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Short-term tensile behaviour of three geosynthetics after exposure to

recycled Construction and Demolition materials

Castorina Silva Vieira!* and Paulo M. Pereira'

!CONSTRUCT, Faculty of Engineering, University of Porto

R. Dr. Roberto Frias, 4200-465 Porto, Portugal

ABSTRACT

Designing and building structures and infrastructures with alternative and
environmentally friendly materials is, nowadays, an important step towards a more
sustainable society. Recycled Construction and Demolition:(C&D) materials have been
considered as alternative materials in different civil engineering applications, such as
unbound pavement layers and structural embankments, in which geosynthetics are also
frequently applied. If the durability of geosynthetics is an important issue when
conventional materials are used, it becomes more relevant when utilising alternative
materials. This paper presents and discusses the chemical and environmental
degradation induced by ja recycled C&D material on the short-term tensile behaviour of
three geosynthetics used typically as reinforcement material (two geogrids and a high-
strength geotextile), after 24 months of exposure. For comparison purposes,
geosynthetics samples were also exposed to a natural soil. The physical and
environmental characterization of the recycled C&D material are presented and the
tensile behaviour of intact (as-received) samples, immediately exhumed samples and
exhumed samples after 24 months of exposure are characterized and discussed. To
evaluate the potential damage in more detail, Scanning Electron Microscope (SEM)

analyses were carried out. Regardless of the geosynthetic type and exposure condition,
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the geosynthetic’s tensile strength decreased after 24-month exposure. This loss of
tensile strength was insignificant for the high density polyethylene geogrid and higher
for the geotextile. The effect of exposing the geosynthetics to the recycled C&D
material for 24 months had some relevance only for geotextile. For both geogrids, the
loss of strength for the specimens immediately exhumed and exposed through 24
months is comparable. In general, the exposure to the recycled C&D material or to the

soil induced similar effects.

KEYWORDS: Geosynthetics; Construction and demolition waste; Recycled

aggregates; Geosynthetics degradation; Tensile behaviour.
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NOTATION

& - geosynthetic strain (dimensionless)

Ermax - geosynthetic strain for Ty (dimensionless)

Dmax - maximum soil or aggregate size

J - geosynthetic axial stiffness (kN/m)

J2a - secant stiffness modulus at strain of 2% (kIN/m)

J1max - secant stiffness modulus at €rmax (KIN/m)

R - retained peak strain (dimensionless)

Rj29 - retained secant modulus at 2% of strain (dimensionless)
Rr - retained tensile strength (dimensionless)

T - load per unit width (kN/m)

Trax — geosynthetic tensile strength or maximum tensile force (kN/m)



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

This manuscript is the accepted version of the paper:

Short-term tensile behaviour of three geosynthetics after exposure to Recycled Construction and
Demolition materials, Construction and Building Materials, 273, 122031

DOI: 10.1016/j.conbuildmat.2020.122031

1. INTRODUCTION

Recycled Construction and Demolition (C&D) aggregates have been considered as
alternative materials in several civil engineering applications, such as unbound
pavement layers [1-4], as cement stabilized or geopolymer-stabilized material in
pavement base/subbase applications [5-8], as backfill material for geosynthetic
reinforced structures [9-13], as pipe backfilling material [14, 15] and as aggregates for
concrete production [16-18]. In some of those applications, geosynthetics, particularly
geogrids and high strength geotextiles, are used as reinforcement elements of the
recycled materials. Thus, it is of utmost importance evaluating the potential degradation
caused by these alternative materials on the geosyntethics short- and long-term tensile
behaviour.

One of the main issues on the use of geosynthetics pointed out by some construction
industry stakeholders is their durability. In fact, the damage caused by the mechanical
actions during installation and the chemical and biological degradation are key aspects
to be thought over in geosynthetics behaviour.

When assessing the design value of a geosynthetic’s long-term tensile strength,
reduction factors to account for the damage during installation, the effect of creep and
the effects caused by chemical and biological degradation of the polymers are usually
considered.

Laboratory and field studies concerning the mechanical damage of geosynthetics
caused by the compaction procedures have been reported for many years [19-25]. More
recently, the installation damage induced by recycled C&D materials has also been
simulated through laboratory tests [26, 27] and field tests [28].

The oxidation degradation of geosynthetics in field conditions is affected by

chemical constituents of the surround media (pH, transition metal ions, etc.), the
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temperature and the available oxygen concentration [29]. The presence of transition
metal ions such as cobalt, manganese, copper and iron can accelerate the oxidation of
polyolefins. However, since all geosynthetics made from polyolefins contain
antioxidants, it is expected that the oxidation of the polymer does not begin until nearly
all of the antioxidants have been consumed [29].

