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Abstract

The present study investigates the mechanical performance of recycled aggregates derived from excavation materials (REM).
REM is blended with different quantities of recycled phyllite materials (RPM) and is investigated by Los Angeles (LA) and
micro-Deval (MD) tests. X-ray diffraction (XRD) and acid solubility test are performed on the pulverized fractions < 1.6 mm
obtained from the LA and MD tests to assess the respective degree of fragmentation and wear of mineral components. The
results of the materials in unblended conditions showed considerable difference between MD performance while similar
performance was found for LA. Furthermore, about 40% of RPM was sufficient to blend with REM without disturbing the
required performance for blended mixtures. Mechanically weak minerals, i.e., phyllosilicates in RPM, significantly influ-
enced the MD performance in blended and unblended varieties, and limestone minerals seem to disintegrate when mixed
with amphibolite -which has the potential to dissolve in acidic environments.

Keywords Recycled excavation materials - Recycled phyllite materials - Los Angeles - Micro-Deval - Phyllosilicates

Introduction

Recycled materials are receiving global attention thanks to
the significant attainable environmental and economic bene-
fits (Wang et al. 2018). However, large quantities of recycled
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materials (e.g., produced from construction and demolition
waste (CDW), etc.) require significant management planning
(Ritter et al. 2013). Given this, stringent legislative policies
and regulations enforce the potential value. In Europe, for
instance, one of the legal and action plan initiative for waste
management is the Waste Framework Directive 2008/98/EC
which present basic guidelines toward recycling and reuse
(European Commission 2008). This initiative promotes
resource efficiency by supporting recycle operations and the
market value of recycled materials for construction activities
(Haas et al. 2020).

Considering CDW, the European waste catalogue (EWC)
specifies mineral waste that constitutes typical CDW in a
table of sequence, where excavated soil, stones, and dredging
spoil are listed. Hence, some countries consider excavated
soil and land leveling materials as CDW (Ng and Engelsen
2018). The management of excavation materials particularly
from construction activities has not received enough attention
due to socio-economic and political reasons (Crawford et al.
2017; Dahlbo et al. 2015; Huang et al. 2018). This has made
it almost difficult to trace and track global volume generated
annually. Consequently, data on handling and use of exca-
vation materials is under-reported (Magnusson et al. 2015).
So far, readily accessible recycling technologies for CDW
focuses more on other waste products such as wood, concrete,
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masonry, glass, etc. (Menegaki and Damigos 2018; Ng and
Engelsen 2018; Tam and Tam 2006), than excavated soil.
Nevertheless, a few countries such as France, Italy, Austria,
and Switzerland have implemented national legislative and
recycling guidelines to promote excavation materials, mainly
from tunnel construction (Magnusson et al. 2015). Similarly,
in Norway, national projects such as Kortreist stein (short-
travelled aggregates) and RESGRAM (recycled aggregates
from excavation masses) are designed to develop technologi-
cal processing solutions for sustainable use of high-quality
excavation materials. Norway has a long tradition of adopting
national policies and regulations, economic incentives, and
extended producer responsibility to promote recycle opera-
tions and to create a market for high-quality waste materials
(Karstensen et al. 2020).

Currently in Western Norway, the production of recycled
excavation materials (REM) using a modernized wet pro-
cessing recycling technology is practiced. This technology
may be regarded as one of the best processing methods when
it comes to recycling large and complex stream of waste
materials. It effectively produces quality products through
its washing steps and separation efficiency. In addition, the
technology balances processing, material quality and market
performance. Given that recycled aggregates derived from
REM vary from source to source in geology, and they con-
stitute a significant amount of fine fraction with potential
organic and clay contaminated particles, its management
is complex. Hence, the technology operated in Norway is
an ideal choice. The recurring challenge is that subsequent
physical, mechanical, and chemical properties of processed
REM are not consistent and stabilized. This is because the
REM produced are occasionally constituted by phyllites in
the stockpile (Norby 2020). Phyllites are characterized by
layered silicates and have low strength properties (Dengg
et al. 2018); hence in this context, this could contribute to
the performance variation observed in processed REM. In
the USA, New York City faces the challenge of enacting
policies which may open for complete use of REM (Walsh
et al. 2019). These developments increase the skepticisms
about the service performance and overall use of REM. Nev-
ertheless, some studies have demonstrated the feasible use
of REM in other applications (Dengg et al. 2018; Lieb 2011,
Voit and Kuschel 2020).

