement. The
plastic limit (PL) was obtained based on ASTM D4318-17el
(dp<0.425 mm) using the hand-rolling method, i.e., by rolling spheres
against a glass plate to gradually reduce water content until the cylin-
drical filament with about 3 mm diameter crumbled. The plasticity
index (PI) was calculated as the difference between LL and PL.

2.3.2. Compaction

The modified Proctor test was conducted to determine the optimum
water content (Wopy) and the maximum dry unit weight (ygmax ) in
compaction of tested samples based on ASTM D1557-12(2021). Taking
into account IBA particles size and the compaction means commonly
used in the field for embankments construction, a small mould and
heavy compaction energy were selected. The Proctor test was not per-
formed with mixture M1 since it was considered that the low percentage
of sand would not significantly alter the wop; and the ygmax ~ of IBA-3M.
Thus, the values obtained for IBA-3M were considered for the compac-
tion of M1 whenever needed. Six subsamples of about 2 kg of each
sample were dried at 40 °C for 48 h. Water percentages of 12%, 14%,
16%, 18%, 20%, and 22% were added to IBA samples, and 8%, 10%,
12%, 14%, 16%, and 18% to M2. Each subsample was then divided into
five equal fractions, each being placed in the mould and subjected to 25
falls of a heavy compaction hammer (4.54 kg) falling from a 457 mm
height. For each subsample, 3 replicates were weighed before and after
drying at 105 °C for 24 h to measure the water content, w (%) (Eq. 1).
The dry unit weight, y4 (kN/m®), was calculated for each subsample
through Eq. 2, and compared to the saturation curves (Eq. 3). The wop
and the ygmax for compaction were obtained from the peak of the
plotted graph. Saturation curves indicate voids percentage or the degree
of saturation at different points of compaction curves and were plotted
using the average G for each material.

Where: y = P/V - unit weight (kN/ms); P - total weight of the sample
(kN); V — total volume of the sample (m3); G - solid particles density, y,, —
unit weight of water (kN/m3); S —saturation degree.

2.3.3. One-dimensional compressibility

All samples were evaluated regarding one-dimensional compress-
ibility through oedometer tests based on ASTM D2435-04. All speci-
mens were prepared by compaction, aiming at replicating the modified
Proctor test. Thus, the wqy previously obtained with Proctor was used.
Compaction was performed in the Proctor mould containing the rigid
ring of the oedometer, three layers of material being compacted with an
energy per layer similar to that used in Proctor. In the oedometer ring,
samples were subjected to cycles of vertical loading and unloading
resulting in the following vertical effective stresses (¢°y): 1.4, 8.5, 16, 30,
58, 114, 227, 452, 1016, 227, 58, 16, 58, 227, 1016, 2143, 4398, 1016,
227, 58, 8.5, and 1.4 kPa. Load changes followed stabilization of set-
tlements. Each sample was submerged after ¢’,=58 kPa, with no load
changes occurring for 24 h, to assess the collapse or expansion potential
of these materials due to saturation. Saturation was maintained for the
subsequent loading and unloading stages. The vertical displacement
(mm) over time for each applied stress was measured by Linear Variable
Differential Transformer (LVDT) transducers connected to oedometers.
The void ratio (e) per applied vertical effective stress (¢’y) was obtained
from Egs. 4-5. As previously mentioned (Section 2.1), this test was
performed with dp<2 mm. Regarding IBA-12M, the average G for
dp<2 mm was used for calculations given the material heterogeneity,
while the total average G was used for IBA-3M.

G Xy,
o=t )
Ya
SELT(EE ®
0

Where: yq — dry unit weight (kN/m®); eg - initial void ratio; G — solid
particles density; y w — unit weight of water (= 9.81 kN/m3); Ah —
samples height variation in the oedometer ring (mm); hy — samples
initial height in the ring (mm).

The compression (C.) and recompression indexes (C;) were deter-
mined as the slope of the virgin and recompression lines, respectively,
from the e-logo’y plots. The coefficient of consolidation (C,) was
determined using Taylor’s method (Eq. 6). In this method, height vari-
ation is plotted as a function of the square root of time regarding a single
loading/unloading to obtain the time corresponding to a consolidation
of 90% (tgp). The coefficient of permeability (k) was estimated through
Eq. 7.
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0.848 x d?
C =—rxe (6)
foo
k=C, xy, xm, @

Where: d — drainage path (in the oedometer test, equal to half of the
sample height); tgg - time corresponding to a degree of consolidation of
90%; my — coefficient of volume compressibility.

2.3.4. Shear strength: shear box tests

All samples were analysed regarding shear strength under different
vertical (normal) effective stresses (¢’y = 6°) using the shear box test,
which is commonly applied in road and backfill engineering for a quick
shear strength assessment given its convenience and effectiveness [35].
Samples were also compacted to replicate the Proctor test, three layers
of material being compacted by the Proctor hammer directly in the shear
box with the w,p obtained from Proctor test. Each layer boundaries were
at least 4 mm distant from the middle division of the shear box to avoid
influencing the shear plane. The hammer fell on an iron cube instead of
directly on samples given the geometry of the shear box, and 33 falls
were applied on each layer to replicate the specific energy from the
Proctor test. The shear box dimensions were 10 cmx10 cm x 3.7 cm.
Three tests were conducted on each material with ¢’y (=6’}) of 50, 100,
and 200 kPa. Samples were sheared at constant speed of ~ 0.6 mm/min,
which were assumed to be low enough to consider the test drained.
Nevertheless, the test was repeated for 6’,=100 kPa using a much lower
speed of ~ 0.01 mm/min to ensure that full sample drainage took place
during shearing and that the test could be interpreted as a drained test.
Vertical and horizontal displacements of samples were obtained
throughout the test using two LVDT. A dynamometric ring measured the
shear force applied in the horizontal plane of failure. The relationship
between shear stress (1) and horizontal displacement was plotted for
each vertical stress applied. The cohesion (c¢’) and the friction angle (®’)
of samples were obtained by a regression analysis of the normal and
shear stresses corresponding to failure at different values of ¢’y to
establish the Mohr-Coulomb failure envelope (Eq. 8). The vertical strain
was determined as the measured height variation of samples (Ah)
normalized by the initial height (ho). The average G for dp<2 mm was
also considered for IBA-12M, whereas the total average G was used for
IBA-3M.

