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Abstract

This paper evaluates the lab and in situ mechanical properties of non-selected mixed
recycled aggregates from construction and demolition waste (CDW) used as base and
subbase unbound materials. Excavation materials are mixed with CDW to produce
recycled mixed aggregates with soil, as well as a finer material referred to as mixed
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recycled soil. The research was divided into two different stages: a laboratory study
characterizing the properties of recycling aggregates and a road test track evaluating the
long-term performance of these materials under real traffic and weather conditions.
During construction, several density, plate load, and falling weight deflectometer tests
were performed to determine the bearing capacity of all layers. A laser profiler was also
used to obtained the international roughness index. After the road was opened to traffic,
a follow up of deflections and surface roughness was performed during the following

Seven years.

Two different moduli calculation methods were used: back calculation and forward
calculation. Both methods shown acceptable values for these recycled materials. Low
quality recycled mixed aggregates can be used as substitutes for natural aggregates as
unbound layers. The mechanical performance and surface roughness values obtained

from the experimental road shown an acceptable behaviour.

Keywords:

Construction and demolition waste, mixed recycled aggregates, backcalculation, forward

calculation, International Roughness Index, experimental road.

Acronyms:

CDW - construction and demolition waste; RMAS - Recycled mixed aggregates with
excavation soil; MRS - Mixed Recycled soil; FWD - falling weight deflectometer; IRI -
International Roughness Index; NA - natural aggregates; RA - recycled aggregates; RCA
- recycled concrete aggregates; CBR - California Bearing Ratio; ER - experimental road;
NDT - nondestructive testing; CS - crushed stone; SS - selected soil; SG - subgrade; GPR
- ground penetrating radar; PG3 - Spanish general technical specification for road

construction.
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1. Introduction

The construction sector contributes significantly to greenhouse gas emissions because of
the use of heavy machinery and because of cement production; these emissions contribute
greatly to climate change (UE Directive 2010/31/EC). Additionally, construction
activities consume a large quantity of non-renewable natural resources, such as
aggregates, which are scarce in many countries. To reduce these negative effects and
contribute to the sustainability of the sector, it is necessary to promote the use of recycled
aggregates (RA) from construction and demolition waste (CDW). This will provide a

second life cycle to raw materials [1].

In 2009 approximately 530 million tonnes of CDW were produced in the European Union
[2]. Spain produced 26 million tonnes in 2012 [3]. If the excavation soils from
construction activities were included, the total waste would be 1350 to 2900 million
tonnes [4]. These data show the importance of CDW and excavated soils to waste
generation. According to the European Commission, 25—-30% of total generated solid
waste comes from construction. The recycling rate in Spain reached 30% in 2011 [5],
which is below the EU-27 average (47%) [5] and it much lower than that in other
European countries such as Germany (86%) or Denmark (94%) [2]. The waste framework
directive of the European Parliament on waste stipulated that by 2020, a minimum

recycling level must be achieved of 70% of non-hazardous CDW [6].

The possibility of using RA from CDW in road construction has been studied by many
researchers. Vegas et al. [7], Garcia [8], Poon et al. [9] and Jiménez et al. [10—12] assessed
the feasibility of using RA as a granular material in the structural layer of pavement. Vegas
et al.[7] and Jiménez et al.[10—12] concluded that the most critical properties are sulphur

content because it can generate dimensional unstability of the layer and fragmentation
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resistance which is deeply related with durability. Jiménez et al. [10-12] compared the
behaviour of RA from CDW with that of natural aggregates (NA) on unpaved rural roads.
They concluded that RA can be used as an alternative to NA on unpaved roads. Few
studies on the mechanical capacity of RA have been made on experimental road sections

[13].

In a laboratory study, Del Rey et al. [14] found that cement-treated RA in a size range of
0—8 mm can be used as a subbase layer for light-traffic roads. Agrela et al. [15] performed
tests on a road section constructed with recycled mixed aggregates (RMA) in Malaga
(Spain), and concluded that RMA treated with 3% cement can be used in the subbase
layers of roads. Perez et al. [16] used recycled concrete aggregates (RCA) and natural
aggregates (NA) treated with cement as sub-base layers in two road test sections.
Deflections showed that RCA had a higher bearing capacity although a higher percentage

of water was needed.

Cardoso et al. [17] reviewed the use of RA in geotechnical applications, mainly the use
of CDW in pavement layers. Several studies were performed on pavements made with
NA, RCA, and RMA; these produced several conclusions regarding the bearing capacity,
durability, and workability of RA relative to NA. The international roughness index (IRI)
and deflections were similar in both materials, with RA performing better. RMA and RCA
have a higher optimum water content than NA. The Californian bearing ratio (CBR) of

RMA was lower than that of NA, but it could be increased by adding RCA.

There has been some international experience with RMA and RA used in low volume
traffic roads. In China [18], RA obtained from concrete and bricks waste was used in

bases and sub-bases. Cement was added, and deflection tests were made comparing RMA
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and RCA stabilized with cement and limestone. The main conclusion was that RA treated

with cement are feasible for road pavement construction.

