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A B S T R A C T

The tunnelling operations connected to the construction of the new Norwegian E39 highway generate a con-
siderable amount of blasted rocks. The local use of these rocks as construction materials in the unbound layers of
the highway represents a sustainable cost-benefit application. Two non-traditional stabilizing additives improve
the mechanical properties of the aggregates not fulfilling the code strength requirements: one is based on or-
ganosilane, the other one is based on lignosulfonate. Laboratory investigations (thin-section microscopy, X-ray
crystallography, X-ray fluorescence, repeated load triaxial test) characterize the rock materials and the effec-
tiveness of the additives. The research further investigates the performance of three typical road base layer
sections specifically built according to real practice and treated with water (no treatment), organosilane and
lignosulfonate, respectively. They are exposed to climatic conditions only; no surface courses and no trafficking
actions are applied. The developments of the layers’ stiffness and deformation are assessed by means of light
weight deflectometer and dynamic cone penetrometer. The time span covered by the investigation is one year,
both in the laboratory and in the field. The stabilizing additives can enhance the mechanical properties of the
crushed rocks.

Introduction

Tunnelling operations and generation of crushed rocks

Norwegian Public Roads Administration (NPRA) is currently run-
ning the “Ferry-free coastal highway route E39” project, which im-
proves the viability along the southwestern Norwegian coast for a total
length of about 1100 km from Trondheim to Kristiansand [52]. The
project has a remarkable national relevance as the industries located
along the route generate about half of Norway’s traditional export [26].
The extended tunnelling systems will produce a very large quantity of
blasted rocks; they could potentially be used as local construction
materials, namely aggregates, in the road unbound layers, thus redu-
cing the consumption of natural resources and entailing major ad-
vantages from several points of view [31,57,59]. The transport distance
of the blasted materials should be within 20–30 km to represent a
competitive solution compared to the purchase of quarry virgin ag-
gregates [8,48]. Previous experience regarding the usability strategies
of tunnel excavation materials highlighted the importance for con-
struction management and economics [11,33,45,58]. Furthermore, the
concern about environmentally-friendly and sustainable solutions is

becoming more and more relevant in Norway, as it pledges to reach
climate neutrality by 2030 [69].

The Norwegian pavement design manual N200 [51,54] sets certain
requirements regarding the properties of the unbound granular mate-
rials (UGMs) to be used in the unbound layers not to encounter pre-
mature damage [4]: grain shape [14], flakiness index value [15], Los
Angeles (LA) value [17] and micro-Deval (MDE) value [16].

A previous research [5] characterised the bedrock geology which is
spread along the highway alignment. Igneous rocks and supracrustal
rocks of Precambrian ages (1700–900·106 years) represent the most
widespread geology. They mainly comprise granite, granodiorite and
granitic to dioritic gneiss; which are variably influenced by meta-
morphism and deformation related to the Caledonian orogeny. Some
rocks (“strong” aggregates) fulfil the requirements specified in the pa-
vement design manual, while other rocks (“weak” aggregates) do not.

Crushed rocks stabilization techniques

Currently there are several stabilization methods available for
roadway unbound courses, e.g. cement, bitumen, lime, fly ash, gypsum
[7,30,41,47,55,62,64]. Two non-traditional additives showed
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promising laboratory results as they enhanced the resilient modulus
and the resistance to permanent deformation of the “weak” rocks [6];
one additive was based on organosylane, here referred to also as
polymer-based (P) agent, and the other additive was based on lig-
nosulfonate, here referred to also as lignin-based (L) agent. This re-
search expanded the previous investigation by means of further tests
both in the laboratory and in the field. The goal is to assess the effec-
tiveness of the additives more thoroughly and draw suggestion for their
practical use.

The polymer-based (P) agent is a non-leachable and UV- & heat-
stable product. This additive derived from nanoscale technology is
made of two components (here referred to as C1 and C2), which che-
mically convert the water absorbing silanol groups presented on the
silicate-containing surface of the rocks to a 4–6 nm layer of hydro-
phobic alkyl siloxane. The siloxane (=Si-O-Si=) linkage is a strong
chemical covalent polar bond and results in near permanent mod-
ifications. The technology imparts water resistance, better lubrication
for compaction and bonding action at ambient temperature [39,56].
The additive modifies the rocks’ surfaces and mechanical improvements
can be measured at a macroscale level [60,65,66]. The existing limited
experience shows favourable results and solely refers to silty and clayey
soils tested in the laboratory [23,70] and in the field [42]; therefore, the
research experimented with a new application context related to sta-
bilization of crushed rocks. The safety data sheets of components C1
and C2 did not report any environmental hazard: leakage tests were
performed [10,24] and Dissolved Organic Carbon (DOC) parameter was
assessed, the degradation is environmentally acceptable.