In general, the mechanical performance of recycled
aggregates produced from excavation materials may be
intrinsically linked to mineralogical constituents. In a
recent study, the Los Angeles (LA) and micro-Deval (MD)
performance of REM was studied (Norby 2020). The LA
values were found to be in the region 25-28%, while the
MD varied considerably from 7 to 20%. In another study,
the LA of REM increased from 17-30% and 10-26% for
MD (Barbieri et al. 2019). Both studies demonstrated in an
X-ray diffraction (XRD) analysis that REM comprised of a
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significant amount of phyllosilicates (i.e., mica and chlorite
minerals) (Barbieri et al. 2019; Norby 2020). Furthermore, a
comprehensive review study of the influence of mineralogy
and other geological parameters on the LA and MD perfor-
mance of different rock aggregates has recently been pub-
lished (Adomako et al. 2021). The study found that quartz
and feldspar had a good correlation to LA and MD perfor-
mance and that rock aggregates containing approximately
20% of mechanically weak minerals such as phyllosilicates
show satisfactory mechanical properties. The study further
identified some textural features such as spatial distribution,
grain shape and size, morphology, etc. as influential factors
(Adomako et al. 2021). In another study, recycled phosphate
aggregates of sedimentary origin composed of limestone,
marl, and flintstone from a single location showed a signifi-
cant variation of 46-67% for LA and 50-70% for MD due
to the presence of clay and flintstone (Amrani et al. 2019).
At this point, conclusions may be reached that the influence
of mineralogy on the performance of excavation materials
is fundamental.

It is also essential to emphasize that some authors have
generally reported satisfactory performance values for exca-
vation materials. In one particular case involving recycled
andesite and marble aggregates from the same source, the
LA of both materials reached permissible strengths of 25%
and 27%, respectively, and therefore the authors implied
that both materials could be applied in asphalt pavements
characterized by light to medium traffic (Akbulut and Giirer
2007). The LA performance of recycled basalt aggregates
was reported to be 13% and was incorporated into stone
mastic asphalt (Karakus 2011). The LA of recycled crushed
basaltic aggregates was reported to be satisfactory at a value
of 21% in the study by Arulrajah et al. (2012). In specific
cases where the performance is compromised, it has been
suggested by some authors that these materials (e.g., recy-
cled basaltic aggregates) may be blended with other materi-
als to achieve higher workability and strengths (Ali et al.
2011; Arulrajah et al. 2013). Speaking of blending recycled
materials to achieve optimum performance, a function-based
investigation by repeated load triaxial test was performed on
REM which had been partially replaced by phyllite materials
in different quantities (Adomako et al. 2022). The result first
showed considerable stiffness variation between REM and
phyllites in unblended condition, and phyllites substituted
at 25% and 50% in REM confirmed a decrease in stiffness
with increased content of RPM. Regarding the deformation
behavior, both materials performed similarly. Conclusions
reached by the authors were that the performance of the
materials typically compares to other recycled materials
despite the stiffness variation.

From the above review, it is clear that a few studies have
extensively researched on the implications of mechanically
weak rocks constituted in excavation materials. Questions
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related to which production level of REM may be expedient
considering the presence of weak materials, and how the
masses may be mixed to achieve satisfactory mechanical
performance has not been studied in detail. Given this, the
purpose of the present study is to investigate the LA and
MD performance of REM mixed with mechanically weak
materials in different quantities to establish the limit thresh-
olds while maintaining acceptable performance. The study
aims at establishing performance relationships based on the
content of recycled phyllite materials (RPM) in REM and
potential applications in unbound layers of road pavement.
This approach may promote the use of REM in quantities
significantly higher than current production levels and may
serve as quality control guide in matters of REM and other
mixtures. The last part of the study was to examine chang-
ing mineral assembly in the fine fractions extracted from
blended mixtures in order to identify and understand which
minerals abrade in both tests as indication of the effect of
weak minerals. The study also compares the performance
of other rock aggregates derived from different production
sites across Norway.