Park [19] used two road sections constructed from variable-quality RCA and compared
them with those constructed from NA, obtaining similar deflections. Lancieri et al [20]
performed a long-term test using RMA as an unbound layer in two paved sections,
obtaining elastic moduli for these recycled unbound layers over a period of eight years.
These materials showed an increase in bearing capacity due to self-cementing and further

traffic compaction.

The elastic modulus is a basic input needed to calculate stress-strain values for pavement.

Mechanical durability is deeply connected with this parameter.

This paper has two main purposes. The first one is to study the short and long-term
performance of low quality recycled materials obtained from non-selected CDW mixed
with excavated soils. The second one is to calculate the elastic moduli of these materials
in an experimental road (ER) using nondestructive testing (NDT) such a FWD. The elastic
modulus of each layer can be determined using the deflection basin [21]. This way, the
mechanical properties of these materials can be obtained, assuring the bearing capacity

of the road.

Because of the high amount of excavated soil obtained from construction sites [4,13], it
1s quite important to find new applications for these wastes. To the best of the authors’
knowledge, there are no previous studies investigating RA mixed with excavated soils
and used as unbound layers in roads. RMA with soil (RMAS) could also be a good
material for reducing plasticity of the excavated wastes, because RA has no expansive
properties [13]. To test the viability of RA used in unbound layers in road pavements, it

is critical to reproduce real scale models. It is fundamental to perform middle- and long-
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term evaluations to verify the consistency of RA in these uses. Because of the duration of
the present study, this target has been achieved. It also fills a gap in the availability of

long-term performance studies on recycled materials used in roads open to traffic.

2. Materials and methods

2.1 Description of test sections

The experimental road (ER) was built on the service road of a four-lane freeway in Seville
(south of Spain). The ER consists of three sections, each one 150 m long (total length of
450 m). Fig.1 shows a description of the three sections and the thicknesses of the
structural layers. The surface course for all sections consists of 5 cm of asphalt concrete.
The base course of the first two sections is a crushed limestone (CS-1) used as a reference
and a recycled mixed aggregate from non-selected CDW with excavation soil (RMAS-
1). In the third section, granular base course materials would be classified as a Ala,
according to AASHTO [22]. The subbase course was built with two different materials, a
natural selected soil, which would be classified as A3 according to AASHTO [22] (SS-
1), and a mixed recycled soil (MRS-1) from preliminary screening in sections L.II and
LIIT, which would be classified as A4 [22]. Construction of the ER lasted from February

to June of 2009.
The two basic characteristics of this road are as follows:

*Traffic intensity is homogeneous for all sections investigated. Traffic counting was
performed from the September 5 2016 (Monday) to September 111" 2016 (Sunday). The
mean value for heavy vehicles was 30 per day, from a total of 659. According to Spanish

standards [23] this road would be classified as a T41 (25-49 heavy vehicles/day).

* The subgrade has the same composition in the three sections. It is a red silty clay,

classified as A6 in accordance with AASHTO [22] (SG-1).
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2.2 CDW treatment process

Two recycled materials (MRS-1 and RMAS-1) were collected from a recycling plant
located 5 km north of the ER (Sevilla, Spain). Fig.2 shows a schematic of the process
followed to obtain both recycled materials. MRS-1 was obtained from the preliminary
screening process (20 mm sieve) of a non-selected CDW mixed with excavation soils.
The excavated soil came from construction sites around the recycling plant, basically this
material came from foundations and ditches excavations. When excavation soils are not
reused in-situ, they must be managed by an authorized recycling plant. In this case, the

excavation soils were mixed with the non-selected CDW in the recycling plant.

To obtain RMAS-1, the material larger than 20 mm was crushed in an impact crusher and
screened with a 40 mm sieve. A magnetic conveyor belt was used to remove metallic

elements.

2.3 Material characterisation

The samples used to characterise the materials were collected prior to compaction during
the construction of the ER, according to UNE-EN 932-1:1997 [24]. Samples were
homogenised and reduced in a laboratory using a quartering method, according to UNE-

EN 932-2:1999 [25].

Table 1 presents the compositions of MRS-1 and RMAS-1, determined according to
UNE-EN 933-11:2009 [26]. MRS-1 has a high percentage of natural soil from excavation;
no other previous research has been found of a RMA with these characteristics. According
to Agrela et al. [27], Jiménez [13], and Cardoso et al. [17], both MRS-1 and RMAS-1 due
its elevated content of natural soil would be unclassified RA.

Both of the natural materials (SS-1 and CS-1) came from limestone quarries. All of the

parameters fulfilled the requirements of articles 330 (SS-1) and 510 (CS-1) of the Spanish

7
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general technical specification for road construction (PG3) [28]. Table 2 shows the
primary mechanical, physical, and chemical properties of these materials. The densities
and CBRs of NA are higher than those of MRS-1 and RMAS. The CBR value for recycled
materials falls between previous values obtained for RMA 69-90 % [13,14]. The
optimum moisture is higher for recycled materials than natural materials.

Based on their mechanical properties, all granular materials used in the ER (MRS-1, SS-
1, RMAS-1 and CS-1) meet the limits established by PG3 for use as road materials, except
for the Los Angeles test of RMA-1, which was not under the 35 % limit (PG3). According
to previous literature, most values for RMA fall between 35 and 43% [13,20], local
specifications for RMA raise this value to 50% [29].