The lignin-based (L) agent is a renewable product of the pulp and
paper industry. It is an organic polymer that consists of both hydro-
philic and hydrophobic groups, it is non-corrosive, non-toxic and water-
soluble [1,61]. Previous experiments investigating the strength and
density modification of unpaved road using lignosulfonate showed
promising outcomes for silty and clayey soils both in the laboratory
[1,22,61,68,75] and in the field [37,53,76]. As in the case of the
polymer-based additive, the application of the lignin-based additive to
crushed rocks could result in a wider acceptance of this stabilizing
technology.

The research was carried out both in the laboratory and in the field.
Laboratory tests comprised geological characterization by means of
thin-section microscopy, X-Ray Diffractometry (XRD), X-Ray
Fluorescence (XRF) and mechanical characterization by means of
Repeated Load Triaxial Test (RLTT) [18]. The investigation in the field
focused on three typical base road sections built according to real
Norwegian construction practice and added with water (no treatment),
polymer-based additive and lignin-based additive, respectively. The
three road sections were exposed to climatic conditions only; no surface
courses, i.e. bituminous layer, and no trafficking actions were applied.
The developments of the layers’ stiffness and deformation was assessed
by means of Light Weight Deflectometer (LWD) [3] and Dynamic Cone
Penetrometer (DCP) [2]. The time span covered by the investigation
was one year, both in the laboratory and in the field. The field test
accomplished in this research adopted aggregates that do fulfil standard
code requirements. Arranging the field test using a “weak”material was
not possible for practical and economic reasons, since it was not feasible
to find enough quantities of “weak” aggregates from quarries. This did
not hinder the general purpose of the research, namely, to investigate
whether the use of the additives can improve the mechanical properties
of a given type of crushed rocks. Therefore, benefits may even be

greater for poorer rock aggregates.

Methodology

Geological characterization of the crushed rocks

The aggregates used in the research came from Vassfjellet, the area
is close to Trondheim (Trøndelag, Norway) and has several quarries;
they are particularly rich in greenschist and gabbro. The Vassfjellet
greenstone is composed of meta-gabbro, meta-dolerite and meta-basalt
[32,74]. The investigated crushed rock material is here also referred to
as material M4 (after having tested materials M1, M2 and M3 in [6]).

Thin section microscopy
Thin-section microscopy images of selected rock samples showed

mineralogy and grain sizes. The igneous texture with plagioclase laths
was visible in cross-polarized light. Metamorphic reactions caused re-
placement of igneous pyroxene by amphibole, and growth of epidote/
zoisite within the igneous plagioclase laths. M4 samples also included
small amounts of fine-grained metagabbro/meta-dolerite varieties; the
rock could be classified as gabbro/metagabbro.

XRD and XRF analyses
Batches of material M4 were prepared for XRD diffractometer

analyses to identify the main mineralogical compositions according to
Rietveld mineral quantification. Samples were crushed, split, milled to
10 µm and analysed as powder preparate in the XRD diffractometer.
Fig. 1 displays semi-quantitative weight proportions of the most
abundant minerals.

Feldspar, amphibole and epidote/zoisite were the predominant
minerals. Compared to M1, M2 and M3 compositions [5], the M4 mi-
neralogy deviated by a higher content of mafic (iron-bearing) silicate
minerals and absence of quartz. X-Ray Fluorescence (XRF) bulk che-
mical analysis displayed the chemical composition of the rocks as a
percentage of the total mass. Samples were grinded and ignited to
550 °C. Silicon was the major component [32].

Mechanical characterization of the crushed rocks

Standard tests characterization
The pavement design manual N200 [51,54] sets requirements for

employing crushed rocks. The aggregates can be used in the road base
layer as paved crushed rocks and in the road subbase layer as unsorted
crushed rocks if the Los-Angeles standard test (LA value) and micro-
Deval standard test (MDE value) are fulfilled. The LA limit values are 30
and 35 for base layer and subbase layer respectively, the MDE limit
value is 15 for both. The chosen material M4 did fulfil the code re-
quirements (i.e. it is a “strong” aggregate), since the Los-Angeles and
micro-Deval values were 18.2 and 14.2 respectively.