The hydrolytic susceptibility of polyester (PET) geosynthetics has also been
assessed. A pH of 9 is considered the upper limit for using PET geosynthetics for
critical applications, while a lower limit of about 4 is assumed [29]. The Federal
Highway Administration (United States) defines a lower limit-of pH of 3.for polyolefin
(high density polyethylene and polypropylene) and polyester geosynthetics [30].

The biological degradation has often been mentioned.as a concern, but according to
[31, 32], unless biologically sensitive additives (such as low-molecular-weight
plasticizers) are included in the polymer formulation, geosynthetic resins are not
sensitive to bacteria and fungi.

Geosynthetics have been.exhumed after decades of service with marginal losses on
their property values [32]. However, it is of great significance understanding the effects
of the use of alternative fill materials, such as recycled aggregates coming from C&D
waste, on geosynthetics short and long term behaviour.

In order tostudy the chemical and environmental degradation induced by a recycled
C&D material on the short-term tensile behaviour of three geosynthetics (two geogrids
and one geotextile), damage trial embankments were constructed. For comparison
purposes, an embankment with a clayey sand was also built.

It should be pointed out that the construction of these damage trial embankments
intended to simulate the potential degradation (chemical and environmental) induced by
arecycled C&D material on the geosynthetics and not the damage during installation

due to the compaction procedures. Secondly, the construction method and the

5
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dimensions of these small trial embankments are not suitable for other purposes, namely
the study of the embankments behaviour.

Geosynthetic samples were exhumed from the embankments after 6, 12 and 24
months of their construction. The effects induced on two geosynthetics (the HDPE
geogrid and the geotextile) after 6 months of exposure to the recycled C&D material
was presented and discussed in a previous publication [33]. Vieira [10] reported the
effects provoked by the recycled C&D material on the geosynthetic samples exhumed
after 12 months of the embankment construction. This paper refers to geosynthetic
samples exhumed after 24 months of exposure and also includes a comparative analysis
with the effects induced by a soil.

Although the period of exposure of the geosynthetics to the recycled C&D material
(2 years) is not comparable to the service life of areal structure, this study will provide
information on the degradation induced by an alternative fill material on the tensile
behaviour of three geosynthetics with different structure and base polymers and also
allows the comparison with the effects caused by a conventional material (a natural

soil).

2. MATERIALS AND METHODS
2.1. Geosynthetics

The study was carried out on three commercial geosynthetics used commonly as
reinforcement (Figure 1). A uniaxial high density polyethylene (HDPE) geogrid,
referred to as Geogrid 1 (Figure 1a), a uniaxial geogrid manufactured of extruded
polyester (PET) bars with welded rigid junctions, referred to as Geogrid 2 (Figure 1b)

and a high-strength composite geotextile consisting of polypropylene (PP) continuous-
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filament needle-punched nonwoven and high-strength PET yarns, referred to as

Geotextile (Figure 1c). Table 1 summarizes the main properties of these geosynthetics.

2.2. Filling materials

To study the chemical and environmental degradation induced by a recycled C&D
material on the short-term tensile behaviour of the geosynthetics, three damage trial
embankments were constructed. A fourth embankment was constructed using a clayey
sand for comparison purpose.

The recycled C&D aggregate is a fine grain material, coming mainly from
maintenance and demolition works of residential buildings and removal of C&D waste
from illegal waste disposal sites. This recycled material was provided by a Portuguese
recycling plant and results from an initial sorting process (to remove contaminating
materials such as steel, plastic, wood, ...), followed by crushing and grain size
separation. The resulting materials are‘mixed recycled aggregates, consisting of
concrete, mortar, bricks, stones and others. The constituents of the C&D material were
determined in accordance with the European Standard [34], following a manual sorting
process of the particles larger than 4 mm (Figure 2). Table 2 presents the constituents of
the recycled C&D material (only for particles above 4mm). It is mostly composed of
concrete; mortar, unbound aggregates and soil. It should be noted that the volume of
floating particles exceeds the desirable value (< Scm?/kg of dry matter according to
[35]), meaning that some wood and polystyrene are still present in the recycled material.

Figure 3 presents the particle size distribution of the recycled C&D material and
clayey sand. It should be noted that the sand used in this study was not ideal since it is
finer than the C&D material and presents a high fine content, but it was not possible to

find in due time a more suitable material.
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164 The evaluation of the leaching behaviour of recycled C&D materials is of utmost
165  importance due to environmental concerns regarding the potential contamination of
166  groundwater and the possible presence of chemical substances that could induce

167  geosynthetics degradation. Laboratory leaching tests were carried out in accordance
168  with the European Standard [36] on recycled C&D material before the construction of
169  the trial embankments and on material collected after 24 months of construction.

170  Results of leaching tests will be presented and discussed in Section 3.1.

171
172 2.3. Construction of the trial embankments

173 Three damage trial embankments were constructed using recycled C&D material.
174  “Embankment 1 and “Embankment 1S” are similar and were constructed to allow the
175  exhumation of geosynthetic samples after 6, 12 and:24 months of exposure.