7= x oy x 1g(®’) (8)

Where: ¢ — shear stress, relative to peak or residual conditions; ¢’y —
normal effective stress; ¢’ — cohesion; ®’ — friction angle; f and ’ repre-
sent failure conditions and effective stress, respectively.

2.3.5. Shear strength and stiffness: triaxial tests

A triaxial test was performed with IBA-12M under consolidated
drained (CD) conditions, following the recommendations of ASTM
D7181-20. The sample was previously compacted with the wop from the
Proctor test and similar specific energy: 9 layers were compacted in the
cylindrical mould with an extension (in order to obtain a sample with a
total height of 20 cm), applying 25 hammer falls to achieve the same
compaction energy. The sample was covered with a silicone membrane
sealed at the top and bottom with o-rings, as commonly done in the
triaxial apparatus. Saturation cycles were conducted with upwards
water percolation at increasing water pressures until full saturation,
which was confirmed through a Skempton coefficient (quotient between
the variation of pore water pressure (u) and the variation of confining
stress (03), i.e., Au/Acs) above 0.95. Isotropic consolidation was con-
ducted using 63= 525 kPa and u = 400 kPa. Thus, the effective confining
stress (6’3 = 63 — u) during the test was 125 kPa. Then, the sample was
sheared by increasing the axial deviatoric stress (q), using a vertical
strain rate of 0.035 mm/min. According to Le et al. [40], IBA is not
meaningfully influenced by the loading rate ranging from
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0.009 mm/min to 0.144 mm/min. The ¢'s and the axial stress (¢'; =
6’3 + q) were used to obtain the Mohr circle in t-6, graph. The
stress-strain (q — &,) behaviour was analysed through the Young’s
modulus (E). For this purpose, the Ey from the initial slope of the
stress-strain curve (q-&,), Eso from the slope at 50% of the maximum
deviator stress, and E¢ from the slope at maximum deviator stress (fail-
ure) were obtained. These were plotted with other values in E-&, graph
to assess the so-called stiffness degradation that is usually observed with
the axial strain. In fact, even if Esy is commonly used in foundation
problems [40], other values may be more suitable for other geotechnical
problems, including road and railways embankments. Furthermore, the
coefficient of permeability (k; in m/s) was obtained applying Darcy’s
law to a constant-head-induced vertical flow of water on the triaxial
sample, through Eqs. 9-12.

v=kxi ©)

V:% an
AV

0= (10)

i:ATH 12)

AH :ﬂ a3)
Vw

Where: v - flow velocity (m/s); i — hydraulic gradient; Q — flow rate (m%/
s); A — cross-sectional area (m?); AV — volume of water flowing through
the sample during At (ms); At - time variation; AH - hydraulic head (m);
L - flow distance relative to AH (sample height; m); Au - pore pressure
Vagriation relative to AH (kPa); y  — unit weight of water (= 9.81 kN/
m°).

3. Results and discussion
3.1. Environmental hazard assessment

3.1.1. Chemical characterization

The chemical properties of IBA-3M and IBA-12M (Table 2) and their
eluates (Table 3) were generally consistent with the literature (Tables 2
and 3). The OM of both IBA samples was similar and low (Table 2),
exhibiting potential for use as a construction material from this view-
point. Likewise, the natural pH of both samples was similar (Table 3).
The pH was in the upper limit of the range of culture media used for
organisms tested in ecotoxicological assessment and of tolerance
generally assumed for aquatic life (6.5-9) [52], with IBA-12M slightly
surpassing this limit. On the other hand, the EC of IBA-3M was one order
of magnitude above the one observed for IBA-12M, indicating a higher
content of total dissolved solids, consequently, suggesting higher salts
leaching potential for IBA weathered for a shorter period of time.
Indeed, IBA-3M showed higher concentrations for most elements and
ions in its eluate (Table 3). Regarding PTM, the concentration of Cu
stands out in the eluates of both samples (while IBA-3M presents a
higher concentration) as expected from the literature (Table 3). How-
ever, all PTM and ions in both eluates were found in relatively low
concentrations and complied with limit values for non-hazardous waste
landfills, most of them even complying with limit-values for inert waste
landfills. The exceptions to this trend were Cu for IBA-3M and Sb for
both eluates. It should be noted that Cu is an essential metal, for example
as a cofactor of various enzymes, when below toxic levels [53,54].
Non-ferrous metal recovery from IBA was not performed in the incin-
erator plant, and the inclusion of this type of treatment (through Eddy
current) for consequent recycling of these metals could also reduce their
concentration on IBA, potentially decreasing their leaching potential.
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Table 2
Chemical characterisation of IBA samples.
Parameter IBA-3M IBA-12M Literature
Moisture (%) 21 +2 17 +£1 7-30°
OM (%) 3.6 £ 0.5 3.4 +£0.9 0.2-5¢
Elements
g/kg
Ca 54.6 + 6.08" 69.4 + 6.98" 56.3-306°
Na 20.6 + 1.07° 17.7 + 0.83" 11.4-57.7°
K 7.16 + 1.01° 5.02 + 0.59° 6.89-17.6°
Mg 11.6 + 0.02° 12.7 + 0.24° 7.08-30.7°
Fe 35.0 + 0.08" 47.0 +0.15° 14.2-159°
P 12.0 + 1.72" 12.0 + 1.26" 2.40-24.0°
mg/kg
Mn 750 + 0.03" 1300 =+ 0.05" 83-3408°
As 14 +1.93" 17 +3.19° 0.28-38°
cd 2.9 + 0.46" 7.7 + 0.46" 0.3-146°
Co 107 +13.2° 66 + 11.2" 6-350°
Cr 25 + 13° 40 + 2° 21-3170°
Cu 1245 + 14° 1308 + 47° 190-12,000°
Hg 8+1.31 9+0.28 0.02-8°
Ni 35+ 37 45.0 + 0.1° 7-4280°
Pb 2443 + 96° 1095 + 32° 98-13,700°
Sb 42 + 8.50° 61 + 7.29° 10-159°
\ 40 + 4.32° 52 + 3.26" 20-122°
Zn 1625 + 8° 2843 + 106" 613-13,600°
Bold: PTM;
2 FAAS;
b 1CP-MS;
¢ [19,55];
4 [56];

¢ [27,29,57-75].