The grain size distribution curve used in the investigation both in
the laboratory and in the field is displayed in Fig. 2. The grain sizes
were smaller than 32 mm. The gradation attained in the field after the
mixing and compaction operations was evaluated as well: since the two
distribution curves were very close (as expected due to the good LA
value), Fig. 2 only displays one curve. Fig. 2 also shows the range of
particle sizes [12]. Optimum Moisture Content (OMC) was assessed for
the investigated UGMs [19], it was equal to 5% for bulk density ap-
proximately equal to 2.5 t/m3.

Fig. 1. Bulk mineralogy of the investigated crushed
rocks.
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Repeated load triaxial test
Repeated Load Triaxial Test (RLTT) gives a comprehensive insight

into material properties by assessing the stiffness and the resistance to
permanent deformation. The UGM’s behaviour is connected to the fol-
lowing parameters: stress level, moisture content, dry density, grading
and mineralogy, etc. [43,44,67,72].

The preparation of the specimen was carried out based on the fol-
lowing procedure. Firstly, 7300 g of dry material were prepared ac-
cording to the grading curve reported in Fig. 2. Consequently, the de-
sired amount of water, and additive if needed by the test, was added.
The mixture was divided into four parts and rested in as many im-
permeable bags for 24 h. The operator then compacted the four layers
inside a steel mould; the bulk density and dry density were assessed
[19]. A Kango 950X vibratory hammer (total weight 35 kg, frequency
25–60 Hz, amplitude 5 mm) was used to compact the layers inside the
mould, the compaction time was 30 s per layer. Finally, the sample was
covered by latex membranes and end-platens, sealed by rubber O-rings
and hose clamps. All the samples had a diameter of 150 mm and the
final height varied between 170 and 190 mm. The sample height dif-
fered from the indication given by the code, where the height is re-
commended to be twice the diameter of the sample [18]. Research
regarding the influence of the height to diameter ratio with respect both
to resilient modulus and permanent deformations demonstrated that
samples with a ratio ranging from 1:1 to 1.5:1 show little differences.
Teflon foils and silicon oil were used for lubrication to secure low
friction against the end-platens [25].

Samples with additives were conditioned carefully prior to testing in
order to reach approximately the same water content, thus enabling a
clearer comparison of results. The lignin-based additive needs to dry to
attach the material particles and become effective; the polymer-based
additive is effective even with higher water content [6].

The polymer-based additive was mixed at OMC. The following
proportion was used: 18 g C1 + 18 g C2 for 365 g of water, this was
already found to be a reasonable amount [6]. The dosage was higher
than the recommended use for silty and clayey materials. Each RLTT
sample was firstly conditioned at 65 °C for 24 h and then at 22 °C (room
temperature) for 24 h before testing.

The lignin-based additive was mixed at OMC; the percentage added
to the crushed rocks was 1.5% in mass. The dosage was similar to the
recommended use for silty and clayey materials. Lignosulfonate needs a
curing time to dry in order to become effective and attach properly to
the material particles [22,61,68]. Each RLTT sample was firstly con-
ditioned at 65 °C for 48 h and then at 22 °C (room temperature) for 24 h
before testing.

RLTT apparatus exerts a uniform confining pressure in all the di-
rections (σ3, triaxial or confining stress) and an additional vertical dy-
namic stress (σd, deviatoric stress), which is applied according to the
chosen sinusoidal pattern and stepwise increases with different levels of
σ3. The RLTT apparatus performed the multi-stage low stress level (MS
LSL) loading procedure: five sequences are associated with five

different σ3 values (σ3 =20, 45, 70, 100, 150 kPa). In addition, six steps
are associated to six given σd values and form each sequence [18]. The
five loading sequences and the respective loading increments can be
displayed according to bulk stress θ (θ = σ1 + σ2 + σ3 the sum of the
principal stresses) and σd. Therefore, a RLTT comprises 30 loading steps
consisting of 10 000 load pulses at 10 Hz frequency. A loading sequence
is interrupted if the axial permanent deformation reaches 0.5%. Three
Linear Variable Differential Transducers (LVDTs) measured the axial
deformations, and again, three other LVDTs measured the radial de-
formation. Replicate specimens (two samples) were used for each RLTT
and average results are displayed in the results section. The resilient
modulus MR associated with a change in the dynamic deviatoric stress
σddyn and constant σ3 is defined as follows
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are proposed to describe MR with reference to bulk stress θ [43]. The
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where σa is a reference pressure (100 kPa) and k1, k2 are regression
parameters. The relationship enabled a clear comparison in two-di-
mensional plots between the materials’ performances.