176  “Embankment 2” is a smaller embankment also constructed using recycled C&D

177  material but with the purpose of exhuming the geosynthetic samples immediately after
178  the installation.

179 It should be highlighted that the main purpose of the construction of the damage trial
180  embankments was evaluating the chemical and environmental degradation induced by
181  the exposure of the geosynthetics to a recycled C&D material and not the damage

182  during installation. Therefore, to separate the effect of these two factors (exposure to an
183  alternative material and damage during installation), it was constructed the

184  “Embankment 2” under the same conditions of the other two embankments. Thus, it is
185  possible to separate the damage during installation, from the degradation induced by the
186  exposure to recycled C&D material. Additionally, and having in mind that the main
187  purpose of this study is not the damage during installation, a lightweight compaction

188  process was adopted.
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For comparison purposes, a fourth embankment (“Embankment 3”) was constructed
using a clayey sand.

Embankments 1, 1S and 3 were constructed with dimensions in plant of 2m x 3m
and height of 0.45 m. Embankment 2 had dimensions 1.5 m x 1.5 mx 0.45 m.

Inside the embankments the geosynthetic samples (aprox. 0.45 m x 1.5m) were
distributed in 2 levels vertically spaced of 0.20 m. After cleaning the foundation from
the existing vegetation, a 5 cm-thick layer was placed and compacted and the
geosynthetic samples of the first level were carefully positioned without overlapping.
Geosynthetic samples were then covered with a first layer of C&D material (soil in
Embankment 3) placed manually to prevent mechanical damage (Figure 4a). Additional
quantities of filling material were disposed, evenly spread and compacted to reach a lift
with final thickness of approximately 0.20 m. The second layer of geosynthetic samples
was positioned and the compaction process was repeated.

The lateral slopes of the embankments were also compacted (Figure 4b) and coarse
recycled C&D aggregates were disposed to prevent erosion by rain water (Figure 4c).

As previously mentioned a lightweight compaction process was adopted. The
compaction was carried out with a forward compaction plate with weight of 94 kg, plate
dimensions of 450 mmX 696 mm, static pressure of 382 kg/m? and optimum vibration
force of 16.5kN at 92Hz. The compaction was only carried out to make easier the
construction and to prevent wind and rain erosion.

More details on embankments construction can be found on a previous publication

[33] referring to the exhumation after 6 months of exposure to recycled C&D material.
2.4. Exhumation of the specimens

To prevent additional damage, the exhumation of the geosynthetic samples was

carefully carried out. It begun with the removal of the coarse aggregates placed on the
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lateral slopes, as well as the vegetation that grew up over the embankments. Fill
materials were manually removed with hoes and shovels, being the material just above
the geosynthetics removed gently with the hands (Figure 5a and 5b).

From visual inspection after exhumation, the geogrids did not show damage visible
to the naked eye. Geotextile samples were crossed by plant roots, either in the
Embankment 1 (recycled C&D material) or in the Embankment 3 (clayey sand), some
of them with a few millimetres in diameter (Figure 5c).

Exhumed geosynthetic samples were put into plastic bags and transported to the

laboratory where they remained at 20°C until be tested.

2.5. SEM images

Apart from the plant roots that crossed the geotextile and C&D material (or soil)
particles and fine roots stuck to the geosynthetics, the preliminary visual inspection of
the exhumed samples did notreveal significant damage. Nonetheless, in order to
evaluate the damage in more detail, Scanning Electron Microscope (SEM) analyses
were carried out.

The SEM analyses were performed using a High resolution Environmental Scanning
Electron Microscope with X-Ray Microanalysis and Electron Backscattered Diffraction
analysis (Quanta 400 FEG ESEM / EDAX Genesis X4M) from the Materials Centre of
University of Porto.

The samples were coated with an Au/Pd thin film for 120 seconds, by sputtering,

using the SPI Module Sputter Coater equipment.

10
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2.6. Tensile strength tests

The tensile behaviour of the geosynthetics was characterized through tensile strength
tests carried out on virgin and exhumed geosynthetic samples. The tensile strength tests
were performed in a Universal Testing Machine on five specimens for each condition
(intact or exhumed), following the European Standard [37], with strain rate of 20%/min.
A video-extensometer was used to measure the geosynthetics strain.

In order to characterise the tensile behaviour of the geosynthetics, for each
geosynthetic specimen the maximum tensile force, Tmax, the geosynthetic tensile strain
for Tmax, £Tmax, the secant stiffness modulus at strain of 2%, J,%, and the secant stiffness
modulus at €rmax, JTmax, were evaluated. The average value of each parameter for the 5
specimens and the 95% confidence intervals assuming a Student's t-distribution were
then computed. The Student's t-distribution was assumed since the population standard
deviation is unknown and the number of specimens is lower than 30.