Materials and methods
Sample preparation

In this study, the production of REM and RPM at Velde AS
in Sandnes (Norway) is shown in Fig. 1. The facility uses
wet recycling technology (CDE, Northern Ireland) to process
excavation materials and construction waste. The facility has
a 350 tons per hour processing capacity. The processing steps
begins with transporting the feedstock of excavation material
onto a 100 mm grizzly feeder which is further transported to the
scrubbing and washing units of the recycling facility. An over
band magnet separator removes ferrous metals from the materi-
als. Lightweight floatation materials are dewatered and sepa-
rated through another chamber, and the rest of the feedstock
are dewatered and fractionated before passing through second-
ary magnetic separation. The final products then comprise of

Fig. 1 Production of REM and (a)
RPM from Velde Pukk: a trans-
port of materials on a conveyor
belt and b washing process

fractionated fine and coarse size particles. The fraction obtained
for investigation in the study is 4/16 mm. This is one of the
standard fractions currently produced by the facility for road
and concrete applications. The lithology of REM comprise of
gneiss, granite, feldspathic rock, and occasional presence of
phyllites (Norby 2020). The materials were sourced from the
north Jaeren region in Norway. On the other hand, RPM (320
tons) was obtained from a surplus material which had been col-
lected after cable trench blasting operations in Stavanger city.
The processing of both REM and RPM through the recycling
plant followed the same production protocol.

Other rock materials were included in the experimental study
for a useful comparison to the performance with REM and RPM
in blended and unblended conditions. This was to broaden the
scope of materials likely to be found in excavation materials.
These rocks were conventionally produced as they were mechani-
cally crushed and separated into various sizes and are for com-
mercial use. Table 1 shows the characteristics including the
processing technique, and source of materials used in the study.

Mix design of RPM in REM and PGr

Blended and unblended mixtures of RPM, REM and PGr, and
the different fractions obtained for X-ray diffraction analysis
(XRD) is as shown in Table 2. As mentioned already, REM
was blended with other rock aggregates including PGr. The
reason for generating such mixture was to understand to effect
of hard and durable rock in REM. The fractions obtained after
the LA test were separated using a 1.6 mm sieve; hence, frac-
tions denoted by 4/16 in Table 2 represent a batch of materi-
als before LA and MD tests. Obtaining fine fractions after
the MD test was challenging; therefore, the process involved
pouring the tested specimen onto a 1.6 mm sieve, and the
liquid residue passing through the 1.6 mm was collected and
oven-dried at a temperature of 80 °C for 2448 h.

Physical and mechanical tests

The particle-size distribution of the samples was deter-
mined following the procedure described in (CEN 933-1
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Table 1 Description of the samples studied

Sample name Material type Process type/ Composition Producer Source of material Particle-size
technology (mm)

REM Excavation material Wet processing  Gneiss, Granite, and Velde North Jaeren 4/16
Feldspatic rock

RPM Excavation material Wet processing  Phyllite Velde Stavanger 4/16

CrR Rock material Crushed Gneiss, Granite, Feldspar, Reddal Sand Kristiansand 8/16
and quartzite

Lim Rock material Crushed Limestone Franzefoss minerals ~ Nordland 10/20

PGr Rock material Crushed Porphyritic Granite Ringknuten Kristiansand 8/16

Amp Rock material Crushed Amphibolite Ringknuten Kristiansand 8/16

2012a) by mechanical sieving. The flakiness index (FI) was
evaluated based on the techniques described in (CEN 933-3
2012b). In addition, the particle density (oven-dried) and
water absorption were determined according to (CEN 1097-
6 2013) on aggregates passing 31.5 mm and retained on
4 mm sieves.

Regarding the LA and MD, the procedures described
in (CEN 1097-2 2010) and (CEN 1097-1 2011), respec-
tively, were followed. The particle size for the LA test
was 10/14 mm, and a 5000 + 5 g test portion was derived
from the laboratory sample. Eleven steel balls were
added to the test mass. The test duration completes at 500
revolutions, i.e., 15 min. After the test, the aggregates are
washed on a 1.6 mm sieve, dried, and the mass loss (%)
is determined. The MD test involved 2.5 + 0.5 L of water.
The particle size for MD was 10/14 mm, and the test
portion was 500 g. Spherical balls amounting to 5000 g

Table 2 Intermix of RPM in REM and PGr and fractions used for
XRD analysis

Sample name Mix proportion  The fraction used for XRD

RPM (%)

RPM(4/16) 100 4/16 mm

RPM100 100 < 1.6 mm after LA
RPM100(> 1.6) 100 > 1.6 mm after LA
RPM100 MD 100 < 1.6 mm after MD
PGr100 100 < 1.6 mm after LA
RPMS80-REM20 80 < 1.6 mm after LA
RPM60-REM40 60 < 1.6 mm after LA
RPM40-REM60 40 < 1.6 mm after LA
RPM20-REM80 20 < 1.6 mm after LA
RPMS80-PGr20 80 < 1.6 mm after LA
RPM60-PGr40 60 < 1.6 mm after LA
RPM40-PGr60 40 < 1.6 mm after LA
RPM20-PGr80 20 < 1.6 mm after LA
REM(4/16) 0 4/16 mm

REM100 0 < 1.6 mm after LA
REMI100(> 1.6) 0 > 1.6 mm after LA
REM100 MD 0 < 1.6 mm after MD

@ Springer

was added to the test mass and soaked in the cylindri-
cal steel drum. The test cycle is up to 2 h, and after the
test, the aggregates are washed on a 1.6 mm sieve, and
the retained fraction is dried. The average mass loss (%)
of two test specimens is calculated as the micro-Deval
coefficient. In both tests, low coefficients imply strong
resistance.