With respect to chemical properties, PG3 imposes a 0.2 % limit on the content of organic
matter and soluble salts for a granular sub-base. This limit decreases to 0.07 % in granular
bases. Previous studies [10,12,13] showed that soluble salt content below 3.74% does not
create stability problems. Organic matter is not a limiting property in road applications,
and has a typical range of 0.42-1.00 % according to Jimenez [13].

The sand equivalent in RMAS-1 does not meet the PG3 minimum value of 35%. Previous
studies of recycled materials used as unbound layers did meet these limits [10,12].
Particle size distribution was studied in accordance with standard UNE-EN-933-1:2006
[30]. As shown in Fig. 3, both materials have less than 10% of fine fraction (< 0.063 mm),

and the coefficients of uniformity and gradation are very similar in both materials.

2.4 Description of external factors

Climate has a great influence on the behaviour of pavement layers. Precipitation and
temperature values were collected from a nearby weather station located in Los Molares

(Seville) with UTM coordinates (262696, 4117760).
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Fig. 4 shows the average monthly maximum and minimum temperatures. From 2009 to
2016, there were no extreme temperatures. Fig. 5 shows that the highest observed rainfall
(912 mm) occurred in 2010. The driest year was 2012, with only 405 mm. Total rainfall
was 460 mm in 2011 and 555 mm in 2009. Major rains occurred from November to March
during the period of lowest temperatures, meaning that monthly rain during this period

was 49 mm.

2.5 Tests in site

2.5.1 Control of compaction

Moisture and dry density was measured using a Troxler apparatus during the construction
of the road in May 2009. Five measurements were measured on each section of the

subbase and base course. The tests were performed according to ASTM-D-6938:15 [31].

2.5.2 Plate load tests

Six static plate load tests were performed, one on each of the three sections of the sub-
base and base course, in accordance with Spanish standard UNE 103808:2006 [32]. A
200 kN load device and 300 mm diameter steel plate were used. The strain moduli Ev1
and Ev2 (first and second load cycle) were measured. Tests were performed during

construction of the road in May 2009.

2.5.3 Falling weight deflectometer (FWD)

Pavement deflection is commonly accepted as a state indicator of pavement structural
conditions [33]. This test consists of the bearing capacity determination of each layer,
starting at the subbase. A Dynatest Heavy Weight Deflectometer 8081 equipped with
seven geophones was used. The geophones were located at 0-300-450-600-900-1200-

1500 mm. This equipment has been used in previous studies (see Jimenez et al [10,12]).
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A 450 mm diameter plate was used for the granular layers (bases and subbases), and a
300 mm diameter was used on surfaced courses. Loads of 39.24 kN were applied with a
pressure of 246.47 kPa on subbases, loads of 68.67 kN were applied with a pressure of
431.33 kPa on bases, and loads of 49.05 kN were applied with a pressure of 693.21 kPa
on surface courses, the standard that regulates these loads and configurations is the
“Technical Specifications for High-Performance Dynamic Monitoring Tests” [34] from

the Civil Works Agency of Regional Government of Andalusia (Spain).

Deflections were obtained every 20 m along the three sections, in accordance with ASTM
D4694 (2003). According to Spanish standard, temperature did not influence the
measurement of the deflection located under the plate at a distance of 0 mm. This occurred

because the asphalt concrete was less than 10 cm thick [33].

Fig. 6 shows the theoretical deflection calculated with multilayer software BISAR [35].
This software applies the theories of Burmister [36] and Acum and Fox [37], and is
implemented with a solution for determining strain and stress by Shiffmann [38]. The
theoretical deflection was obtained for each layer and section according to the elastic
moduli and Poisson ratios. Poisson ratio values were adopted of 0.35 (for granular layers
and roadbed soil), and 0.33 (for the bituminous layer) [39,40]. Roadbed moduli were
determined from CBR tests performed along the section using the correlation described

in the pavement instruction of Andalusia (Spain) [39].

2.5.4 Laser profiler (LP)

Road roughness strongly influences operation costs, and is generally related to the
regularity of pavement surfaces. Globally, the accepted parameter for establishing the
smoothness of roads is the IRI [41], which was calculated according to ASTM E867-

06:2012 [42]. There are correlations with the present serviceability index (PSI), another

10
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important index [43]. A new road has a PSI value of 4.5, which is equivalent to a 0.285
m/km IRI, while a road at the end of its life has a PSI value of 2, which is equivalent to a
4.45 m/km IRI. Longitudinal profile data was collected in 2009 and 2016 to study IRI
evolution over time. The IRI was measured using a RSP MARK-IV device, which was
previously used in the studies of Jimenez et al [10,12]. Eight passes were conducted for

each IRI mean value. Data were analysed using a one-way analysis of variance (ANOVA).

2.6 Elastic modulus calculation

2.6.1 Back calculation using RMS

Back calculation is the main method used to calculate moduli [44]. This method consists
of comparing the theoretical deflections in the road with the actual data obtained from a
FWD. It is an iterative process in which the error tends to be minimized at each step [45].
The moduli for bases and subbases were obtained from Evercalc [45]. In essence, this
software calculates a deflection basin until it matches the measured deflections. The
required inputs are layer thickness, Poisson ratio, and the seed moduli for each layer.