The specimens of Geogrid 1 were cut with-a width of 200 mm (9 longitudinal bars)
and length of 470 mm. To ensure fixing the geogrid on the transversal bars, the distance
between the clamps was:adjusted to give a test specimen length of 395 mm
approximately. The reference points for the video-extensometer were fixed on the
specimens 200 mm apart.

The specimens of Geogrid 2 were cut with a width of 200 mm (5 longitudinal bars)
and length of 380 mm. The distance between the clamps was approximately 200 mm
and the reference points for the video-extensometer were fixed on the specimens spaced
approximately 100 mm apart.

Tensile strength tests of the high strength geotextile need some previous preparation

to avoid the sliding of the polyester yarns, namely the use of a particular nitrile based

11



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

This manuscript is the accepted version of the paper:

Short-term tensile behaviour of three geosynthetics after exposure to Recycled Construction and
Demolition materials, Construction and Building Materials, 273, 122031

DOI: 10.1016/j.conbuildmat.2020.122031

adhesive to glue the geotextile positioned inside the clamps and the use of steel rods of
small diameter in the area of geotextile folding (Figure 6).

The geotextile specimens were cut with dimensions 200 mm width x 340 mm length
to allow the procedure of gluing and folding above-mentioned. The distance between
jaws was adjusted to give a test specimen length of 100 mm and the reference points
were fixed on the specimens 60 mm apart.

In order to quantify the damage on geosynthetics due to their exposure to recycled
C&D materials or to the soil, the retained tensile strength, Rr, the retained peak strain,
Re, and the retained secant modulus at 2% of strain, R4, were estimated-and
compared. The retained value of a generic parameter, X, is typically defined as:

Rx = Xexnu/Xvirg (1
where Xeypy, i the value of parameter X for exhumed specimens and X, 4is the value
for virgin specimens (as provided by the manufacturer).

The mean value of Ry is not simply the ratio of the mean of populations X, and
Xyirg» as is usually presented in the literature, but the mean value of the quantities Rx
estimated by equation (1) [38].. However, there are studies [33] showing that the values
obtained by the two approaches are very similar and hence the mean value of Ry was

evaluated as the ratio of the mean values of the parameter X¢ypy,and Xyipg.

3. RESULTS AND DISCUSSION
3.1. Leaching behaviour of the recycled C&D material

Table 3 presents the results of the laboratory leaching test carried out on the recycled
C&D material used in the construction of the trial embankments at the initial stage and

after 24 months exposed to weather conditions. The acceptance criteria for leached

12
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maximum concentration for inert landfill, defined by the European Council Decision
2003/33/EC (2003), were also included in last column of Table 3.

From the analysis of the results included in Table 3 it can be concluded that only the
value of sulphate of the initial C&D material (highlighted in bold) exceeds the
maximum value established by the European legislation for inert landfill. All the other
pollutants are well below the limits. However, it should be pointed out that above-
mentioned Directive [39] makes an exception to the limit for sulphates, noting that if the
waste does not meet the limit for sulphate, it may still be considered‘as complying with
the acceptance criteria, if the leaching does not exceed 6000 mg/kg at L/S = 10 I/kg
(liquid/solid).

High sulphate values have also been reported by other authors in mixed recycled
aggregates [40-42]. The source of the sulphates in recycled aggregates is often
associated with gypsum drywall, also known as wallboard or sheetrock, a very common
component of mixed recycled aggregates [40]. There are, however, some research
studies [41] showing that the correlation between the percentage of gypsum and the
amount of sulphates leached is not clear, being the sulphates in leaching processes also
related to other compounds of recycled aggregates such as concrete and mortar, natural
aggregates and ceramic particles.

The recycled C&D material collected from the embankments (24 months of
exposure) exhibited a significant decrease of the value of sulphate and dissolved solids.
These changes can be explained by the decrease in leachate concentration over time as a
result of rainwater.

The pH value also decreased from alkaline to neutral (slightly acidic). It is worth
mentioning that the pH values of recycled aggregates are generally within the range of
natural aggregates, which varies from 7 to 13 [43]. Recycled concrete aggregates (RCA)

are commonly more alkaline than recycled mixed aggregates (RMA). While typical pH
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range for RCA is 10-13, for RMA the pH value usually varies between 9 and 10 [43].
Moreover, lower pH values have been reported in the finer fractions of recycled
aggregates [10, 44, 45]

In accordance with the FHWA [30] and regarding the electrochemical properties, the
reinforced fill soils are qualified for use in mechanically stabilized earth using
geosynthetics, if their pH is within the range 3 — 9 for polyester materials and if pH is
higher than 3 for polyolefin base materials (PP & HDPE). The recycled C&D material

fulfils both specifications.