Chemical and mineralogical analysis

The pulverized fraction of REM, RPM, and PGr was ini-
tially selected, and the mineral composition was determined
by Bruker D8 Focus X-ray diffractometer in Bragg—Bren-
tano geometry (6/20), equipped with a LynxEye super-
speed detector. Generator settings were 40 kV, and 40 mA
and diffractograms were recorded with Cu-Ko radiation
(A=1.54060 A), a step size of 0.02° and a fixed divergence
slit of 0.2 mm. The measurements were taken from 5 to
60° 20. The specimens were prepared by a combination of
front- and side-loading to reduce particle orientation effects.
First, the specimen was carefully pressed into the specimen
holder (front-loading), and the surface was flattened with
a glass plate. While holding the glass plate on the surface,
the holder was laterally knocked on the table to compact the
powder to reduce the orientation of particles (side-loading).
Potential free space in the holder was then filled, and the
procedure was repeated. Excess material was stripped off
with a glass plate.

In the blended mixture of Lim and Amp, fractions
< 1.6 mm deriving from the LA tests were used for the
acid-solubility tests. The test was performed based on NT
Build 437 (1995). First, the sample was milled and then
reduced to a test portion. Next, a sample mass of 4 g was
transferred into a 250 ml beaker fixed onto a magnetic stir-
rer. Next, 3 ml ethanol, 150 ml of denoised water, and 10 ml
of concentrated nitric acid were added into the beaker and
mixed using a magnetic stirrer plate. After 30 min of agi-
tation, the beaker rested for some hours and the insoluble
part was gravimetrically calculated and used to determine
the acid solubility.
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Results and discussion
Physical properties

The water absorption (WA), particle density (pge,), and FI
performance of studied materials is shown in.

Table 3. These are essential parameters for selecting rock
aggregates for road construction and concrete. The WA coeffi-
cients obtained in the study was 0.3-0.6%. Martinez-Echevarria
et al. (2020) reported the WA values of natural and recycled
aggregates at 1% and 4-9%, respectively. Generally, high-
quality rock aggregates tend to have low WA coefficients due
to their small pore space and the tight intergrowth of the grain
boundaries. In this study, it may be claimed that such less porous
response, particularly for recycled materials, shows the potential
to reduce the effects of ice and salt crystallization within the voids
(Hartley 1974). The p 4., values obtained in this study ranged
from 2.5 to 2.7 g/ml, which agrees well with similar measure-
ments performed on other aggregates. For example, a study
reported 2.8 and 2.4 g/ml p,,,;y, for natural and recycled con-
crete aggregates, respectively (Martinez-Echevarria et al. 2020).
Furthermore, a study in India reported p,,,g;,, of 2.2-2.3 g/ml
for excavation mass (10/20 mm) produced by wet processing
technology (Engelsen et al. 2020).

Regarding the FI, the Norwegian pavement design code
N200 sets the FI threshold equal to 20-25% for bound and
unbound layers based on the actual or anticipated annual
average daily traffic (Norwegian Public Roads Administration
2018). Therefore, particles with high FI are not recommended
for construction. In this study, Lim and RPM recorded 38%
and 31%, respectively, which is higher than the cut off speci-
fied in N200. The FI of REM was 13%, consistent with the
range 7-18% of recycled aggregates (Martinez-Echevarria
et al. 2020). Both CrR and Amp had an FI of 10%, and PGr
had 14%. Overall, the materials used in this study showed good
physical properties except for Lim and RPM with high FI.