The resistance to permanent deformation was investigated through
the Coulomb approach [38]. The Coulomb criterion relates the mobi-
lized shear strength to the development of permanent deformations and
the maximum shear strength to incremental failure. The mobilized
angle of friction φmob and the angle of friction at incremental failure
φmax respectively express the degree of mobilized shear strength and
the maximum shear strength. The angle of friction and the angle of
friction at incremental failure identify three different ranges of material
behaviour: elastic, elasto-plastic and failure. The strain rate ε ̇ is a
measure of the speed of the permanent deformation; this parameter
refers to the development of permanent deformation per cycle. Table 1
defines the two boundary lines between the three ranges: each load step
is categorised considering the average strain rate for the cycles from 5
000 to 10 000 [6,38].

The equations defining the elastic limit line and incremental failure
line are respectively
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a regression analysis was used to assess the boundary lines. As a sim-
plification, the apparent attraction a was assumed to be 20 kPa for all
the samples [72].

The RLTTs were performed in May 2018. The specimens were
successively placed in plastic boxes and stored outside in the laboratory
backyard exposed to the natural climatic variations (Fig. 3a). The boxes
were carefully closed to prevent the entrance of sunlight and pre-
cipitation; otherwise, the sunlight could destroy the latex membranes
surrounding the aggregates. Fig. 3b displays a top view of the samples,
highlighting the different surface appearance. The specimens were

Fig. 2. Grain size distribution curve (base layer) used in laboratory and field
tests.

Table 1
Permanent strain rate values defining the material range boundary lines.

Permanent strain rate Range

ε ̇ < 2.5 · 10−8 Elastic zone
2.5 · 10−8 < ε ̇< 1.0 · 10−7 Elasto-plastic zone
ε ̇ > 1.0 · 10−7 Plastic (incremental failure) zone
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newly investigated by means of RLTTs in May 2019 to assess the var-
iation in the mechanical properties after one year. Average, minimum,
maximum temperature were daily recorded in the two closest weather
stations: Risvollan station and Voll station [50], both are approximately
located 2 km away from the laboratory. The values of the mentioned
parameters were obtained based on the distance weighting method
[71].

Field Test

Construction procedure
The field test was located in a large area available inside a quarry in

Vassfjellet. Three base layer sections were built using the grain size
distribution curve already displayed in Fig. 2. They corresponded to
three locations which underwent different treatments: just water/un-
treated (location L0), polymer-based additive (location L1), lignin-
based additive (location L2); each section was approximately 0.3 m
thick before compaction, 3.5 m wide and 10 m long. As a first step, the
existing rocky subgrade was covered by a homogeneous capping layer
made of aggregates with fraction 0/8 mm, the thickness was approxi-
mately 50 cm. Afterwards, a roller compactor compacted the capping
layer uniformly. Bomag BW 177 D-4 was the single steel drum roller
used for this purpose. Its weight is 7.5 t, the drum axle load is 4.2 t, the
wheel axle load is 3.3 t, the static linear load is 24.9 kg/cm and the
working width is 1.7 m; the roller compactor accomplished seven

Fig. 3. Outdoor storage of the RLTT specimens tested in May 2018 and May 2019 (a). Top view of the samples (b).

Fig. 4. Construction of the first 15-cm course of the base layer: laying of the material (a), spreading water at L0 (b), spreading polymer-based additive at L1 (c),
spreading lignin-based additive at L2 (d), mixing (e) and compacting (f).

Table 2
Quantity of water and additives used in each location with 15-cm thick layer.

Location Water (kg) P-based additive (kg) L-based additive (kg)

component C1 component C2

L0 500 0 0 0
L1 500 26 26 0
L2 500 0 0 150
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passages as specified in the manual code [54]. Since the zone of in-
fluence of the LWD is between 1.5 and 2 times the 30-cm diameter of
the LWD plate [27], the attained thickness of the capping layer re-
moved the influence of the inhomogeneous rocky subgrade on the LWD
measurements.