Tolerable error is calculated using the root mean square (1).

1 n dei—dmi 2

RMS (%) = | |- ¥, [“==]"| - 100 (1)
nq dmi

Where:

RMS = root mean square error,

d.i = calculated pavement surface deflection at sensor 1,

dmi = measured pavement surface defection at sensor i,

ng = number of deflection sensors used in the back calculation process.
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Seed moduli are the initial moduli used in the computer program to calculate surface
deflections. Evercalc uses WESLEA [46] as the layered elastic solution to compute
theoretical deflections, and uses a modified Augmented Gauss-Newton algorithm for
optimization. The process is terminated when the error is tolerable or when the maximum

number of iterations is reached.

2.6.2 Forward calculation

Another way to determine the mechanical properties of pavement layers is through the
use of forward calculation [47]. This is an empirical approach for the calculation of the
flexible and rigid pavement layer moduli developed by Stubstad et al. [47]. It involves
estimating the modulus of the pavement using the Hogg model [48], whose
implementation is described by Wiseman [49]. Three cases are considered. Cases I and 11
are for subgrades with Poisson ratios of 0.4 and 0.5, respectively. Case III allows any
value to be used as the Poisson ratio. The adimensional constants used for the three
approaches in the Hogg model are presented in Table 3. The most fittable version for the
characteristics of the ER is case number III, which uses a Poisson ratio of 0.35 for roadbed

soil.

The following equations are used:

e @

Where: Eo = subgrade modulus, v, = Poisson ratio, So = theoretical point load stiffness, S
= pavement stiffness, p = applied load, Do= deflection from centre plate, 1 = characteristic
length, I = Influence factor, m = characteristic length coefficient, m = stiffness ratio

coefficient.

(1/a)V/E-B

po G/
ool s

Ts5o =

€))
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Where: D; = deflection at offset distance r, r = distance from centre of load plate, B =

curve fitting coefficient, b = curve fitting coefficient, a = curve fitting coefficient,
l=}’o'r2ﬁ+[(}’0'1”50)2—4'"1'“'7'50]0'5 C))

Where: yo = characteristic length coefficient, rso = offset distance where D:/Dg=0.5.
S — a
f|=1-m[f-o0.2] )

If a/l < 0.2 then [Si] = 1.0

0
The second step is to use the subgrade modulus to determine the moduli for subbases and
bases using equation (6) [50].
E;=0.2-h"* E, (6)

Where: Ei = modulus of the upper layer, Ei+1 = modulus of the lower layer, h; = thickness

of the upper layer.

Dynamic moduli from these granular base and subbase deflections were calculated by the

following equation, proposed by Brown [51]:

2
Eoz%zm (7

Where: E, = equivalent modulus of the entire pavement system beneath the load plate, a
= radius of the FWD plate, g, = Pressure of the FWD impact load under the load plate

d, = deflection at 0 mm at the centre of the FWD plate.
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3 Results and discussion

3.1  Quality control of compaction

Figs. 7 and 8 show the dry density and moisture content of the subbase and base layers
during construction. The compaction values obtained for the base and subbase course
layer were above 98% and 95%, respectively, in the modified proctor. This means that the
values meet the limits in PG3 articles 330 and 510 [28]. However, the compaction water
content was lower than the optimum moisture obtained in the laboratory, possibly because
of the lack of experience using RA by the construction companies and supervising

engineers.

According to Fig. 7, results for the subbases show that the densities for MRS-1 (sections
L.IT and L.IIT) are lower than those for conventional soil SS-1 (section L.I). In base layers,
densities are also lower for recycled materials (RMAS-1) than for crushed quarry (CS-1),
as shown in Fig. 8. These results are in line with previous studies carried out by Jiménez

et al. [9-12] and Del Rey et al. [14].

Fig. 7 shows that moisture content is similar for the three section materials. In MRS-1,
there is an important gap between the optimum moisture content and the content obtained
on site. Fig. 8 shows similar results for the base layers. Materials were placed in work
with a moisture content below the optimum value obtained in laboratory tests. This is
attributable to the lower dry density and higher water absorption capacity of recycled
aggregates relative to NA. Jiménez [13] proposed that in recycled mixed aggregates the
water absorption values range from 11 to 15%, while in NA this value range from 0.5 to

1.8%.

This work has shown that the quality control of compaction and moisture of mixed

recycled aggregates placed on site has to be higher than for natural aggregates, since
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recycled aggregates require a greater amount of compaction water and the construction

companies have no experience in the use of mixed recycled aggregates.

3.2 Loading test plate results

The deformation moduli in subbases are similar for recycled materials, while the selected
soil of section LI is higher. As shown in Fig. 9, the ratio between both cycles is higher
than 2 in MRS-1 and lower than 2 in quarry materials (SS-1), which can be justified by

the lower compaction percentage of MRS-1 with respect to SS-1 (Fig. 7).