The particle-size distribution of the materials is shown in
Fig. 2. For RPM 4/16, approximately 7% of the fraction was
less than 2 mm, making it significantly finer than the others,
except amphibolite which had about 8% <2 mm. In addition,

100

90 A ——Crushed Rock 8/16

80 A REM 4/16

70 4 ——RPM 4/16

60 4 ——Porphyritic Granite 8/16

50 4 ——Limestone 10/20

Passing (%)

40 A —— Amphibolite 8/16

30 4
20 4

10 1

0.063 0.125 0.25 0.5 1 2 4 8 112 16 224 315

Diameter (mm)

Fig. 2 Particle-size distribution of tested materials

around 3% of CrR 8/16 fraction was less than 4 mm. The
gradations shown in Fig. 2 is consistent with industrial pro-
duction of all materials. Based on visual inspection, the
texture of mechanically crushed materials appeared to have
sharp angular grain shapes. Considering the sliding and
interlocking effect between the contact surface of the par-
ticles during handling and transportation, this could be the
reason for the fine fraction obtained in some of the samples.

Mechanical performance of REM blended with RPM
and PGr

The LA and MD performance related to blended mixtures
of REM with RPM and PGr, and respective combinations is
shown in Fig. 3. To define the maximum intermixing level
of the weakest material, the performance was compared to
the Norwegian LA and MD criteria for aggregates used in
the sub-base and base layers. These are MD < 15% for base
and <20% for subbase course and LA for base and subbase
at<35% (NPRA 2018).

Table 3 Physical properties of the samples specified as arithmetic mean+ 1 standard deviation, n =3, and limit threshold for bound and unbound

application in N200

Sample name WA (%) EN 1097-6  NPRA (2018) Paensin@/ml)  NPRA (2018) FI (%) EN 933-3 NPRA (2018)
EN 1097-6

REM 0.3+0.2 Values must be declared 2.5+0.1 Values must be declared 12.6+2.5 <20-25

CrR 0.3+0.9 2.7+0.1 10.1+1.7

Lim 0.3+0.4 2.6+0.2 38.5+0.2

PGr 0.3+0.5 2.5+0.1 14.7+2.3

RPM 0.6+0.1 2.5+0.1 31.1+1.3

Amp 0.3+0.5 2.7+0.3 10.6+0.3

@ Springer
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Considering the LA performance of REM blended with
RPM (Fig. 3a), the results show that all blends produced in
the study was below the upper LA limit of 35%. This was
expected since the LA values of the materials in unblended
state were 28% and 26% for REM and RPM, respectively.
Other LA values for phyllite and quartz phyllite have been
reported to be 17% and 26%, respectively (Adom-Asamoah
and Afrifa 2010; Voit and Kuschel 2020) which clearly
shows the extent of performance variation within the same
material. According to Voit and Kuschel (2020), the quartz
phyllites had a significant schistosity textural characteristics,
hence this may have contributed to the low resistance to LA.

Regarding the MD performance of REM which had been
partially blended with RPM, the results show some changes
(Fig. 3a). The MD values of unblended REM and RPM was

a) . .
¢ Intermix of RPM in REM
40
35 1~ — — — — _ Base&SubbaseLAlmit_ _ _ _ _ _
30 A
g 25 |
S 20 | i —‘ —I
3 15 - limjit
10 4 OLA
z i mMD
40 60 80 100
RPM (%)
o) Intermix of PGr in REM
______ Base & Subbase LA limit _ _ __ _ _ _
S
g Subbase MD limit
< 45 1.l ) [Brse v fimee LT
-
OLA
EMD
80
PGr (%)
© . .
Intermix of RPM in PGr
40
35 1 — — — — Base & Subbase LA limit, _ _ _ _ _ _
_ 30
£ 25
g 20 Subbase MD limit —| ]
3 15 1 s
10 - oLA
5 1 EMD
0 - T T T

40 60 80 100
RPM (%)

Fig.3 LA and MD performance of a Intermix of RPM in REM, b
PGr in REM, and ¢ RPM in PGr
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6% and 26%, respectively. In this case, MD was the critical
parameter in RPM; hence, it was observed that increased
content of RPM in REM reduced the wear resistance. Fig-
ure 4 present the LA and MD of selected rock materials
in Norway (Norwegian Geological Survey (NGU) 2019).
Based on reported LA and MD performance, it could be
mentioned that the LA of both REM and RPM are satisfac-
tory. Regarding the MD, although the MD of RPM is sig-
nificantly higher which indicates low resistance, our study
demonstrates that 40% replacement ratio of RPM in REM
gives a competitive baseline of the maximum quantity of
RPM in REM. In view of this, the performance is compara-
ble with natural rock materials shown in Fig. 4.