3.2. Geogrid 1

The results of tensile strength tests carried out on Geogrid:l are summarised in Table
4. The mean values of the maximum tensile force, Tmax, geosynthetic tensile strain for
Tmax, €Tmax, secant stiffness modulus at strain of 2%, J24, and secant stiffness modulus at
€Tmax, JTmax, are presented. Table 4 also presents the 95% confidence intervals assuming
a Student's t-distribution for virgin specimens and

geogrid specimens subjected to the different damage processes: construction of the
embankment using recycled C&D material immediately followed by their exhumation;
construction of the embankment using recycled C&D material and exhumation after 24
months of éxposure; construction of the embankment with a clayey sand and
exhumation after 24 months of exposure.

Analysing the results presented in Table 4 one can conclude that, regardless the
damage condition, the mean value of the tensile strength of the exhumed specimens is
inside the confidence interval of this parameter for virgin specimens. A similar

conclusion can be drawn for the other parameters with the exception of the geosynthetic
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tensile strain for Tmax and secant stiffness modulus at etmax for the specimens exposed to
the clayey sand. Indeed, high variability of Tmax was observed for this condition.

Specimens immediately exhumed and specimens exposed to soil have experienced a
small decrease in tensile strength (decrease of around 2% and values inside the
confidence interval for virgin samples). This shows that, as expected, the construction
of the embankments did not induce damage and the effect of the geogrid exposure to
soil is negligible. The exposure of this geogrid to recycled C&D material for 24 months
lead to a slight decrease of its tensile strength (around 4% but remaining inside the
confidence interval).

Figure 7 compares the mean load-strain curves for virgin and exhumed specimens.
The graph reveals only a small decrease of the geogrid’s tensile stiffness, particularly
for strain greater than 2%. Although related to full-scale field installation tests, the
slight change of the load-strain curves for small geosynthetics strains was also reported
by [20]. Hufenus et al. [20]have concluded that, even when the maximum tensile
strength and elongation at break decreased, the slope of the load-strain curve was not
largely affected by the.installation damage.

The absence of significant damage was also proven by SEM images. Figure 8 and
Figure 9 exhibit SEM images with 500 times magnification for longitudinal and
transversal bars of the geogrid, respectively. There is no visible damage, only appearing

microscopi¢ particles that remained gummed to the geogrid after exhumation.

3.3. Geogrid 2

The results of tensile tests performed on virgin and exhumed samples of the PET

geogrid (Geogrid 2) are summarised in Table 5.
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The tensile strength reached in laboratory tests of virgin specimens exceeded the
mean value provided by the manufacturer (Table 1) however, high variability of results
was observed. It should also be noted that the maximum tensile force is achieved for a
low value of strain (5.6%), meaning that it is a geogrid of high tensile stiffness (around
1900 kN/m for 2% of strain).

Regardless the damage condition, as observed for Geogrid 1, the mean value of the
tensile strength of exhumed specimens is inside the confidence interval of this
parameter for virgin specimens. There was a small decrease in.the mean value of the
tensile strength, partly due to the high value of Tmax achieved invirgin specimens,
however this decrease is quite similar for the three damage conditions.

Comparing the tensile strength of the specimens immediately exhumed with that of
specimens exposed to recycled C&D material, one can conclude that the effects of
exposure to this alternative material is negligible. There are slight changes in terms of
tensile stiffness (exposed specimens exhibited higher tensile stiffness), probably due to
the particles that tend to remain glued to the geogrid (Table 5 and Figure 10). Allen and
Bathurst [25] also pointed out that the initial modulus of the load-strain curves of some
materials does not change and in some cases appears to be slightly greater after
geosynthetics exhumation.

Figure 10 enhances the little influence of this damage processes on the tensile
behaviour of this geogrid. It should also be emphasized that the geogrid tensile strength
after 24 months of exposure to the soil or to C&D waste remains higher than its nominal
value — 80 kN/m (Table 1).

SEM images of virgin and exhumed specimens were included in Figure 11. Figure
11(a), (c) and (e) show the longitudinal and transversal bars and the welded junction. It
is clear that the welded junction remains stable after 24 months of exposure to the fill

material. Figure 11(b), (d) and (f) compare the longitudinal bars (magnification x500) of
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intact and exhumed specimens. Some roughness is visible in the intact sample resulting
from the manufacturing process. The exhumed samples do not seem to show additional

damage. Only small particles of the fill materials remain gummed to the bars.

3.4. High strength geotextile

Table 6 summarises the results of tensile strength tests performed on virgin and
exhumed samples of the high strength geotextile Even with the previous preparation of
the geotextile specimens, mentioned in section 2.6, to avoid the sliding of the polyester
yarns (Figure 6), the tensile strength obtained in laboratory tests was slightly lower than
the nominal strength of this material (Table 1).