Leaching limit values established for IBA use in European countries are
mostly above EU leaching limit values for inert landfill, and the
permitted application is frequently considered to establish these values
[9]. Indeed, thresholds should translate the utilisation conditions of IBA
and be established specifically for this material.

3.1.2. Ecotoxicological assessment

Inhibitions of all endpoints assessed were under 50% for all species
tested with IBA eluates (Table 4). Thus, no relevant ecotoxic effects were
found in the ecotoxicological assessment. Nonetheless, statistically sig-
nificant effects of leachates were occasionally found (Table S1; supple-
mentary material - SM) that agree with other studies from the literature.

Regarding A. fischeri, Rombke et al. [27] also found such low in-
hibitions (<14%) for seven different samples of weathered IBA, and the
same was verified by Ribé et al. [28] for a weathered IBA sample (in-
hibitions <10% for eluate concentrations <80%). Bandarra et al. [29]
observed inhibitions <9.9% for 3 months weathered IBA (< 2 mm).
From different elements analysed by Fulladosa et al. [83], an ECyp
(concentration estimated to elicit 20% of effect) value of 0.26 + 0.06 mg
Cu/L has been estimated for A. fischeri, which is under the value
measured for IBA-12M. However, IBA is a complex matrix with different
components interacting, which may influence ecotoxicity and explain
the lack of direct relationships between elemental concentrations and
ecotoxic effects. This was also observed by Bandarra et al. [29].

Although ecotoxic effects regarding the growth rate of R. subcapitata
were not meaningful (or even inexistent), microalgae showed higher
sensitivity to IBA-3M (shorter weathering period). Likewise, Stiernstrom
et al. [84] did not observe ecotoxicity for weathered IBA with 3 months
and >15 years for A. fischeri nor R. subcapitata. Such low inhibitions
were also found by Rombke et al. [27] for 5 weathered samples (in-
hibitions <30%). In Bandarra et al. [29], most test solutions promoted
growth compared to the control, possibly because of the supplementary
nutrient concentration (e.g. K). Although ecotoxic effects were not
relevant, the frond number was slightly more sensitive to eluates than
the dry weight of L. minor, in contrast to Bandarra et al. [29], reinforcing
the importance of analysing ecotoxicity with both endpoints. Growth

Table 3
Chemical characterisation of IBA eluates.
Parameter IBA-3M IBA- Literature Inert Non-
12M landfill hazardous
limit- landfill
value” limit-
value”
pH" 9.0 £ 9.3 + 8-10°
0.9 0.7
EC® (mS/ 1.2+ 0.32 + 1.2-4"
cm) 0.1 0.09
Elements
(mg/kg)
Ca 499 + 211 + 1500-7500
52" 39"
Na 1967 + 748 + 1000-2500 ¢
63" 24"
K 191.1 + 81 + 200-1000
0.2° 12°
Mg 325+ 0.72 + <5-1000 #
0.1" 0.03"
Fe <0.8" <0.8" 0.1-1%
P 1.37 £ 2.04 £ 400-900 ¢
0.02¢ 0.02¢
Mn 0.025 + 0.019 + <0.6°%
9 x 0.001°¢
1076«
As 0.036 + 0.085 + 0.01-0.05 # 0.5 2
0.004¢ 0.004°
Ba 0.13 £ 0.03 + 0.05-1.04 ¢ 20 100
0.001°¢ 0.002°
cd 0.0012 <0.001°¢ <0.001-0.04 ¢ 0.04 1
+
0.0002°
Cr 0.057 + 0.067 + 0.03-1.40 # 0.5 10
0.001¢ 0.001°¢
Cu 8.82 + 0.93 + 0.20-8.22 ¢ 2 50
0.15¢ 0.02°
Hg <0.001°¢ 0.0013 <0.001-0.05 ¢ 0.01 0.2
+
0.0001°¢
Mo 0.2 + 0.073 + 0.085-1.26 ¢ 0.5 10
0.004¢ 0.002°
Ni 0.11 + 0.017 + <0.001-0.15 ¢ 0.4 10
0.002° 0.001°¢
Pb 0.01 + 0.036 + 0.003-0.5 ¢ 0.5 10
0.0002° 0.001°¢
Sb 0.2+ 0.18 + 0.23-0.39 0.06 0.7
0.002° 0.002°
Se <0.03¢ <0.03¢ <0.001-0.25 ¢ 0.1 0.5
In 0.094 + 0.15 + <0.001-1.7 ¢ 4 50
0.002° 0.003°
ITons (mg/
kg
cr 423 + 50 +8'  239-6700° 800 15,000
6([
50;2 281.2 + 254 + 175- 9980 1000 20,000
0.3¢ 10¢
Bold: PTM;
4 L/S=10 L/kg;
b FAAS;
¢ ICP-MS;

4 Ton chromatography;

¢ Weathered IBA [16,18,29];

f Weathered IBA [73,76];

8 [13,18,27,29,69,73,74,77-82];

" Council Decision 2003/33/EC establishing criteria and procedures for the
acceptance of waste at landfills.