The PGr was found to be a hard and durable material
in this study, as shown in Fig. 3b. The LA and MD of PGr
was found to be 18% and 9%, respectively. The effect of
blending PGr in REM resulted in improved resistance to the
LA. This was expected given the performance of PGr. The
MD performance of both materials did not significantly dif-
fer from each other. Compared to other studies, Afolagboye
et al. (2016) reported the LA performance of PGr in the
region 25-28%. In addition, the performance of PGr is com-
parable to the values obtained from other hard rocks such as
gneiss, gabbro, basalt, and amphibolite in Fig. 4. From the
conclusions reached in the review by Adomako et al. (2021),
that hard minerals, strong interlock boundaries, and mor-
phological features contribute to resistance to crushing and
wearing of rocks; it may equally be said of PGr, and other
rocks reported in Fig. 4, given the good performance. RPM
was also blended with PGr to assess the performance (see
Fig. 3c). Again, the critical factor is the MD performance of
RPM, as increased content decreased the MD performance
of the mixture. In view of this, RPM’s maximum content
for optimal performance of the mixture was observed in the
region of 20-30%.

LA/MD (%)

& Rock type

Fig.4 The LA and MD of different rock materials found in Norway
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Concrete rubbles often appear in excavation materials.
They are often crushed to recycled concrete aggregates
(RCA) in different grain sizes for use in road construction
or production of new concrete. RCA often contain varying
amounts of calcium carbonate (CaCO;) due to the well-
known carbonation process occurring in the concrete ser-
vice life (Engelsen et al. 2017). In crushed conditions, the
CaCOj; may increase due to the higher surface area for car-
bonation. Generally, research has demonstrated the effect
carbonation in recycled materials (e.g., RCA) (Dongxing
etal. 2017; Engelsen et al. 2017). A recent study has inves-
tigated the performance of concrete using excavation mate-
rials and concrete rubble as feedstock to produce recycled
aggregate (Mujica et al. 2019). Given that carbonation is
likely to influence the performance of RCA in REM, this
study utilizes limestone to replace RCA. Limestone contains
a significant amount of CaCO;. Hence, the effect of mix-
ing limestone (Lim) representing crushed concrete rubble
in REM is essential. Figure 5a—c shows the performance
of Lim blended with REM and Amp, and CrR and REM.
Altered pyroxene results in Amp and in some cases, Amp
is also shown to have low resistance to wear and crushing
(Johansson et al. 2016; Ajagbe et al. 2015). In addition, it
has been found that Amp dissolves in acidic environments
at low to medium temperatures and forms clay like minerals
such as chlorite and griffithite (Yongli et al. 2019). Given
this, mixing Lim with Amp was essential to establish a base-
line criteria and to further investigate potential solubility of
both materials in acidic environment.

The LA and MD performance of Lim was 33% and
29%, respectively. The maximum intermixing level of Lim
in REM was below 40%, where the MD was the weakest
parameter in comparison to other rock materials. Both the
LA and MD performance can be seen in Fig. 5a. Other
study report the LA values of Lim in the region of 25-38%
(Jayawarden 2017; Pang et al. 2010). To establish a baseline
mix criteria for Lim if blended with Amp (amphibolite)—a
product of pyroxene, the result in Fig. 5b shows that the
Amp used in the study was also hard and durable. Hence,
an intermix level of Lim up to 20% was sufficient to comply
with the MD requirement. The LA and MD of Amp was 16%
and 12%, respectively. This is comparable to the LA and MD
performance of other hard rocks shown in Fig. 4.

Furthermore, the crushed rock material (CrR) which
was used in this study comprised of sharp-grained gran-
ite, gneiss, feldspathic rock, and quartzite and the results
showed lower LA and MD strength compared to REM
(see Fig. 5¢). The LA and MD of CrR was 36% and 15%,
respectively. Although the composition of different litho-
types in CrR was not quantified in this study, the authors

@) Intermix of Lim in REM

Base & Subbase LA limit

S
[a]
=
<
-
OLA
mMD
" 60 80 100
Lim (%)
(b) Intermix of Lim in Amp
40
35 4= = = = = — — Base&SubbaselAlimit_ _ _ _ _
30 -
25 - B
g 20 Subbase MD limit
<
-
OLA
EMD
40 60 80
Lim (%)
© Intermix of CrR in REM
40
35 - - - — = — — _Base &_Sugbaie LAlimit_ -
30 - —
& 25 - —‘
g 20 Sub MD [imif
2 45 J.fofBaseMopimit
10 A alA
z i amMD
0o 25 5 75 100
CrR (%)