The 30-cm thick base layer was achieved by laying two 15-cm thick
layers successively; in this way the construction operations could en-
sure a proper homogeneous mixture between the crushed rocks and the
additives spread on the top. Each 15-cm course corresponded to 10 tons
of crushed rocks employed in each location (Fig. 4a). Water and ad-
ditives were transported to the field thanks to Intermediate Bulk Con-
tainers (IBCs); before pumping out their contents, operators used a
mixing drill to attain more homogeneous solutions. Each location was
treated carefully applying the same proportions already tested in the
laboratory as reported in Section ‘Repeated load triaxial test’
(Fig. 4b–d), Table 2 reports the quantity of the admixtures used in the
field at this stage. Afterwards, a light recycler machine operated
achieving two passages (Fig. 4e). The teeth of the shifting rotor gently
blended the aggregates with the water and additives spread on the top
of the layers down to a depth of 15 cm. Finally, the roller compactor
Bomag BW 177 D-4 compacted each location with five passages as
specified in the manual code [54](Fig. 4f). These construction opera-
tions were the same as used in Norway to build a base layer of a real
road.

Successively, the second 15-cm thick course completing the final 30-
cm thick base layer was placed and underwent the same procedure;
therefore, the final amount of the admixtures used in the field was twice
as displayed in Table 2. Due to the compaction operations, the final
achieved thickness decreased from 30 cm to approximately 17 cm. The
construction processes did not significantly alter the grain size

distribution curve, as earlier discussed in Section ‘Standard tests char-
acterization’. Compared to untreated location L0, the price uplift con-
nected to the use of the additives was of 16% for location L1 and 14%
for location L2. Fig. 5 shows the completion of the three road base
sections.

Measurement procedures
The main device adopted in the field to assess the additives’ effec-

tiveness was the Light Weight Deflectometer (LWD). LWD is a single-
person-use portable device used for the determination of bearing ca-
pacity and compaction quality of soils and unbound materials
[3,35–36].The LWD employs the same technology of the Falling Weight
Deflectometer (FWD) equipment: the major differences are the reduced
load pulse duration and reduced maximum applied force [29,46]. The
LWD used a single sensor: the loading mechanism generates a defined
impulsive load and a geophone is the deflection transducer. After
completion of three measurements, the average settlement Sm and the
elastic modulus ELWD are evaluated [9,73]. In order to assess the ef-
fectiveness of the additives, the goal of the research laid more weight on
comparing the LWD results for the three investigated locations than in
obtaining absolute values for each of them.

Another instrument used to evaluate the additives’ performances
was the Dynamic Cone Penetrometer (DCP), the device provided a
measure of the material’s in situ resistance to penetration. The test was
performed by driving a metal cone into the granular material with a
8 kg weight dropped from a distance of 575 mm [2]. Test results might
be correlated to other properties, e.g. resilient modulus and bearing
capacity [20,21,63]. DCP device was used in the research as a further
practical technique to assess the additives’ performances in addition to
LWD.

LWD measurements were taken on a daily basis for 50 days starting
from 48 h after construction (May and June 2018). In case of pre-
cipitation, the measurements were carried out after it had stopped
raining. Furthermore, LWD measurements were performed from day
110 to day 115 (September 2018) and from day 365 to day 370 (May
2019) after construction. The measuring operations comprising DCP
took place during day 115 and day 370. Therefore, the time span
covered by the field investigation was one year. Average, minimum,
maximum temperature and precipitation were daily recorded in the two
closest weather stations: Skjetlein station and Saupstad station [50],
both of them were approximately located 5 km away from the test site.
The values of the mentioned parameters were obtained based on the
distance weighting method [71].

There were 15 spots to accomplish LWD and DCP measurements in
each location.

Fig. 5. Construction completion of the road base sections: with water (L0), with
polymer-based additive (L1), with lignin-based additive (L2).

Fig. 6. Bulk density, dry density (a) and water content (b), for the specimens tested in the laboratory in May 2018.
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Test results and discussion

Repeated load triaxial test

Fig. 6a illustrates the bulk and dry density of the specimens tested in
May 2018. The measured water contents w after the curing process
were close to w = 2% for the treated materials, this was higher than
w = 1% used for the untreated material (Fig. 6b). This enabled a
cautious comparison since MR gradually reduces as w increases [28].