rate inhibitions for macrophytes were higher following exposure to
IBA-12M than in microalgae, supporting L. minor testing to represent
producers in this context, in line with Bandarra et al. [29]. In other
studies [43,44] this was even more evident. Conversely, Moser and
Rombke [85] found negligible effects (median effect concentration, ECsg
> 90%) for L. minor in 6 out of 10 tests with IBA eluates in an
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Table 4
Maximum inhibitions observed for biological endpoints analysed and corresponding eluate concentration for IBA eluates.
Species IBA-3M IBA-12M
Maximum inhibition (%) Concentration (%v/v) Maximum inhibition (%) Concentration (%v/v)
A. fischeri 13.8 6.25 13.5 6.25
R. subcapitata 16.7 100 -0.04 6.25
L. minor
Frond number 15.0 100 19.9 100
Dry weight 14.0 12,5 6.8 6.25
D. magna 10.0 100 45.0 100
L. sativum
Seed germination 6.7 6.25, 50, 100 3.6 3.125
Root growth 4.4 100 9.7 50
international ring test, where microalgae were more sensitive, reflecting
100 AdAA Al =

the heterogeneity and complexity of the IBA matrix.

D. magna showed higher immobilisation for IBA-12M compared to
IBA-3M. This species was the most sensitive regarding IBA-12M, which
may have resulted from pH in IBA-12M eluates being slightly above the
optimal upper limit indicated in the OECD guideline 202 for this species
(pH 9). This effect was previously observed by Bandarra et al. [44],
testing coal fly ash with and without pH adjustment. Rombke et al. [27]
observed no immobilisation for 2 among 8 samples of weathered IBA,
but all samples induced greatly distinct effects and daphnids were the
most sensitive aquatic organisms. Likewise, daphnids were considered
the most sensitive test species by Ribé et al. [28], possibly due to Cu and
Cr concentrations in their IBA eluate (2.87 + 0.29 and 1.28 =+
0.09 mg/L, respectively), higher than the ones from the present study
(Table 3). No relevant ecotoxic effects were observed by Lapa et al. [25]
for D. magna with IBA eluate with pH 8.9, and microalgae were the most
sensitive in their case. Bandarra et al. [29] found no immobilisation for
weathered IBA with pH = 8.0 + 0.2.

Similar to Bandarra et al. [29], IBA eluates did not induce relevant
ecotoxic effects on seed germination or root growth of L. sativum. Eluates
of a mineral-organic composite of a mixture of sewage sludge and IBA
were previously found to promote the growth of these seeds [86], which
was likely linked to non-toxic concentrations of nitrogen compounds
and low concentrations of PTM. Another study [87] analysed L. sativum
exposed to solid fresh and artificially aged IBA, with aged IBA causing no
relevant effects, whereas fresh IBA promoted decreasing biomass and
increasing germination delay. In this study, the effect of different
weathering periods was not noticed for this species.

Thus, both samples could be classified as not ecotoxic. Indeed,
weathering is expected to reduce pH and PTM and salts leaching po-
tential, leading to higher stability of IBA in the environment and
reducing the potential for negative environmental impacts. Nonetheless,
it should be noted that different batches of IBA should be analysed
regarding ecotoxicological assessment prior to application given its
heterogeneity.

3.2. Geotechnical assessment

3.2.1. Physical characterization

IBA-3M and IBA-12M (as received) displayed wide particle size dis-
tribution (Fig. 1), agreeing with the literature [55]. The PI obtained for
IBA samples was low (Table 5), indicating low plasticity. This is a good
indicator for materials to be applied in pavement bed layers, since high
PI may lead to significant layer thickness variations due to water loss or
absorption. Sridharan & Gurtug [88] found higher percent swelling for
higher LL and PI. According to ASTM D 2487, consistency limits
(Table 5), and values of C¢ and Cy (Fig. 1) obtained, samples were
classified, from the geotechnical point of view as: sand - poorly-graded
sand (SP); IBA-3M and M2 - poorly-graded sand with silt (SP-SM); M1
and IBA-12M - well-graded sand with silt (MW-SM). The well-graded
nature of M1 derived from mixing poorly-graded IBA-3M (C¢>3) and
poorly graded-sand (Cy<6), widening the grain size distribution of both

—a— Sand (Cyy=4.07; Cc=1.13)

gl IBA-3M (C = 54.73; C¢ = 5.11)

T..; —=— M1(Cy=40.92; C¢ = 1.59)
& —%— M2(Cy = 15.25; C¢ = 0.92)
T 601 4 iBA-12M(C = 42.18; Cc = 1.70)
(0]
g
w 40 1
£
a
T
e 20
o PURNIPY
0.0001 0.001 0.01 0.1 1 10 100

Particle diameter (mm)

Fig. 1. Particle size distribution of test materials. Coefficients of uniformity
(Cy) and curvature (C¢) are given between brackets.M1 — 90% IBA:10% sand;
M2 - 60% IBA:40% sand.

Table 5
Solid particles density of different particle size fractions and liquid limit (LL),
plastic limit (PL), and plasticity index (PI) of IBA samples.

Parameter IBA-3M IBA-12M

G: dp < 0.425 2.63 £ 0.02 2.57 £ 0.07
G:0.425 <dp < 2.0 2.66 = 0.01 2.64 +£0.11
G:2.0<dp <95 2.56 &+ 0.0004 3.19 £ 0.51
LL (%) 46.2 40.2

LP (%) 42.5 35.9

PI (%) 3.7 4.3

materials. The G obtained for sand was 2.60 4 0.12, which is a common
value that reflects the composition of the grains (mostly silica). For
IBA-12M, a higher G was found for coarser particles (>2 mm) (Table 5),
probably due to its heterogeneous composition between fractions.
Indeed, finer fractions have been found to have more uniform compo-
sition [89]. Nonetheless, the average G for IBA-3M and IBA-12M was
2.62 + 0.05 and 2.8 + 0.3, respectively, which are within the expected
range (1.2-2.8) [55]. Hence, G=2.62 and G=2.61 were estimated for M1
and M2, respectively. All values agreed with the foreseen range for most
soils (2.60-2.80) [90].