In contrast to what was observed in the geogrids and regardless the damage
condition, the mean values of the tensile strength of exhumed specimens are outside the
confidence interval of this parameter for virgin specimens. This evidence reveals the
occurrence of geotextile degradation. Notwithstanding, the tensile stiffness for 2% of
strain, J»9, remains inside the confidence interval for virgin specimens. This low
variation in the geotextile tensile stiffness for low values of strain can also be observed
in Figure 12. Figure 12 also shows that, regardless the tensile strength decrease, the
geotextile strain for Tmax 1s quite similar for all the conditions.

The geotextile specimens exhumed immediately after embankment construction
exhibited a loss of tensile strength of around 17%. It should be noted that identical
preparation of the geotextile specimens before the tensile test (nitrile based adhesive and
use of steel rods) was also carried out for all exhumed specimens. The authors believe
that this reduction of the tensile strength is most likely due to the less effective binding
of the PET yarns to the nonwoven geotextile, caused by the handling during installation,

rather than damage induced by the compaction.
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The loss of tensile strength of the geotextile specimens exposed to C&D material for
24 months was roughly 26% (compared with virgin samples). This means a loss of
strength 9% higher than that obtained for specimens exhumed immediately after
embankment construction (Table 6). It can therefore be concluded that only 9% of the
loss of tensile strength is due to the exposure to the C&D material during the 24 months,
the remaining loss is due to the handling and construction procedures.

The geotextile tensile strength after 24 months of exposure to the soil or to the C&D
waste is quite similar (slightly lower for soil exposure). Thus,.one can conclude that the
degradation of this geotextile cannot be attributed to the use of the recycled material.

The load-strain curve of geotextile specimens exposed to soil was slightly different
from the other samples, in particular regarding the tensile stiffness for strain higher than
3% (Figure 12). This difference may be attributed.to the fine particles that remained
glued to the geotextile after exhumation, as evidenced in Figure 13(e) and (f).

SEM images of virgin and exhumed geotextile specimens are illustrated in Figure 13.
Figure 13(a), (c) and (e) show one PET yarn and its connection to the nonwoven
geotextile. Regardless the exposure condition, these connections are still visible but the
wires tend to be more spread out. Figure 13(b), (d) and (f) compare the wires of one
PET yarn (magnification x500) of intact and exhumed specimens. No damage is visible,
but particularly in the sample exposed to the clayey sand, very fine particles remained

gummed to the filaments.

3.5. Influence of fill material and geosynthetic type

Table 7 presents the values of the retained tensile strength, R, the retained peak
strain, Re, and the retained secant modulus at 2% of strain, Rj2%, evaluated according to

equation (1), for the three geosyntetics and distinct exposure conditions.
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Regardless of the geosynthetic type and exposure condition (immediately exhumed,
exposed to C&D waste or exposed to soil), loss of tensile strength has occurred
(Rt < 1). This loss of tensile strength was insignificant for Geogrid 1 (Rt =1) and higher
for the Geotextile. The decrease in the tensile stiffness for 2% of strain was small for
both Geogrid 1 and Geotextile and there was a slight increase for Geogrid 2 (Ry% > 1).

The effect of exposing the geosynthetics to the C&D waste for 24 months had some
relevance only for Geotextile. For both geogrids, the values of Rt for the specimens
immediately exhumed and exposed through 24 months are equal (Geogrid 2) or similar
(Geogrid 1).

The exposure to the recycled C&D material or to the soil for 24 months induced, in
general, similar effects. Such effects can even be considered equivalents for the Geogrid
1 and the Geotextile.

The geosynthetic strain for Tmax is not highly influenced by the exposure conditions
(Re > 0.93 for all conditions), even for the Geotextile which has experienced the greatest

degradation of tensile stiffness.

4. CONCLUSIONS

The main objective of this paper is to characterize the effects on the tensile behaviour
of three geosynthetics (a HDPE geogrid, a PET geogrid and a high-strength composite
geotextile) due to the potential degradation induced by a recycled C&D material. To
achieve this goal, damage trial embankments were constructed and geosynthetics
samples were exhumed immediately after their installation and after 24 months of
exposure. It should be highlighted that the main purpose of the construction of these

embankments was evaluating the chemical and environmental degradation induced by
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the exposure of the geosynthetics to recycled C&D material and not the damage during
installation.

On the basis of the analysis and interpretation of the results, the following

conclusions can be drawn.

. Laboratory leaching tests carried out on the recycled C&D material revealed that
only the sulphates exceeds the maximum value established by the European
legislation for inert landfill. All the other pollutants are significantly below the
limits. The recycled C&D material collected from the embankments (after 24
months) exhibited, as expected due to the decrease in leachate coneentration
over time, a significant decrease of the value of sulphate and dissolved solids.

* Regardless of the exposure condition (specimens immediately exhumed,
exposed to C&D waste and exposed to soil), the decrease in the HDPE geogrid
tensile strength is very low (below 4% on average) and the tensile strength
remains inside the confidence intervalof this parameter for intact specimens.