Resilient modulus k-θ relationships were evaluated (Eq. (2))
through data regression. As previously described in Section ‘Repeated
load triaxial test’, the specimens were stored outdoor for one year and
were exposed to the temperature variations reported in Fig. 7; the
samples would have come out of a thaw period. Fig. 8a displays the
results with solid lines, both polymer-based and lignin-based additive
accomplished enhanced (stiffer) resilient curves; this result agreed with
that already found in the previous laboratory experiences investigating
other types of crushed rocks [6]. The polymer-based additive

Fig. 7. Climatic conditions for the 1-year storage of laboratory samples: average, minimum and maximum temperature.

Fig. 8. Resilient modulus of untreated material (M4), with polymer-based additive (M4-P) and with lignin-based additive (M4-L), tested in May 2018 and May 2019
(a). Data points and corresponding regression curves for M4 2019 and M4-L 2019 (b).

Fig. 9. Mobilized angle of friction φmob and angle of friction at incremental failure φmax of the investigated specimens in May 2018 (a) and May 2019 (b).
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performance was related to the quantity of silicate minerals on the
rocks surface: notwithstanding the reduced silica contents in gabbro
(different from materials M2 and M3), this stabilizing agent

significantly enhanced the mechanical properties of material M4. The
resilient modulus of the specimens newly tested in May 2019 is dis-
played in Fig. 8a with dashed lines. Fig. 8b shows the data points and
the corresponding regression curves for M4 2019 and M4-L 2019. These
results showed that the performance of the materials treated with both
organosilane and lignosulfonate improved; on the other hand, the re-
silient modulus of untreated specimens slightly decreased.

In addition to stiffness, the additives entailed beneficial effects also
regarding the permanent strain rates. Fig. 9 depicts the mobilized angle
of friction φmob and the angle of friction at incremental failure φmax

linked to the boundary limits of strain rate adopted between shakedown
behaviours given in Table 1; the additive application enhanced both the
angles. The resistance to permanent deformation of the stabilized spe-
cimens slightly increased from May 2018 (Fig. 9a) to May 2019
(Fig. 9b).

A simple elastic analysis using the procedure described in example
2.4 of Huang's book [40] is performed considering the elastic moduli
obtained in May 2019 referring to three scenarios: a layer entirely
composed by untreated, organosilane-treated or lignosulfonate-treated
aggregates, respectively. The analysis shows that resilient deflections
can be expected to reduce from 0.22 mm to 0.13 mm with polymer-
based treatment and to 0.10 mm with lignin-based treatment buttres-
sing the beneficial effect engendered by the additives. Thinner layers of
treated aggregates might be used to achieve the same deflection related
to untreated aggregates.

Field test

The in situ density was assessed with the excavation method [13],
two areas for each location were investigated and average values are
presented; Fig. 10a displays the bulk density, Fig. 10b displays the dry
density. The area treated with lignin-based additive had the highest
value, this could be partly due to the fact that the lignosulfonate density
(approximately 0.05 t/m3) was included. The water content was as-
sessed after construction and after 115 days (Fig. 10c). Water contents
were initially much higher than in the samples tested in the laboratory.
The quantity of the additive used for location L2 was significantly
higher than in the other two locations L0 and L1 (Table 2); therefore,
location L2 was clearly oversaturated after construction and the first
water content measurements were accomplished after 120 h. A similar
issue took place during the preparation of RLTT samples in May 2018,
as the specimens treated with lignin-based additive were oversaturated
and needed a longer curing time compared to the specimens treated
with polymer-based additive: as an input for further research, lower
water percentages may be tested for samples stabilized with lig-
nosulfonate.

Fig. 11 displays the appearance of the surfaces after 50 days; all the
pictures were taken with the same zoom. Compared to the untreated
location L0 (Fig. 11a), both the polymer-based and the lignin-based
additive promoted the formation of bonded layers at location L1

Fig. 10. Bulk density (a), dry density (b) and water content (c) for materials
tested in the field after construction and after 115 days.