Deformation moduli on granular bases are similar in sections I.I and L.II. The modulus
for section LIII is lower, as shown in Fig. 10. The ratio between Ev1 and Ev2 seems to be
lower than 2 for CS-1 and RMAS-1, which means that high compaction has been obtained

during the placement on site (Fig. 8).

The plate load test in Fig. 9 and Fig. 10 shows values over 200 MPa for the E.> in bases
and subbases. The ratio between Evz> and Ey; is below 2.2; these values comply with

Spanish standards [28] limits for foundation failure by vertical strain.

Despite the good bearing capacity of the recycled materials used in this study, the moduli
obtained in this work are lower than those obtained by Jiménez et al. [10] on an
experimental unpaved rural road. These authors tested a selected mixed recycled
aggregate, a recycled concrete aggregates and a crushed limestone as reference. The
layers built using recycled aggregates showed a high bearing capacity, the Ev, values
oscillated between 270 and 405 MPa for mixed recycled aggregates and 321 and 642 MPa
for recycled concrete aggregates, the values oscillated depending on the test point and
date. This high bearing capacity was justified by the excellent material of the subgrade.
Nevertheless, the Ev2/Ev] ratios are lower in this ER with respect to those obtained by

Jiménez et al. [10].
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In a second work, Jiménez et al. [12] evaluated on an experimental rural road the
performance of a recycled aggregate from non-selected CDW. The Ev; values was 132
MPa, a lower value than that obtained in this study. The low bearing capacity of the

subgrade and the poor quality of the recycled material justified these results.

This new ER has shown that natural materials used are of a high quality possessing a high
bearing capacity, and that recycled materials have obtained similar results, which makes

them a viable option for NA replacement.

3.3 Deflection results obtained by FWD

In 2009, the road was opened to traffic. From 2009 to 2013, deflection tests were
conducted every six months to investigate the evolution of the bearing capacity of these
recycled material layers in comparison with NA layers. During this time a total of eight
controls were made. FWD represents a more realistic test than loading test plate because

it simulates the dynamic load that real traffic generates.

Deflections are shown for subbases (Fig. 11) and bases (Fig. 12) along the investigated
road. All deflections are lower than their theoretical values, which means that the

structural capacity of the layers is higher than expected.

On subbase layers, deflections and moduli are similar in the three sections, as shown on
Fig. 13. On base layers, the mean value of deflections and moduli are close for sections
I.I and L.IT as shown in Fig. 14. Section LIII has slightly higher deflections and lower
moduli values. Table 4 shows the evolution of deflections from June 2009 until January
2013. The deflections obtained are lower than the theoretical values (Fig. 6); this means
that the structural capacity of the road is higher than expected. Because the road is coated
with an asphalt concrete, and because concrete ditches are located along the road, seasonal

variations do not affect the value of the deflections for the three sections.
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Three one-way ANOVA tests were performed to determine whether seasonal moisture
conditions during deflection measurements had a statistically significant effect on the
mean deflections obtained with the FWD for each section. As presented in Table 4, the p-
value of the F-test was over 0.05 for the three sections. This means that there was no
significant difference in the mean deflections of the sections during wet or dry seasons.
Therefore, climate conditions did not affect deflection values. In contrast, as presented in

Table 4, there were significant differences in the deflections of the three sections.

Deflection values for section LII (CS-1+MRS-1) tended to be higher than those for
section L.I (CS-1+SS-1). Deflection tended to be minimized in final tests. With respect to
section LIII (RMAS-1+MRS-1), the values seem stable, and are higher than those
obtained in the two other sections. Values are higher than those obtained by Perez et al.
[16] and Agrela et al. [15]. In this Malaga road test, CDW was treated with cement and
RC was used for the aggregate, which makes them of better quality than those used in the
present research. Deflections showed lower values in section LI, this was motivated by
the higher bearing capacity of SS-1 and CS-1, nevertheless sections build with MRS-1
and RMAS-1 had a suitable performance in the ER. Due to its durability and bearing
capacity it can be assure that RMAS-1 and MRS-1 are valid materials for NA substitution

as unbound layers.

34 Moduli calculations for subbases

Moduli calculations have been made from the deflection basins of the FWD-measured
tests from June 2009 to January 2013. To obtain the moduli values, two different methods
were used. The first method used back calculation, as described in section 2.6.1 using
EVERCAL software [45]. The second method used forward calculation, which is also

described in section 2.6.2. GPR and topographic controls were used to determine real
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thickness of each layer, because moduli obtained through backcalculation are very

sensitive to layer thickness.

Moduli for granular subbases SS-1 and MRS-1 are calculated and compared using these
two methods. The p-values of both ANOVAs were over 0.05; therefore, there are no
significant statistical differences between the mean moduli calculations for each method.
Table 5 shows the means and standard deviations for the moduli of SS-1 and MRS-1 using
both methods, respectively. It can be concluded that both methods are valid for this
calculation. The moduli values obtain in MRS-1 are similar to those back calculated by
Lanceri et al. [20] (122—200 MPa). Moduli values obtained are shown on table 5, MRS-
1 modulus is between 160.8-156.5 MPa and SS-1 value is between 220.0-223.2 MPa,
thus MRS-1 can replace SS-1 with a ratio of 1.4, therefore to obtain the equivalent
thickness of a 30 cm layer of SS, 42 cm of MRS-1 are needed. MRS-1 showed an
acceptable modulus as a subbase layer in this low bearing traffic road. MRS-1 had a stable
mechanical performance during the time that this experiment took place. Therefore, it can

be said that it is possible to replace natural soils with MRS on low traffic roads.