Fig.5 LA and MD performance of intermix of a Lim in REM, b Lim
in Amp, and ¢ CrR in REM

believe that other textural features may have contributed
to the low resistance in LA. Given the presence of quartz
dominant materials and feldspar, the concept of propor-
tionality of quartz to feldspar (QFR) as established in the
review by Adomako et al. (2021) seem to have very little
influence in this case. In Fig. 6, example of the narrative of
QFR is shown. It can be seen that QFR was the main influ-
ential mineral. The LA parameter of CrR was not signifi-
cantly over the cut-off. Nevertheless, the maximum mixing
level of CrR in REM was 75% to meet the base/subbase
criteria from a technical viewpoint.
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Fig.6 The influence of miner- 60
als on the LA performance of
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Identification of weak mineral assembly

The crushing and wearing effect of the LA and MD tests
reduce the particle size and changes the state of textural
features. Hence, determining the mineralogy of the fine
fraction (< 1.6 mm) provides essential information on the
intermixing effect. The fine fractions from the Lim-Amp and
RPM-REM mixes were therefore analyzed. Considering that
Lim is mainly composed of CaCO;, acid solubility of the
fine fraction was investigated. This approach could indicate
the primary mineral types pulverized and compounded in
< 1.6 mm fraction after the LA test. The results of acid solu-
bility of the fine fractions (< 1.6 mm) are shown in Fig. 7.
In unblended condition, the acid solubility of Lim and Amp
was 100% and 7%, respectively. Since the acid-soluble part
of amphibolite is only 7%, the soluble carbonates (mostly
CaCO;) in Lim dominate at increased intermix levels; hence,
it was apparent that the carbonate minerals in Lim were the
major minerals in the fine fraction. The nonlinearity may
relate to a slight increase in the acid solubility of Amp upon
increased mixing content of Lim.
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Fig.7 Effect of acid solubility on the intermix of Lim in Amp
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Since the mineral assembly present in the fine fractions
of RPM-REM cannot be assessed with the acid-soluble
test, XRD test was performed, and the results are shown in
Fig. 8. The mineral compositions of RPM and REM before
LA are denoted by RPM (4/16) and REM (4/16). In addi-
tion, RPM100 (< 1.6) and REM (< 1.6) depicts the mineral
assembly which accumulated in the fine fraction < 1.6 mm
sieve and RPM100 (> 1.6) and REM (> 1.6) represent miner-
als retained on 1.6 mm sieve after the LA tests.

The main minerals identified in RPM are microcline/
orthoclase and traces of anorthite from the feldspar group,
quartz, biotite, muscovite, and chlorite. The mineral com-
position of REM is microcline/orthoclase and plagioclase
from the feldspar group, quartz, muscovite, biotite, and a
small quantity of clinochlore. The diffractograms of mica
and chlorite in RPM showed high peak intensities in the fine
fraction (4/16) given as the reference material, i.e., before
LA testing. This indicated the crushing effect occurring at
the expense of these soft minerals. Conversely, the diffracto-
grams of the pulverized trace of REM showed insignificant
intensity of weak minerals. This development relates to the
low presence of weak minerals and shows that the REM used
in the study was a good material.

Furthermore, XRD analysis was performed on the
blended mixtures composed of RPM and REM (Fig. 9a) and
PGr and RPM (Fig. 9b). The diffractograms show the frac-
tions < 1.6 mm after the LA tests. Both cases found a good
correlation between increased intensities (amount) of mica
and chlorite peaks with increased RPM content. This was
expected because RPM contained a significant amount of
phyllosilicate minerals; therefore, these were the main min-
erals that were significantly pulverised in the LA and MD
tests. However, a moderate presence of phyllosilicate miner-
als (about 15-20%) is reported to have no influence in the
LA and MD performance in phyllites (Norby 2020). In this
case, this means that the influence of weak mineral depends
on the quantity present. Similar conclusions were reached
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Fig.8 X-ray diffractograms pat-
tern of RPM and REM, marked
with the prominent peaks

of the main mineral phases
(Chl=chlorite, Mi=mica,
Fs=feldspar, Qz=quartz). *
indicates an artefact (“the spot-
tiness”) caused by abnormal
high intensity of a large grain in
diffraction position (here quartz)
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in other studies (Anastasio et al. 2016; Nalsund 2010) for
different types of rocks. Although no quantitative estimates
of mineral components in percentages were determined in
this study, it is evident that the performance of PGr was not
influenced by the peak of mica in the diffractogram. Further-
more, it is claimed that the effect of mica minerals on the
strength property also depends on its structural formation
and distribution of the grain boundaries (Fortes et al. 2016).
From this standpoint, it may be appropriate to mention the
importance of reaching conclusion based on global geologi-
cal nature, as mentioned by Adomako et al. (2021).