Fig. 11. Surface appearance after 50 days: untreated (a), with polymer-based additive (b) and with lignin-based additive (c).
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(Fig. 11b) and at location L2 (Fig. 11c), respectively.
Fig. 12a displays the weather conditions during the first 50 days

after construction. The average temperature varied between 5 °C and
20 °C, rain started to take place approximately every day from day 24;
this trend was exceptionally warm and dry in the Norwegian context
[49]. After the initial 50 days, no LWD measurements were taken for a

period of 60 days. New LWD measurements were performed between
day 110 and day 115 (September 2018); in this period, the mean values
of average, minimum and maximum temperature were 12.5 °C, 8.9 °C
and 17.2 °C, respectively, the cumulated precipitation was 13.4 mm
(Fig. 12b). The last LWD measurements were accomplished between
day 365 and day 370 (May 2019); in this period, the mean values of

Fig. 12. Weather conditions in the field during the first 50 days after construction (a), from day 110 to day 115 (b), from day 365 to day 370 (c): average, minimum,
maximum temperature and precipitation.
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average, minimum and maximum temperature were 5.4 °C, 3.0 °C and
9.3 °C, respectively, the cumulated precipitation was 21.1 mm
(Fig. 12c).

Light Weight Deflectometer
The LWD measurements were carried out daily during the first

50 days after construction, results are reported in Fig. 13: Fig. 13a
shows the elastic modulus ELWD, Fig. 13b displays the settlement SLWD.
Location L1 treated with organosilane had the highest ELWD value
(163.5 MPa) and the lowest SLWD value (0.14 mm). The improvement of
location L2 treated with lignosulfonate took place at a slower pace, and
its performance became better than the untreated location L0 after
23 days; this may be due to having oversaturated location L2. This area
reached 133.4 MPa as the highest ELWD value and 0.18 as the lowest
SLWD. Both the treated locations L1 and L2 achieved their best perfor-
mance values on day 38.

Location L1 became insensitive to water, as depicted in Fig. 14: the
water, poured on the top of the layer on purpose, did not seem to pe-
netrate (Fig. 14a). Some observations regarding location L2 can be
made: while the lignosulfonate on the outermost part of the layer
hardened forming a bonded “crust” with very few pores, the internal
part still needed time to dry and attach to the material particles, as
found by excavating approximately two centimeters below the surface
(Fig. 14b). Most likely, this was the reason why it was possible to ob-
serve some lignosulfonate “droplets” reaching the surface during sunny
days (Fig. 14c); moreover, this may also explain why the improvement

Fig. 13. LWD measurements results during the first 50 days after construction: elastic modulus ELWD (a) and settlement SLWD (b).

Fig. 14. Polymer-based additive: water poured on the surface (a); lignin-based
additive: “crust” effect (b), “droplet” effect (c) and dissolution with water (d).
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of ELWD values for location L2 took a longer time. The “crust” effect
would probably have decreased if less water had been added, i.e. a
higher concentrated solution of lignosulfonate; therefore, this may be
an input for further research, both in the laboratory (as discussed
previously) and in the field.

Lignosulfonate is water-soluble and partly dissolves in case of pre-
cipitation (Fig. 14d); therefore, the LWD results were affected by the
rain, which took place almost every day after day 24. In addition, the
untreated location L0 was the most vulnerable to water because there
were meaningful changes in ELWD and SLWD values from day to day. On
the other hand, even if the locations were not graded to have a cross
profile to lead the water away, the changes due to precipitation for
location L1 and L2 were smaller. During day 50 the ELWD values were
63.5 MPa for location L0, 133.7 MPa (2.1 times ELWD at L0) for location
L1 and 88.1 MPa for location 2 (1.4 times ELWD at L0).

Fig. 15 displays the LWD measurements performed from day 110 to
day 115 after construction. The results showed that both the ELWD va-
lues of the treated locations L1 and L2 were consistently higher than the
ELWD value of the untreated location L0 (Fig. 15a), similar considera-
tions were valid also for settlement SLWD (Fig. 15b). The values mea-
sured during this 5-day period were smaller than the maximum values
obtained during the first 50 days. A plausible reason for this may be
connected to the precipitation, which was more significant: during the
first 50-day period the total cumulated precipitation was 66.0 mm,
during the following 60-day period the value was 199.9 mm.

Fig. 16 displays the LWD measurements accomplished from day 365
to day 370, namely after one year from the construction. The results
showed that the treated locations L1 and L2 continued to perform much
better than the untreated location L0, even if a slight decrease in their
values was registered compared to the previous monitored interval
from day 110 to day 115. Differently from the increase in resilient
modulus assessed in the laboratory as discussed in Section ‘Repeated
load triaxial test’, there was no corresponding increment in the elastic
modulus measured in the field. This may be due to the different en-
vironmental conditions: the specimens in the laboratory were exposed
to temperature variation only, while the three field locations were
subject to precipitation as well.