3.2.2. Compaction: modified Proctor test

Compaction curves of IBA-3M, M2, and IBA-12M (Fig. 2) are quali-
tatively similar to the ones of soils usually used in embankments,
although the shape of the curve for M2 seemed to be affected by the
presence of relatively uniform sand which exhibits atypical compaction
curves without a well-defined peak. The compaction curves of all sam-
ples plot to the left of the zero-air-void curve (S=100%), validating the
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Fig. 2. Compaction results from the Proctor test for A) IBA-3M, B) M2, and C) IBA-12M. S: degree of saturation.

experiments (Fig. 2). For IBA-3M, Wop; = 18.2% and Ygmax = 16.48 kN/
m? (Fig. 2A) were obtained. In the case of M2, wy, and Ygmax ~ Were
13.7% and 17.70kN/m® (Fig. 2B), respectively, indicating better
compaction and lower water content when mixing IBA with sand. The
addition of sand decreased the impact of the fine fraction, certainly
presenting higher plasticity, and complemented the granulometric dis-
tribution of IBA. Coarser soils tend to display lower wy, and higher
Ydmax  [91]. Regarding IBA-12M, wgy = 15.4% and ygmax
17.03 kN/m® were estimated. These results agree with the literature.
Values of wey,; from 9.6% to 20% and ygmax  from 12.16 to 18.04 kN/m?
were indicated for IBA by Chandler et al. [69]. Similarly, Lynn et al. [92]

presented wgp: from 12% to 18% and Ydmax from 11.77 to
17.65 kN/m>. IBA-12M showed lower Weope and higher ygmax  than
IBA-3M, reflecting better compaction conditions, namely a coarser na-
ture of the grains and a plasticity reduction induced by weathering.
Compaction is usually applied for embankments construction and other
geotechnical applications. Thus, these conditions were used in the
following assays to assess the mechanical behaviour of samples under
the specific conditions of a real application scenario.

3.2.3. One-dimensional compressibility: oedometer test
The w obtained for M1, IBA-3M and M2 after compaction (Table S2,

1.00 A 0.85 5
0.95 0.80
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o 0.85 | o 97
B 0.80 £ 070
;63 0.75 2 065
0.70 >
0.60
0.65
0.60 0.55
0.55 0.50
1 10 100 1000 10000 1 10 100 1000 10000
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0.80 o 0.80
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> 055 > 0.60 1
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0.40 T T T 0.45 T " " ;
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Fig. 3. Void ratio as a function of effective vertical stress (kPa) obtained in the oedometer test for A) IBA-3M, B) M1, C) M2, and D) IBA-12M. The blue circles

indicate minor collapses due to saturation.
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SM) were similar to the corresponding values of wop, as expected
(Section 3.2.2). The y4 of all the samples substantially differed among
themselves and from the corresponding value obtained in the Proctor
test. These differences may result from several factors, e.g., different size
fraction used to attend to the size of the oedometer ring, heterogeneity of
materials and differences in the compaction method adopted because of
maximum sample size. However, the results from this study are relevant
since they are obtained with a less rigid material (due to the lower yq)
than the one obtained in the field, thus yielding conservative values.

The e-log 6’y curves obtained for all samples (Fig. 3) show a smooth
shape, indicating there was no meaningful particle crushing at any stress
level [93,94]. The discrepancy of ey of replicate 3 of IBA-12M regarding
the others (Fig. 3A) may be related to the preparation process, demon-
strating the difficulty in preparing uniform replicates, or to difficulties in
experimentally evaluating the value of ey more accurately (saturation
problems, bedding errors, etc). The difference between ey (¢’y= 1.5 kPa)
and the final e at the highest effective stress (c’y=4424 kPa) for all
replicates is 0.23 £ 0.02, and thus very similar. Closer values of ey were
found for replicates of M1, indicating better sample preparation. The
variation between ey and e at the highest effective stress was 0.22 +
0.03. This variation was slightly lower for replicate 3, showing an
atypical behaviour for higher stresses. M2 was the sample presenting the
greatest discrepancy regarding ey among replicates possibly due to the
increased difficulty of preparing samples with significant proportions of
two different materials, due to segregation effects. The difference be-
tween ep and e at the highest effective stress for M2 was 0.18 + 0.03.
Regarding IBA-12M, replicate 1 showed different behaviour compared
to the others, showing an unexpected curve at low stresses, probably
because of an initial bedding error of the loading arm possibly increased
by the lower yq4. The variation between ep and e at the maximum vertical
stress was 0.14 £+ 0.06. Replicate 1 showed higher variation, though
results would be similar if the bedding error was corrected. A very slight
collapse (<0.01) was observed with the addition of water for all sam-
ples, except for IBA-12M, the minor effects observed not representing
any negative impact in real conditions. Swelling was not observed in any
of the replicates.

Relevant differences were found among samples for the compression
index, but not regarding the recompression index (Table 6). IBA-3M and
M1 presented similar C., but M2 showed slightly lower C., suggesting
lower compressibility due to higher proportion of sand. Simultaneously,
IBA-12M displayed lower C. compared to IBA-3M and similar to M2,
although slightly higher than the latter. This may suggest a stiffer
behaviour under unidimensional loading for IBA with longer weathering
period, and/or be related to IBA heterogeneity. The C./C. ratio of all
samples was around 1/12, which is near the typical range for soils (1/
10-1/5) [90], and is similar to other IBA samples and mixtures [29].
Consolidation occurred very quickly at each new load, as the perme-
ability of the tested materials significantly exceed that of clayey soils
that are commonly tested in the oedometer test. Only the load level
corresponding to 452 kPa was used to determine Cv, considering Taylor
method requirements. As expected, the values of Cv and k increased
with the presence of sand and its proportion in comparable mixtures
(Table 6). After compaction, all materials presented reasonable perme-
ability values, with IBA-12M presenting the higher permeability. Raju