*  The effect of the exposure to soil for 24 months on the tensile strength of
Geogrid 2 (PET geogrid) was negligible. The decrease on the tensile strength of
specimens immediately exhumed and exposed to C&D material for 24 months is
also very small (around 7%). As concluded for Geogrid 1, regardless the
exposure condition, the mean value of the tensile strength of exhumed
specimens is inside the confidence interval of this parameter for intact
specimens. The geogrid tensile strength of exhumed specimens remained higher
than its nominal value.

*  Exposed specimens of Geogrid 2 exhibited higher tensile stiffness than intact
specimens, probably due to small soil or C&D waste particles that remained

glued to the geogrid.
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*  The geotextile specimens immediately exhumed after embankment construction
exhibited a loss of tensile strength of around 17%. This decrease of the tensile
strength is most likely due to the less effective binding of the PET yarns to the
nonwoven geotextile, caused by handling during installation, rather than damage
induced by the compaction.

* The effects of geotextile’s exposure to the soil or to the C&D waste is quite
similar (slightly lower for soil exposure), allowing to conclude that the
degradation of the geotextile cannot be attributed to the use of the recycled
material.

*  For the geotextile, in contrast to what was concluded for the geogrids, and
regardless the damage condition, the mean values of the tensile strength of
exhumed specimens are outside the confidence interval of this parameter for
intact specimens.

Although the soil used in this study(a clayey sand) has finer particles than the
recycled C&D material, the exposure to the recycled material or to the soil for 24
months induced, in general, similar effects.

This research demonstrated that regarding the potential damage induced in the
geosynthetics, recycled C&D materials can be seen as a feasible alternative to
conventional backfilling materials. However, further studies, including confined-
accelerated tests of geosynthetics and tensile creep tests carried out on exhumed

geosynthetic samples, are required to support the overall conclusion of this study.
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TABLES

Table 1. Properties of the geosynthetics provided by manufacturers.

Geogrid 1 Geogrid 2 Geotextile
Raw material HDPE PET PP & PET
Unit weight (g/m?) 450 380 340
Aperture dimensions (mm) 16x219 30x73 -
Mean value of the tensile strength (kN/m) 68 80/20* 75/14%
Elongation at maximum load (%) 113 <8 10

# Machine direction / Cross direction.
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Table 2. Classification of recycled C&D material constituents [33].
Constituents
Concrete, concrete products, mortar, concrete masonry units, R (%) 36.8
Unbound aggregate, natural stone, hydraulically bound aggregate, R, (%) 33.7

Clay masonry units, calcium silicate masonry units, aerated non-floating concrete, R, (%)  10.8

Bituminous materials, R, (%) 0.5
Glass, Rg (%) 1.0
Soils, Ry (%) 17.1
Other materials, X (%) 0.1
Floating particles, FL (cm%/kg) 7.80
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673 Table 3. Laboratory leaching test results and limits to inert landfills.
Acceptance
Parameter %nmitgifligcﬁ}?nlgizgal g:l& rlrzl)olrIlltallltse r(krarlllgelllitger lciltggﬁ (CI(I)Iilrrltcil
dry matter) Decision
2003/33/EC)
Arsenic, As 0.013 0.020 0.5
Lead, Pb <0.01" <0.01" 0.5
Cadmium, Cd <0.003" <0.003" 0.04
Chromium, Cr <0.01" <0.01" 0.5
Copper, Cu 0.029 0.041 2
Nickel, Ni 0.01 <0.01" 0.4
Mercury, Hg <0.002° <0.002" 0.01
Zinc, Zn <0.1° <0.1° 4
Barium, Ba 0.069 0.085 20
Molybdenum, Mo 0.036 0.011 0.5
Antimony, Sb 0.011 <0.01" 0.06
Selenium, Se <0.02" <0.02" 0.1
Chloride, C1 19 <6 800
Fluoride, F <1.5" 1.6 10
Sulphate, SO4 2100 630 1000
Dissolved Organic Carbon, DOC 25 29 500
Dissolved Solids, DS 3030 1510 4000
pH 8.3 6.8 -
674 (*) limit of quantitation (LoQ)

675
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676 Table 4. Summary of results of tensile tests carried out on Geogrid 1.
Tnax (KN/m) €Tmax (%) J29 (kKN/m) Jrimax (KN/m)
Virgin samples
Mean value 60.3 10.1 1085 597
Confidence

interval of 95% 60.3+3.1 10.1+£04 1085 £ 79 597+ 36

Samples immediately exhumed
Mean value 59.0 10.5 1023 561

Confidence

interval of 95% 59.0+2.7 10.5+0.3 1023 £ 69 561 +26

Samples exposed to recycled C&D material
Mean value 57.9 10.4 1068 558

Confidence

interval of 95% 579+32 104+ 1.2 1068 =51 558 +27

Samples exposed to clayey sand

Mean value 59.1 10.9 1087 543
Confidence
interval of 95% 59.1+4.8 10.9 £ 0.6 1087 £26 543 £ 17
677
678
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Table 5. Summary of results of tensile tests carried out on Geogrid 2.