Fig.9 X-ray diffraction results Qz Qz
showing mineral accumula- a) Mi * [
tion and changes in the fine Chl ‘
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large grain in diffraction posi-
tion (here quartz). Peaks around
11° 20 observed in some dif-
fractograms might be associated
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The relationship between the test method and mineralogy
was studied to compare the effect of both LA and MD on
the degree of wear of minerals present in RPM and REM.
In Fig. 10, the results of the diffractograms in connection to
the test methods are displayed. REM100LA and REM100
MD represent the diffractograms taken on fine fractions
after both LA and MD tests, respectively. The same clas-
sification occurs for RPM100LA and RPM100 MD. Gener-
ally, the investigation highlighted a high wearing tendency
of mechanically soft minerals (mica and chlorite) in the
MD test compared to the disintegration or crushing effect
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Fig. 10 Diffractograms showing the relationship between LA and MD test and the minerals present in a RPM and b REM

associated with LA testing. This development is shown in
the peak intensities of the minerals. The findings are consist-
ent with the claim that the degree of degradation by MD on
rock aggregates is connected to mineral hardness, defined
by the Mohs hardness scale (Wang et al. 2017). Some stud-
ies (Apaydin and Yilmaz 2019; Johansson 2011) have also
reported that reliable relationships exist between the content
of mica and MD on granitoid and basaltic rocks. Given this,
it may be concluded that the amount of mica and chlorite in
RPM may have contributed to the weak MD performance.
This also shows the importance of assessing both parameters
(LA and MD), particularly for mixed recycled aggregates.

Conclusions

This study has presented the results of the mechanical per-
formance of recycled aggregates derived from excavation
materials (REM) which is mixed with recycled phyllite
materials (RPM). The Los Angeles (LA) and micro-Deval
(MD) tests were used in the investigation. In addition, X-ray
diffraction (XRD) and acid solubility tests were performed
to identify mechanically weak minerals accumulated in the
fine fraction, after the tests.

The results have shown that RPM and REM had similar
and satisfactory LA of 28% and 26%, respectively, but a sig-
nificant difference in MD performance of 26% for RPM and
6% for REM was found. At the intermix level, it was found
that REM could tolerate up to 40% of RPM before it exceeded
the MD limit of 15-20% defined in N200 by the Norwegian
Road Public Administration. Blending REM with the hard
rock PGr (Porphyritic granite) indicated that a higher content

@ Springer

of PGr in this combination showed increased resistance to
LA. Furthermore, the maximum intermix level of RPM in
PGr was only 20%. Regarding the use of limestone (Lim)
in REM blends, Lim’s maximum blending ratio should be
less than 40% to satisfy the MD limit. The LA was the criti-
cal parameter of mixtures generated from local crushed rock
material (CrR) and REM; hence, approximately 75% of CrR
was the maximum tolerable content to reach the base course
and subbase criteria.

Consistency was found when the mineralogy of the
fine fractions (< 1.6 mm) from the LA and MD tests were
assessed. Limestone minerals mainly seem to disintegrate
when mixed with amphibolite—a product of pyroxene which
also is characterized by soluble components when exposed to
acidic environment. The XRD analyses of pure and blended
mixes of RPM in REM and RPM in PGr showed a good rela-
tionship between increased intensities of mica and chlorite
with increased RPM. Regarding the relationship encompass-
ing LA and MD, and mineralogy, it was observed that the
wearing of weak minerals (mica and chlorite) was high in
the MD test compared to the disintegration effect by LA.
This may be attributed to the conditions of MD test, namely
(a) the wear nature of the test method, and (b) the moistur-
ized condition of the test. The less effect to mineral wear in
LA may be due to reasons such as the dry method of the test
and expected cushioning effect by pulverized fraction which
prevents large particles to further disintegrate during the test.

Given the study’s overall findings, it may be concluded
that the REM used in this study present excellent mechani-
cal properties due to the low presence of weak minerals and
may be used for construction purposes. Furthermore, foreign
rock materials (e.g., phyllite) in REM can be tolerable in
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quantities significantly higher than the average levels found
in today’s production. The authors are of the opinion that the
findings of the study may be applicable in other scenarios
where excavation is characterized by satisfactory LA and
MD performance and a low content of mechanically weak
minerals.
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