Table 6
Coefficients calculated from the oedometer test (average + standard deviation).
Sample G, C, C, (m%/d) k (m/s)
IBA-3M 0.182 + 0.013 + 80.14 + 5.40 x 1077 £ 1.90 x
0.017 0.001 29.16 1077
M1 0.172 + 0.013 + 107.57 + 6.13 x 1077 + 3.82x
0.005 0.001 58.61 1077
M2 0.136 + 0.012 + 155.48 + 1.04 x 107% +3.21 x
0.018 0.002 75.33 1077
IBA- 0.155 + 0.012 £ 828.62 + 4,68 x 107° + 3.66x
12M 0.044 0.001 572.06 107
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et al. [95] found a relationship between LL and k, in which k increases
with decreasing LL. This is a possible explanation for the results obtained
for IBA-12M (<LL; Table 5). The results obtained in this work are closer
to the typical permeability of fine sand/loose silt (10~7-107> m/s) [96].
Gupta et al. [33] found C.=0.04-0.07 and k from 8x107° to 1x107°
m/s for IBA. C values from this work were higher than those but were
within the range for sand from the literature: 0.002-1 for an effective
vertical stress range of 0.001-1000 MPa [97]. Likewise, C; values were
consistent with the literature for sand: 0.0023-0.0150 for maximum
vertical stress of 300 kPa [98]. The k values for IBA-12M and M2 were
consistent with Gupta et al. [33], but the remaining samples were not.
Gupta et al. [33] studied IBA from India, which presents a different
economic and cultural context, and thus IBA composition may signifi-
cantly differ from IBA from this work, possibly explaining differences
found. Furthermore, the maximum applied stress was below 1000 kPa,
under the ones applied in this work. Le et al. [34] obtained C. = 0.046 +
2.8x107* and C, = 0.0036 + 7.1x107° for compacted immersed IBA
with a maximum stress of 6613 kPa. However, the ep was much lower
(approximately 0.43), possibly explaining the lower compressibility.
Previous work [29] with non-compacted IBA applying similar effective
stresses resulted in C.=0.405 + 0.07 and C,=0.029 + 0.001. The same
study found C.=0.241 + 0.01 and C, = 0.022 + 0.01 for a
non-compacted mixture with sand (70%). In this study, compressibility
was much lower as expected given the compaction step in sample
preparation. Likewise, Le et al. [34] showed that compacted IBA was less
compressible, while non-compacted IBA was highly compressible. For
applications such as road embankments, the compaction of materials
ensures a much-required reduction of compressibility.

3.2.4. Shear strength: shear box test

The values of wy,: and y4 replicated well with the adopted compac-
tion method. Nonetheless, the values obtained (Table S3; SM) do not
correspond to the Proctor test values (particularly y4), being lower than
the ones from the oedometer test. Sample compaction was performed
differently in this case, due to its geometry (Section 2.3.4), which may
have contributed to these divergences. The hammer fell directly on an
iron cube, which may not allow to properly replicate the compaction
energy of the Proctor test. The curves that relate the shear stress (t) with
horizontal displacement (Fig. 4 A-D.i.) obtained for all samples are
typical of dense soils [99]. The same occurred for the normalized
stress-strain curves (Fig. 4 A-D.ii.), where the effect of vertical (normal)
stress is evident, as observed in dense granular soils, i.e., the relative
value of the peak shear strength in relation to the residual shear strength
increases with decreasing normal stress. Moreover, the curves of vertical
strain as a function of horizontal displacement obtained (Fig. 4 A-D.iii.)
were also typical of dense granular materials, since the samples
expanded significantly after an initial compression phase during shear to
allow the formation of the failure plane.

As expected, peak shear stress (Tpear) and residual shear stress (Tres)
increased with increasing ¢, (Fig. 5). Compacted specimens usually
display different peak and residual shear strength values for the same
0’y, the former relating to the maximum shear stress that materials can
tolerate and the latter to the shear strength mobilized at large strains,
which are used as reference in different scenarios. The parameters of
shear strength in terms of effective stresses, namely the cohesion (¢) and
the friction angle (®’), were determined both under peak and residual
conditions (Table 7) based on the linear regressions obtained from
plotting the Tpeax and the Tres as a function of ¢’y (=6'y) for each sample
(Fig. 5).

The cohesion of IBA-3M decreased with the increasing percentage of
sand (M1, M2) under peak conditions, while the mixture with sand does
not seem to have a relevant effect regarding the friction angle. The ¢’
value of IBA-3M regarding its mixtures may arise from the elongated
particles crossing the horizontal shear plane, hence increasing the shear
resistance at low normal stresses. Moreover, IBA-12M presented the
lower ¢’ and the higher @’ (especially ®’peax) from all samples tested.
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Fig. 4. Shear stress (i), normalized shear stress (ii), and vertical strain (iii) as a function of horizontal displacement for (A) IBA-3M, (B) M1, (C) M2, and (D) IBA-12M.

The results were similar in residual conditions, except for the expected
reduction in cohesion compared to peak conditions. In fact, ¢’ was ex-
pected to be closer to zero in non-cemented granular materials [100].
However, the non-zero cohesion under peak conditions can be possibly
explained by the non-linearity of the Mohr-Coulomb envelope typically
observed for lower stress levels in dense granular materials. This
non-linearity of the failure envelope results in a non-zero value of ¢’ that
has no physical meaning.