3.5 Moduli calculations for bases

The moduli of the granular bases for CS-1 and RMAS-1 are calculated by forward and
back calculation, as in the previous section. An ANOVA was performed to evaluate
whether or not there was a significant difference between the methods for these two
materials. Table 5 presents the means and standard deviations for the moduli of CS-1 and
RMAS-1, respectively, using both methods. The ratio of the mean moduli determined
from forward-back calculation in CS-1 equals 1.014. For RMAS-1, this ratio equals

1.012, as shown in Table 5 9. This implies that both methods are valid for this calculation.
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The moduli values obtain in RMAS-1 are similar to those back calculated by Lanceri et

al. [20] (235379 MPa).

Similar results (160—550 MPa) were obtained by Leite et al. [52] for RMA in a laboratory
using a repeated load triaxial test. In Table 6, the moduli for granular bases and subbases
are reported, according to AASHTO [43]. RMAS-1 would be classified as a natural
aggregate because of its modulus, MRS-1 would be classified as a selected soil (S2), SS-
1 would be classified as a selected soil (S3), and CS-1 would be classified as a crushed

quarry stone.

RA had lower modulus values than NA. Despite this fact, the mechanical performance of
RMAS-1 and MRS-1 makes those materials suitable for low volume traffic roads such as

the one used in ER.

Moduli results for granular bases are shown on table 5, RMAS-1 modulus is between
351.2-347.0 MPa while CS-1 modulus is between 484.8-477.9 MPa, thus RMAS-1 can
replace CS-1 with a ratio of 1.37, therefore to obtain the equivalent thickness of 30 cm of
CS-1, 41 cm of RMAS-1 are needed. Moduli of RMAS-1 showed steady values on each
FWD test carried out along 5 years, therefore crushed stone can be replaced by RMAS-1
obtaining an acceptable performance. In the same way the MRS-1 can replace the SS-1
with a ratio of 1.40, therefore to obtain the equivalent thickness of 30 cm of SS-1, 42 cm

of MRS-1 are needed

3.6  International Roughness Index (IRI)

Two IRI measurements were made on the ER (December 2009 and July 2016). IRI values
were obtained as averages of eight passes for each section. In order to detect the effects

of the date and the composition of each section on variations in the mean IRI values, a
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one-way ANOVA was performed. Six different levels were defined, corresponding to the

three sections (SI.I, SL.II2 and SI.IIT) and two measurement dates (2009 and 2016).

The results obtained are presented in Table 7; the results indicate that there were no
statistically significant differences between the IRI values for the three sections studied
(p > 0.05). Likewise, the date has no statistically significant influence on any of the three
sections studied (p > 0.05). According to the World Bank [41], the values obtained after
seven years correspond to a new pavement, and the results are similar for the three
sections. There were no significant differences in the behaviour of Section I.I (constructed
only with NA) and Section LIII (constructed with CDW aggregates). IRI values obtained
after seven years showed the viability of NA substitution by RMAS-1 and MRS-1. This
long term period results justifies the use of RMAS-1 and MRS-1 as unbound layers in

low volume traffic roads.

4 Conclusions

This research focuses on the mechanical and functional behaviour of an ER built with
recycled materials from non-selected construction and demolitions waste mixed with
excavation soils (RMAS-1 and MRS-1). The following partial conclusions can be

extracted:

RMAS-1 and crushed stone granulometries were very similar. Compaction controls
showed that materials were correctly set in place. Dry density was higher and optimum
moisture was lower than in natural soils and aggregates; this occurred because of the

higher porosity of recycled aggregates.

A high bearing capacity was obtained in sections built with recycled materials, which

meet the mechanical requirements of the Spanish regulations for road construction for of
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any category of traffic. The ratio between Eyi and Ey> was under 2.2, which is the Spanish
limit; this shows that the materials were correctly set in place. Deflections obtained over
three years in the experimental road are lower than the theoretical values; this means that

the structural capacity of the three sections is higher than expected.

Section LI built with natural selected soil and crushed limestone exhibited lower
deflection values than sections LII built with mixed recycled soil (MRS-1) and LIII built
with mixed recycled soil and recycled mixed aggregates soil (RMAS-1). Section LIT had
lower deflection values than Section LIII. Deflections were stable over time and they were

under the theoretical limits required for these type of materials.

The determination of moduli through forward and back calculation for the granular bases
and subbases showed no statistically significant differences in mean values for the three
sections tested. Both methods used were shown to be valid. Because of the simplicity of
forward calculation, it is advisable to use that method to determine the moduli of granular
bases and subbases for pavements. Crushed limestone had a mean value (between both
methods) of 481 MPa, while the value for RMAS-1 averaged 349 MPa. Selected soil had
a mean value of 22 MPa, while MRS-1 averaged 158 MPa. Recycled layers had lower
moduli values than natural material layers but still had a higher mechanical performance
than expected theoretically, thus it can be used as granular bases and subbases in low
volume traffic roads. From a practical point of view, 30 cm of selected soil can be replace
by 42 cm of MRS-1, and 30 cm of crushed limestone can be replace by 41 cm of RMAS-

l.