Dynamic Cone Penetrometer
The DCP measurements followed a determined procedure: 7 se-

quences composed of 3 blows were performed, the depth from the layer
surface was recorded at the end of each sequence, Fig. 17 shows the
results. Each location comprised 15 measurement points, as previously
described in Section ‘Measurement procedures’. The outcomes referring
to the untreated location L0 just referred to 4 sequences (i.e. 12 blows),
because a higher number of blows was enough to reach the layer’s
bottom.

Considering the results related to day 115, there was a switch in the
trend of penetration rate between the area containing organosilane and
the area containing lignosulfonate: the latter was stiffer up to 5

Fig. 15. LWD measurements results from day 110 to day 115: elastic modulus ELWD (a) and settlement SLWD (b).
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sequences (i.e. 15 blows), which approximately corresponded to
5.5 cm. For a larger number of blows, namely for a major depth, the
former achieved better results. This could be connected to the “crust”
effect of the lignin-based treatment previously discussed in Section
‘Light weight deflectometer’. Both the treated locations L1 and L2
performed better than the untreated location L0. The results obtained

for day 370 showed a general increase in the penetration values;
nevertheless, the treated locations were still significantly stiffer than
the untreated location.

Fig. 16. LWD measurements results from day 365 to day 370: elastic modulus ELWD (a) and settlement SLWD (b).

Fig. 17. DCP tests performed in day 115 and day 370 after construction.
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Conclusions

The research examined two stabilizing additives that can improve
the mechanical properties of crushed rocks to serve as construction
materials, namely aggregates, in road unbound layers. One additive was
based on organosilane, the other additive was based on lignosulfonate.
Their effectiveness was assessed by means of laboratory and field tests;
the time span covered by the investigations was one year. The appli-
cation of the stabilizing agents can be particularly convenient for the
aggregates not fulfilling the code requirements.

The laboratory tests comprised thin-section microscopy, X-Ray
Diffractometry (XRD), X-Ray Fluorescence (XRF) for geological char-
acterization and evaluation of silicates, and Repeated Load Triaxial Test
(RLTT) for mechanical characterization.

The field tests were performed on three base road sections built
according to real practice. One section was untreated, while the other
two were treated with organosilane and lignosulfonate, respectively.
The locations were exposed to climatic conditions only, no surface
courses and no trafficking actions were applied. Light Weight
Deflectometer (LWD) assessed the development of elastic modulus
ELWD; Dynamic Cone Penetrometer (DCP) measurements also con-
tributed to the investigation. The samples investigated in the laboratory
were exposed to temperature variation only (Fig. 7), while the field
locations were subject to precipitation as well. The following conclu-
sions can be drawn:

(1) The laboratory tests indicated that the investigated additives coat
and bond the material particles closely together. The treated spe-
cimens had better mechanical properties than the untreated ones,
both in terms of resilient modulus and resistance to permanent
deformation.

(2) The field test showed that the organosilane additive had a rapid
effect: LWD and DCP measurement operations proved that the
treated materials performed better than the untreated materials.
Furthermore, this additive apparently created an impermeable
layer.

(3) The field test indicated that the lignosulfonate additive needed time
to become effective; 23 days were necessary for the treated mate-
rials to exceed the untreated materials’ performance. On the other
hand, the amount of lignosulfonate and water used both in the la-
boratory and in the field led to oversaturation of the samples and
“crust” formation in the field; therefore, as an input for further
research, mixing proportions containing lower water percentages
may be investigated.

(4) Lignosulfonate is water-soluble; the engineer needs to bear in mind
this feature for road design and construction.

(5) The repetition of all the laboratory and field tests after one year
highlighted the effectiveness of the stabilizing agents. Compared
with the initial results, laboratory tests showed that the properties
of the treated specimens were further enhanced; on the other hand,
field tests showed that the properties of the treated locations
slightly decreased.

(6) The tests accomplished in this research adopted aggregates that did
fulfil standard code requirements. Based on the positive results
obtained both in the laboratory and in the field, benefits may even
be greater for poorer rock aggregates, which do not meet code
specifications.

(7) On the whole the investigation demonstrated that both organosi-
lane and lignosulfonate were effective solutions to enhance the
properties of materials they were not especially designed for,
namely crushed rocks used in road unbound layers.
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