The greater the friction angle, the more resistant the material. In
previous work [29], ¢peak=16.2 kPa and @’ pea=32° were obtained for
loose IBA and ¢'peak=9.9 kPa and @’ peac=36.1° for a loose mixture with

sand (70%). Thus, the compacted sample from this study showed higher
shear strength, as expected. Gupta et al. [33] found @’ peax =43.3-49.7°
and @’ .s=36.5-40.3° for IBA at normal stress of 100, 200 and 400 kPa,
which is close to the results from this work. Another study [38] analysed
a sample under normal stresses of 5.5, 11, and 16.2 kPa and found a
slightly lower c'peak Of 9.6 kPa and a slightly higher @’peax of 50.2°,
probably because the tests focused on the non-linear part of the failure
envelope. Overall, values found for @' for all samples of this work were
within the range for peak shear strength (30-48°) for dense granular
soils and higher than the ones found for their residual shear strength
(26-36°) in the literature [101], possibly due to the irregular shape of
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Fig. 5. Mohr-Coulomb failure envelopes for IBA-3M, M1, M2, and IBA-12M at (A) peak and (B) residual conditions.

Table 7
Shear strength properties of tested material obtained from the shear box test.
Sample o' Tpeak € peak DPpeak Tres Cres Dres
(kPa) (kPa) (kPa) ©) (kPa) (kPa) ©)
IBA-3M 50 90.0 46.2 40.1 60.0 18.9 41.6
100 133.0 112.8
200 216.5 194.9
M1 50 83.1 41.2 39.8 52.8 9.1 42.0
100 124.0 101.5
200 207.7 188.8
M2 50 77.0 40.2 40.2 52.9 14.2 40.0
100 132.6 102.9
200 206.2 180.3
IBA- 50 74.5 27.7 46.4 53.1 8.5 43.4
12M
100 141.4 107.0
200 234.9 196.1

the particles and the rough nature of their surfaces. Thus, all materials
have similar behaviour to that of compact granular materials, such as
those that are generally used to embankments. IBA-3M and its mixtures
with sand showed slightly higher shear strengths for lower effective
stress (<50 kPa), while IBA-12M presented higher shear strength for
greater effective stress. Possibly the well-graded nature of IBA-12M
(Section 3.2.1) and the reduced plasticity induced by weathering may
contribute to explain these results. Nonetheless, all the samples pre-
sented good shear strength at peak and residual conditions. Because
sand had a minor impact on shear strength of IBA, from this perspective
IBA may be applied alone, potentially reducing its landfilling and the
extraction of larger amounts of raw material in line with the circular
economy goals. Globally, the results suggest that IBA and the tested
mixtures present significant shear strength, hence revealing potential for
field applications where the loading conditions are challenging.

Since IBA presented lower permeability than mixtures, potentially
presenting slower drainage during shear, an additional test was con-
ducted at lower strain rate to evaluate the possible effect of positive or
negative excess-pore-pressure generation in case the selected shear
speed did not allow for total drainage in the shearing zone. The test was

10

performed for ¢'y,=100 kPa. Shearing-induced positive or negative
excess-pore water pressure can affect soil strength, both in the field and
in laboratory tests, namely when the equipment is unable to measure
these variations. In particular, slopes stability resulting from increasing
shear strength promoted by suction may be threatened if the pore water
pressure increases [102]. In this case, the sample response at signifi-
cantly different shear strain rates was very similar, demonstrating that
there was no excess-pore-pressure generation effect in any of the tests
(Fig. S1, SM). Thus, the tests were performed under strictly drained
conditions as initially predicted.

3.2.5. Shear strength and stiffness: triaxial test

The Mohr circle obtained from the triaxial test for IBA-12M at peak
conditions (Fig. 6A) shows that a slightly larger shear strength was
found compared to the one derived from the shear box test. This is
mostly a result from the fact that a better compaction was obtained in
sample preparation in this case. In fact, wopr = 15.4% and Ygmax =
16.28 kN/m> were obtained in compaction carried out for the triaxial
test, which is closer to the values obtained for the Proctor test. As pre-
viously mentioned, compaction for the shear box test was carried out by
hammering an iron cube, while the compaction method used for the
triaxial test was much closer to the one from the Proctor test, which is
clearly more effective. Moreover, the triaxial test was performed with
larger particle sizes, which should also probably result in a larger shear
strength. Nonetheless, shear strength from both tests seems not to differ
significantly. In fact, the results obtained for residual conditions
(Fig. 6B) show that shear strength is similar in both tests since the Mohr-
Coulomb failure envelope derived from the shear box tests is only
slightly above the Mohr circle representing the triaxial stresses at failure.
This minor difference could be expected, due to the fact that the failure
plane is imposed in the shear box tests while being the weakest in the
triaxial test. Compaction should not influence shear strength at very
large strains, thus reinforcing that differences found at peak conditions
were most probably influenced by the compaction method. Becquart

et al. [32] and Le et al. [40] found higher friction angles (@ 58.9°
and CD;esidual:55.4° in the first case; @ 54.51° in the second case) for
IBA through CD triaxial tests. However, it should be noted that sample
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Fig. 6. Mohr-Coulomb failure envelope (shear box test) and Mohr circle (triaxial test) for IBA-12M at (A) peak and (B) residual conditions.

was prepared in a mould with diameter = 101.5 mm and height =
117.5 mm. Thus, the height/diameter ratio of the samples from those
studies was about 1.16, which is well below the geometry recommended
for triaxial tests (height/diameter ratio of 2) [101]. It should be noted
that lower height/diameter ratio tends to result in unrealistic higher
samples resistance, because the boundary conditions at the top and
bottom of the samples limit their ability to deform during shearing.
With respect to the shear-strain (q-&a) response (Fig. 7A), IBA-12M
showed a behaviour that differs from that usually observed in granular
materials under drained monotonic shearing [103]. In fact, the slope of
the shear-strain curve shows an atypical reversion of the slope variation
with strain, possibly reflecting some minor grain crushing at relatively
low strains. As a result, the E-&a curve (Fig. 7B) showed an atypical
shape compared to soils commonly used in road embankments, which
exhibit a continuous stiffness degradation (assessed through the elastic
modulus, E) with the shear strain [104]. In contrast, in the triaxial test
carried out on IBA-12M, an initial degradation was observed (Fig. 7C)
but quickly E increased before it decreased, reaching an unusual peak at
a strain exceeding that corresponding to 50% of the peak deviator stress
(Fig. 7B). This is possibly due to the breakage of less resistant materials
present in IBA. Values of 36.3, 46.0, and 41.2 MPa were obtained for E,
Esp and Eg, respectively, Eq representing the initial value measured in the
triaxial test. The Eg( value obtained was similar to those found for dense
sands (50-80 MPa) [32]. Noteworthy is that the Eso from the present
study was obtained with a low effective confining stress. Le et. al [40]
carried out two sets of triaxial tests and obtained Esy of 42.56 MPa for
o'3= 100 kPa (o3 = 300 kPa; u = 100 kPa) and qpeax = 1215 kPa, while

