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Abstract: Replacing natural aggregates in infrastructure with recycled construction and demolition
waste (RCDW) works helps to meet the requirements established by sustainable development.
This environmentally friendly proposal undoubtedly becomes better when it is carried out with
geosynthetics, providing better technical performance and positive economic impacts. However, the
chemical characteristics of RCDW may result in the degradation of the geosynthetics and, therefore,
must be assessed and quantified. This study aims to assess the chemical degradation caused by
RCDW for the mechanical properties of two types of polymeric geogrids (polyester and polyvinyl
alcohol). The study evaluates the influence of the RCDW saturation condition in the chemical
degradation and the possible synergism between the launching damage (drop height) and chemical
degradation. Watertight tanks were constructed to maintain the geosynthetic reinforced layers
in flooded, dry and open-to-environment conditions, simulating paved and unpaved roads. The
occurrence of degradation was evaluated and quantified by reduction factors related to the properties
of interest using statistical analysis. The results have shown a significant influence of chemical
degradation on the geogrid characteristics (especially tensile strength and secant tensile stiffness),
which increased when the specimens were subjected to prior launching process simulation. The
reduction factor values reported herein encourage the combined use of these materials (geogrid and
RCDW) and highlight the importance of assessing the chemical degradation for the design purposes
of geosynthetic-reinforced roadways with alternative materials.

Keywords: recycled waste materials; geosynthetics; laboratory and field testing; sustainable development

1. Introduction

The geosynthetic reinforced soil (GRS) technique has been adopted worldwide to
construct road embankments, bridge abutments, steep slopes, and retaining walls. Since
the 1980s, the durability of polymeric materials has been investigated and pointed out
as one of the main issues to be considered in geosynthetic designs (limit state design
approach) [1,2]. Geomembrane chemical degradation has been widely investigated, given
that these materials are usually placed in contact with chemically aggressive and/or
hazardous media (e.g., solid waste landfills). In contrast, although important studies have
been carried out, geogrids have been less investigated on this aspect, probably due to their
commonplace applications in non-aggressive environments.

In another context, various studies have investigated adopting recycled aggregates
as an alternative to promote sustainable and environmentally friendly solutions for the
construction industry. In geotechnical engineering, recycled construction and demolition
waste (RCDW) has been investigated specifically for applications in roads, embankments,
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and, more recently, as backfill materials for GRS structures. In addition to the environmental
benefits pointed out from using RCDW [3–7], studies have demonstrated that RCDW has
mechanical characteristics equal to or even better than natural aggregates [8–12]. These
outcomes make the RCDW competitive as a raw material for the construction industry.

However, RCDW exhibits different chemical characteristics when compared with
natural aggregates, which must be evaluated and considered during the design phase.
Moreover, there is little information on geogrid chemical degradation caused by RCDW.
To help to fill this gap, this study aims to assess the mechanical properties of geogrids
after being buried in RCDW under different saturation conditions. In addition, this study
investigated the synergic effect of mechanical damage (damages caused by the launching
process) and chemical degradation caused by RCDW on the durability of polyester (PET)
and polyvinyl alcohol (PVA) geogrids.

2. Background

A limit state design approach of GRS structures formulates the calculation of the
geosynthetics’ long-term-allowable tensile strength (Ta) based on the mean value of the
ultimate tensile strength (Tult) obtained from laboratory tensile strength tests [13–16] using
Equation (1) [17,18]:

Ta =
Tult

RFID · RFCR · RFCBD
(1)

where RFID is the reduction factor for installation damage; RFCR is the reduction factor for
creep; and RFCBD represents the reduction factor for chemical/microbiological degradation.

The reduction factor for installation damage (RFID) has been widely investigated using
in-field tests performed with natural aggregates [19–24] and recycled aggregates [25–29].
In the same way, the reduction factor for creep (RFCR) has been reported under in-isolated
conditions [30–34] and in-confined conditions [35–40]. Furthermore, load calibrations and
resistance factors from a reliability-based approach have been proposed for a large amount
of RFID [41,42] and RFCR [43] data.