Tnax (KN/m) ETmax (%) J2% (KN/m) Jrimax (KN/m)
Virgin samples
Mean value 92.2 5.6 1921 1638
E(t’é‘rfvijf‘:f%% 922493 56+04 1921 + 98 1638 + 36
Samples immediately exhumed
Mean value 86.1 54 1945 1592
Sli’:rfvigf‘(’;e%% 86.1+ 4.0 54404 1945 + 51 1592 + 39
Samples exposed to recycled C&D material
Mean value 85.8 52 2039 1655
Confidence o5 g4 49 52£05 2039109 1655 £127
interval of 95%
Samples exposed to clayey sand
Mean value 86.7 5.2 1999 1681
Confidence 86.7 % 4.6 52+0.1 1999 +66 1681 + 66

interval of 95%

30



681

682

This manuscript is the accepted version of the paper:
Short-term tensile behaviour of three geosynthetics after exposure to Recycled Construction and
Demolition materials, Construction and Building Materials, 273, 122031

DOI: 10.1016/j.conbuildmat.2020.122031

Table 6. Summary of results of tensile tests carried out on Geotextile.

Tonax (KN/m) ETmax (%) J29, (KN/m) J7max (KN/m)
Virgin samples
Mean value 70.6 9.7 647 728
Confidence
interval of 95% 70.6 3.2 9.7+0.8 647 £ 93 728 + 62
Samples immediately exhumed
Mean value 58.8 94 627 631
Confidence
interval of 95% 58.8+4.1 94+1.3 627 £ 101 631 £40
Samples exposed to recycled C&D material
Mean value 52.4 9.3 598 566
Confidence
interval of 95% 524+1.9 93+£1.0 598 £ 51 566 £45
Samples exposed to clayey sand
Mean value 51.7 9.5 624 549
Confidence 51.7+34 95+13 624 + 88 549 +77

interval of 95%
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Table 7. Mean values of retained tensile strength, Rr, retained peak strain, Rs and

retained secant modulus, Rj24%.

Geogrid 1 Geogrid 2 Geotextile

Rr Re Ry Rr Re Ry Rr Re Ry

Immediately exhumed 098 1.04 094 093 096 1.01 0.83 096 0.97
Exposed to C&D material 096 1.03 098 093 093 1.06 0.74 096 0.92
Exposed to clayey sand 0.98 1.08 1.00 098 094 1.04 073 098 0.97
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091 Figure 1 — Visual aspect of intact geosynthetics (ruler in centimetres): (a) uniaxial

692  high-density polyethylene geogrid (Geogrid 1); (b) polyester geogrid (Geogrid 2); (c)

693  high-strength composite geotextile (Geotextile).
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694

695

696 Figure 2 - Manual sorting of recycled C&D material to determine its constituents.
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702
703

704
705

706
707

708 Figure 4 - Trial embankments construction: a) manual placement of the recycled

709  C&D material over the geosynthetics; b) end-of-construction before lateral protection;
710  c¢) lateral protection of the slopes with coarse aggregates.
711
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(©)

Figure 5 — Geosynthetic specimens’ exhumation: a) and b) careful exhumation of the

specimens; d) plant roots crossing the geotextile.
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722

723

724 Figure 6 — Detail of the clamping system for tensile strength tests of the high strength
725  geotextile.
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728 Figure 7 - Comparison of load-strain curves of virgin and exhumed specimens for

729  Geogrid 1.
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734 Figure 8 — SEM images of the longitudinal bars of the Geogrid 1 (x500): a) intact

735  specimen; b) exposed to recycled C&D material; ¢) exposed to soil.
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739 Figure 9 — SEM images of the transversal bars of the Geogrid 1 (x500): a) intact

740  specimen; b) exposed to recycled C&D material; ¢) exposed to soil.
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742 Figure 10 - Comparison of load-strain curves of virgin and exhumed specimens for

743 Geogrid 2.
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745 Figure 11 — SEM images of Geogrid 2 specimens: a) intact (x29); b) intact —

746 longitudinal bar (x500); c) exposed to C&D material (x29); d) exposed to C&D
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751 Figure 12 - Comparison of load-strain curves of virgin and exhumed specimens for

752  Geotextile.
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754 Figure 13 — SEM images of geotextile specimens: a) intact (x50); b) intact — PET
755  filament (x500); c) exposed to C&D material (x50); d) exposed to C&D material —

756  PET filament (x500); e) exposed to soil (x50); f) exposed to soil — PET filament (x500).
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