Eso of 48.71MPa was found for o'3= 100 kPa

1400
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(63 = 500 kPa; u = 400 kPa) and qpeax = 1357 kPa. These values are
close to the one obtained in this work. The order of magnitude of E
suggests that compacted IBA presents a good stiffness under triaxial
loading [40]. From the unloading/reloading cycle in the shear-strain
response, an unloading-reloading E of 162.93 MPa was calculated,
which are above the values obtained in the E-&a curve but may better
represent the real value of E for very small strains, which are difficult to
measure in a triaxial test without internal strain measurements and/or
wave propagation methods.

Regarding the permeability, k = 0.8 x 10~° m/s was obtained in this
test. The small difference from the value obtained in the oedometer test
may be linked to k being obtained indirectly in the latter, using the value
of Cv which presents difficulties regarding its experimental determina-
tion. Nonetheless, the values determined in both cases are very close,
considering the range of variation of k in soils. This difference is also
potentially related to different compaction methods, with the one used
for the triaxial test being much closer to the one from the Proctor test, as
aforementioned.

4. Conclusions

The potential of IBA and mixtures with sand for safe application in
geotechnical works (such as road embankments) was evaluated,
considering its mechanical and environmental behaviour.

From the chemical viewpoint, a low leaching potential of potentially
toxic metals and ions was observed for IBA, complying with limit values
for non-hazardous waste landfills, which is the most used application
criterion regarding chemical analysis. Concerning ecotoxicity, the
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Fig. 7. A) Evolution of deviator stress (q) and B) Young modulus (E) as a function of the axial strain (&,). The circle in B) indicates the area of the graph that was

zoomed in to better analyse C) the initial elastic behaviour of the sample.
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biotest battery was consistent and no relevant toxic responses were
identified, suggesting that the tested IBA is non-ecotoxic.

IBA-12M was similar to well-graded sand with silt concerning par-
ticle size distribution, while the grain size distribution of the poorly-
graded IBA-3M (C.>3), was widened by mixing it with poor-graded
sand (Cy<6). The average G of all materials agrees with the expected
range for most soils. Low plasticity and low organic matter was found for
IBA samples, showing potential for use in geotechnical works from this
viewpoint. Indeed, organic matter content may affect the compress-
ibility and strength of the construction.

M2 presented better compaction behaviour than IBA-3M (Proctor
test), suggesting that the addition of sand may enhance compaction,
probably linked to the reduced effect of the fine fraction and to a wider
grain size distribution. Simultaneously, IBA-12M showed better
compaction than IBA-3M, demonstrating once again IBA heterogeneity.
The geochemical transformations during IBA weathering may also be a
relevant factor. Concerning oedometer tests, the addition of sand to IBA-
3M (M1 and M2) decreased its compressibility, although differences
found were not substantial. Similarly, IBA-12M presented lower
compressibility than IBA-3M, suggesting that weathering may reduce
compressibility. All materials presented small settlements and results
suggest good one-dimensional stiffness. After compaction, all materials
presented permeability values typical of fine sand/loose silt (>IBA-
12M). Furthermore, none of the materials showed relevant effects of
submersion under load, with no significant collapses or expansions
being observed. The results obtained for all samples in shear box tests
were qualitatively similar to materials commonly used in geotechnical
works, namely dense granular soils. IBA-3M, M1, and M2 showed
slightly higher shear strengths for lower effective stresses (<50 kPa),
whereas IBA-12M presented higher shear strength for greater effective
stresses. However, all samples presented good shear strength. Sand did
not significantly affect IBA shear strength. The results from the triaxial
test conducted on IBA-12M showed that shear strength was similar to
that observed in the shear box test, minor differences being justified by
sample preparation methods and particular characteristics of the tests.
The permeability coefficient measured in the triaxial test was also
similar to the one measured in the oedometer test, highlighting the
validation of results. Moreover, the values of the elastic modulus of IBA
were close to those shown by materials typically used for road con-
struction. Overall, the ageing period seems to positively influence IBA
geotechnical properties. Thus, IBA presented good mechanical behav-
iour and, consequently, potential to be used as alternative to less noble
materials increasingly used in sustainable geotechnical solutions,
namely if a period of weathering is allowed.

Globally, IBA samples showed potential both at a technical and
environmental level for application as a sustainable construction ma-
terial in geotechnical works, including embankments and road layers.
IBA use ensuring technical quality and environmental protection re-
duces waste landfilling and natural resources extraction, promoting
sustainability and the circular economy. The utilization as construction
material seems to be a good option for IBA given the required volumes
and technical quality. Specific applications should comprise the evalu-
ation of different batches given IBA heterogeneity. Future work should
include the development of a sample preparation method that can
improve the replication of the initial conditions and allow a better
comparison between tests. Testing mixtures of IBA with other waste
regarding its potential for safe use in applications using high amounts of
material might be also interesting to maximize the circular economy
concept in practice. Finding solutions to increase resource efficiency is
extremely relevant in all fields, particularly in the construction sector,
where materials are used and disposed of at increasing rates. Note-
worthy is scale testing should be considered for specific applications for
analysis of materials in the field.
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