Geosynthetic chemical/microbiological degradation is highly dependent on the con-
stitutive polymer and surrounding conditions, and it is mainly caused by liquids (acids
or alkalis), high temperature, oxygen presence, and microbiological and/or ultraviolet
exposure, called “degradation agents”. Liquids promote changes in the polymer structure
(rupture caused by the decrease in the attraction force between the molecules and by hy-
drolysis) and the extraction of geosynthetic additives [44]. The oxygen causes geosynthetic
degradation through oxidation reactions that are easily inhibited by the incorporation
of antioxidant additives [45]. Considering the microbiological effects, Ionescu et al. [46]
affirmed that polymers are resistant to microbiological degradation, and Yoo et al. [47]
highlighted the low microbiological content in backfilling materials used in geotechnical
engineering. When geosynthetics are subjected to a humid environment with stable and
high temperature (30 ◦C), the microbiological degradation tends to increase, but it has little
influence for most geosynthetic applications [45]. The temperature acts as a catalytic effect
accelerating degradation reactions as an oxidizing agent (since it promotes a dissociation
of chemical bonding and releases free radicals) and promotes thermal contraction and
dilatation of geosynthetics [48,49].

The degradation rate of geosynthetic materials depends on the type of polymer used in
the manufacturing process. For example, polyvinyl chloride (PVC) geosynthetics are com-
monly degraded by high temperatures, liquids (hydrolysis), and ultraviolet light, whereas
polyamide (PA) geosynthetics exhibit limited resistances to acids, oxidation, and liquids
(hydrolysis) [50]. Polyvinyl alcohol (PVA)-based materials are known to be vulnerable to
oxidation, but there is a lack of information about the other kinds of degradation of PVA
geosynthetics. An investigation on PVA fibres used to reinforce cementitious matrices has
shown a small reduction in fibre tensile strength after seven years of exposure to a high
alkaline environment [51]. Nishiyama et al. [52] observed an increase in fibre degradation
at temperatures ranging from 50 to 70 ◦C.
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The mechanical properties (especially creep behaviour) of PET geosynthetics explain
their wide use as a reinforcement element in GRS structures [53]. Thus, the durabil-
ity of PET geosynthetics has gained attention over the last decades. Special attention
has been addressed to its chemical degradation since the PET formation reaction (hy-
drolytic) is reversible in contact with water molecules [54], resulting in hydrolysis reactions.
Hsuan et al. [44] pointed out that are two separate hydrolytic reactions. The first one takes
place inside the fibres and is catalysed by protons attacking the ester groups releasing ester
alcohol. Thus, the fibres continue to be attacked by water and oxygen that reacts with the
free carbon atoms in the neighbourhood, generating acid and increasing the degradation.
The second reaction occurs in the PET surface when it is in contact with alkaline liquids,
promoting superficial pits and holes. These reactions occur significantly slowly at room
temperature but are catalysed by higher temperatures [55], acids, and bases [54,56].

PET geotextiles and geogrids show a reduction in their mechanical characteristics
as a consequence of rupturing polymeric chains in an acid environment (caused by
the high concentration of H+ ions) and because of the superficial erosion (reduction in
polymer molecular weight) in an alkaline environment [57]. Burgoyne and Merri [58]
highlighted a direct relationship between the degradation rate and the number of car-
boxyl end groups in polymers. After a 50% reduction in the geosynthetics’ ultimate
tensile strengths, Jailloux et al. [54] observed a significant decrease in the degradation
rate, which indicated a higher degradation rate in the amorphous region compared to
the crystalline region. Furthermore, when in contact with soil in temperatures higher
than 35 ◦C, PET geosynthetics are more prone to suffering from hydrolysis.

One must have in mind that the installation damage can increase the geosynthetic degra-
dation rate due to the partial or total exposure of the geogrid fibres [59]. Santos et al. [25]
observed that PET geogrid and polypropylene (PP) geotextiles exhumed 15 months after
being mechanically damaged (simulation of installation damage) and left buried in RCDW
(compaction with a lightweight roller—1.45 kN) exhibited reduction factors (1.20 and 1.64,
respectively) higher than those caused solely by the compaction procedure (1.12 for PET
geogrids, and 1.00 for PP geotextiles). Thus, the evaluation of the combined effects of mechan-
ical damage (installation damage) and chemical degradation is an important aspect for GRS
structure design with RCDW.