After seven years during which the ER was open to traffic, IRI performance was shown
to be similar in the three sections. According to its value, it could be catalogued by the

World Bank as if it was a new pavement. It can be assured that sections built with recycled
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materials perform similarly to the section made with natural materials, and that its

roughtness over time is stable.

The long term results obtained by the present work proof the use of RMAS-1 and MRS-
1 as viable replacement materials for natural soils and aggregates in low-traffic roads
construction (fewer than 50 heavy vehicles/day). Additionally, the technical specification
limits for Los Angeles abrasion and sand equivalents in the Spanish code (PG-3) could
be raised to 45 for low-traffic roads and mixed recycled aggregates. Finally this research
shows new uses for non-selected construction and demolition wastes and prevents its
illegal or legal deposit in landfills. Ecological footprint can be reduced by avoiding

natural aggregate extraction from rivers and quarries.
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. 1. Experimental Road cross sections.

. 2. Flow diagram in the recycling plant.

. 3. Particle size distribution curves of ER granular bases.
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6 Layer mechanical properties for the three sections (adapted from Garcia-Garrido [8]).
7 Densities and moistures in subbases.
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9 Plate tests results on granular subbases.

10 Plate tests results on bases.

11 Bearing capacity of granular subbase (12" May 2009). Adapted from Garcia-Garrido

12 Bearing capacity of granular base (19" and 21%2009). Adapted from Garcia-Garrido [8].
13-Deflections over granular subbase (May, 2009).

14 Deflections over granular base course (May, 2009).
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Table 1. Composition of the mixed recycled aggregate. UNE-EN-933-11:2009.

MRS-1 RMAS-1

Class Type Weight Weight

Ra Asphalt 0 0

Re Ceramics 5.3 25
Concrete and

Rc Mortar 2 16.5 42.56

R nghtwelght 0
particles

Ry Unbound -~ 40,57
aggregates

X1 Natural Soil ¢ 75.4 13.57

X2 Others ¢ 0.9 0.8
Total 100 100

& Natural aggregates with cement mortar attached from concrete or masonry
b Natural aggregates without cement mortar attached
¢ Excavation soil.

4 \Wood, glass, plastic, metals, gypsum.



Table 2. Physico-mechanical and chemical properties of unbound materials.

Materials Standard
Properties SG-1 SS-1 MRS-1 RMAS-1 CS-1
Grading Max. Size (mm) 125 80 25 20 25 UNE 103101:1995
% passing sieve # 0.063 39.9 143 18 13 13.8 UNE 103101:1995
Liquid Limit 23.8 - 24.6 23.4 - UNE 103103:1994 UNE 103104:1993
Atterberg Limits  pjastic Limit 11.2 - 17.8 186 - UNE 103103:1994 UNE 103104:1993
Plastic Index 126 - 6.8 4.6 - UNE 103103:1994 UNE 103104:1993
Sand equivalent (%) 27.4 42.2  UNE-EN 933-8:2000
Los Angeles (%) 42 28 UNE-EN 1097-2:2010
Flakiness index (%) 23 8 UNE-EN 933-3:2012
Crushed particles (%) 100 100  UNE-EN 933-35:1999
Modified Proctor Max- Density (Mg/m?) 1.6 21 1.8 1.94 2.38  UNE 103501:1994
Optimum Moisture (%) 10 9 145 10.5 7 UNE 103501:1994
100% 5.9 74.4 56 65.5 100.7 UNE 103502:1995
CBRY 95% 3 423 389 353 66.6 UNE 103502:1995
Swelling after 4 days soaking (%) 0.2 0.1 0.1 0 UNE 103502:1995
Acid-soluble sulphate (%S0s) 0.13 0.92 0.31 UNE 103201:2003
Organic matter (%) 251 0.11 1.04 0.92 UNE 103204:1993

) The CBR tests were carried out with laboratory samples compacted at their corresponding maximum dry density of Modified Proctor and 4-day
of soaked conditions



Table 3. Hogg model coefficients.

CASES | ] Il

Depth to hard bottom h/lg 10 10 Infinite
Poisson’s ratio HO 0.50 0.40 All values
Influence factor I 0.1614 0.1689 0.1925
Range Ar/AQ >0.70 > 0.426 All values
r50=f(Ar/A0Q) o 0.592 0.548 0.584

B 2.460 2.629 3.115

B 0 0 0
Range Ar/AQ <0.70 <0.426
r50=f(Ar/A0Q) o 0.219 0.2004

B 371.1 2283.4

B 2 3
I=f (r50, o) 0 0.620 0.602 0.525

m 0.183 0.192 0.180
So/S = f (all) m 0.52 0.48 0.44




Table 4. Deflection results of ANOVA.

Factor
Composition of Sections Date
Properties Eif/teolrs Section I.I  Section LIl Section LIl Section 1.1 Section L.11 Section L1II
Ezfg'le‘;;i;r)‘s p-value <0.0001 0.7115 0.2529 0.8125
M 45.98 58.06 70.50 Factor Levels M SD M SD M SD
SD 6.41 11.63 14.60 jun-09 49.11 8.05 64.34 5.95 66.81 9.55
dic-09 4449 741 59.42 8.47 67.40 21.50
jun-10 46.99 8.67 57.10 14.98 65.54 12.84
dic-10 46.15 7.18 61.77 12.50 7499 18.21
jul-11 46.20 6.04 62.03 12.36 7132 16.44
dic-11 4598 6.90 55.86 16.37 75.16 16.05
M=Mean jun-12 46.25 3.20 51.20 8.25 69.02 12.42

SD=Standard deviation ene-13 4263 1.60 52.74 8.19 73.78 8.41




Table 5. Moduli of SS-1, MRS-1, CS-1 and RMAS-1 (MPa). Summary of comparison

between forward and backcalculation.

Method SS-1 MRS-1 CS-1 RMAS-1
M SD M SD M SD M SD

Back moduli 2232 213 1608 294 4848 964 351.2 57.1
Forward moduli 2200 327 1565 313 4779 979 3470 68.9
p-value 0.5136 0.2613 0.5671 0.7073

M (Mean), SD (Standard Deviation).

Table 6. Maximum values for granular bases and subbases according to ICAFIR

[38].

Material Maximum Moduli (MPa)
A-4 (AASHTO) 150

A-3 (AASHTO) 200

A-1-b (AASHTO) 250

A-1-a (AASHTO) 350




Table 7. International Roughness Index results of ANOVA.

Factor
Composition of Sections Date
. Factor . . . . . .
Properties Levels Section|  Section Il Section 11 Section | Section Il Section Il
IRI
p-value 0.3405 0.4947 0.7138 0.1913
(mm/m)
M 2.28 2.60 2.48 Factor i sp M sD M SD
Levels
SD 0.80 0.52 0.59 dic-09 2.17 0.90 256 0.65 233 0.67
M=Mean jul-16 238 0.70 2.64 036 2.63 0.48

SD=Standard deviation




SECTION LI SECTION LI SECTION LIl Thickness

Surface Course : t t Co ; Asphalt Conc 5cm
30 cm
Base Course
30 cm
Subbase Course
200 cm
Roadbed Soil
mileage (km) 0+000 0+150 0+300 0+450

UTRERA > SEVILLE

Fig. 1. Experimental Road cross sections.

RA 40-80
Non selected mm
cbw

Impact

Prescreening Crusher

(20mm) and Screening

conveyor
belt

Excavation

Soils 0-20mm

RMAS-1 0-40 mm

Fig. 2. Flow diagram in the recycling plant.
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Fig. 3. Particle size distribution curves of ER granular bases.
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Fig. 4. Average monthly maximum and minimum temperatures.
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Fig. 5. Monthly total precipitation (mm).



. , _|Theoretical
. Modulus | Poisson’s .
Layer Thichness (MPa) ratio deflection
mm/100
Base Course 5cm El 6000 0,33 149
Granular Base 30 cm E2 295 0.35 241
Subbase 30 cm E3
75 0,35 238
Roadbed Soil
CBR=3 200 cm E4 30 0,35 -

Fig. 6. Layer mechanical properties for the three sections (adapted from Garcia-Garrido [8]).

2,085

I155-1

m Max density (g/cm3)

(8% PM)

Densities in subbases

m Mean Density (g/cm3)

2.042

1.802 1.786
1,878 (96% PM) 1,878 (95% PM)

LI MR5-1 LIl MRS5-1

Moisture obtained/optimum in
subbases

m % Moisture optimum  ® % Moisture obtained

17,40 17,40
8,20
6,6
I i 5’8 I
1.1 55-1 LI MRS5-1 LI MRS-1

Fig. 7. Densities

and moistures in subbases.




Densities in bases

= Max density (g/cm3) ® Mean Density (gfcm3)

2.338 2,334

2,38 ,38
II9 | I |

L1 C5-1 LI C5-1

1.910
1,54 (98% PM)

LI RMAS-1

Moisture obtained/optimum in
bases

% Moisture optimum ® % Moisture obtained

10,50
7,6
7,00 7,00
Ii I :
LI C5-1 LI C5-1 LITRMAS-1

Fig. 8. Densities and moistures in bases.

Load Plate Modulis on granular subbases
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Fig. 9. Plate tests results on granular subbases.




Load Plate Modulis on granular bases
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Fig. 10. Plate tests results on bases.

Deflection, 0.01 mm
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Fig. 11. Bearing capacity in granular subbase (12" May 2009). Adapted from Garcia-Garrido [8].




Deflection, 0.01 mm

Fig. 12. Bearing capacity in granular base (19" and 21 May 2009). Adapted from Garcia-Garrido
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Fig. 13. Deflections over granular subbase (May, 2009).
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SECTION 1.1 SECTION LI SECTION LIl
B mean deflection (mm/100) 92 93 106
B mean moduli (MPa) 190 190 163

Fig. 14. Deflections over granular base course (May, 2009).
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