The chemical characteristics of the leachate from backfill material used in GRS struc-
tures may compromise the reinforcement material durability. Recently, RCDW materials
have gained attention as an alternative backfill material. This sustainable solution avoids
the quarries exploration [60] to obtain conventional high-quality aggregates and helps the
management of the widespread generation of construction and demolition wastes (CDW).
Technically, its higher mechanical properties (e.g., cohesion and friction angle) enhance its
attraction as a backfill material [12,61–73]. The RCDW–geosynthetics interface properties
have also been investigated by direct shear tests [10,11,70,74] and pullout tests [12,70,71,75].
A GRS structure constructed with an RCDW backfill material [76] proved to be stable and
supported the foundation soil collapse [8,9]. In this way, the chemical characteristics of
these non-conventional backfill materials are important data to establish reliable design
parameters (e.g., RFD).

RCDW comprises several types of construction and demolition waste (CDW): Portland
cement-based materials (e.g., concrete, mortar, and cement slurry), clay-based materials
(e.g., ceramic, polished ceramic, tiles, and bricks), weathered rock, bituminous materials,
fabric, glass, metal, lime, gypsum, plastic, wood, and others. This heterogeneity results
in different chemical compounds present in the RCDW, such as silica dioxide (SiO2) from
cement-based materials and ceramics [77]; aluminium oxide (Al2O3) from ceramics, soil,
feldspar, and cement [78–80]; calcium oxide (CaO) from cement binders [77]; sulphate
contents leachated from ceramic materials and gypsum [81,82]; and heavy metals leachated
from treated wood [83]. Furthermore, hydrogen sulphide (H2S) emissions at CDW landfills
were reported by some studies [84–87], which could have been caused by the reduced
sulphur compounds [88] and sulphate bioconversions [86]. An in-field experimental
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embankment constructed with geotextile and RCDW exhibited a lower concentration of
sulphate after 24 months of exposure [82].

In terms of the pH values, several authors reported alkaline values for RCDW samples
solubilized in distilled water [8,9,71,86,89]. A difference in the pH value was reported
according to the material component: 11–12 for cement-based materials; 6–7 for gypsum;
4–7 for wood and cardboard; and 4.8–6.7 for soil samples [86,90–92]. However, Townsend
et al. [86] pointed out that laboratory tests (usually performed with distilled water) differed
from in situ conditions, such as when RCDW is exposed to acid rain. Lima and Cabral [93]
reported on the acid pH value (6.62) for an RCDW sample leached by a solution similar to
acid rain. The study reported by Coelho et al. [94] showed an average pH value of 6.58 (with
extreme values equal to 5.77 and 7.30) for rain in the metropolitan region of Goiânia-GO
(site of the in-field tests conducted in the present study).

To improve the knowledge of geogrid durability and encourage the application of
alternative filling materials (this case, RCDW) in GRS structures, this study focused on
evaluating geogrid strength reduction caused by the usual installation procedures, their
chemical degradation due to the contact with RCDW under different saturation conditions,
and the synergy between these two processes (damaged caused by the launching process
and chemical degradation).

3. Materials and Methods
3.1. Recycled Construction and Demolition Waste (RCDW)

The RCDW used in this study was provided by a recycling plant located at the
metropolitan region of Goiânia-GO, Brazil. The recycling plant carried out the crushing
of the construction and demolition waste (CDW)—in a single process (jaw crusher)—and
sieving as the main recycling procedures. The material studied was the product of the
mixture of equal volumes of three recycled aggregates with different particle sizes (d):
gravel A (9.5 mm < d < 19 mm), gravel B (4.8 mm < d < 9.5 mm), and sand (d < 4.8 mm).
The variability of the RCDW characteristics was assessed through laboratory tests of four
samples—called RCDW 01 to 04—and each sample comprised materials collected at the
recycling plant along the height of the storage pile (bottom, middle, and top)—obtained
over a 21-day interval.

Laboratory tests were performed to evaluate the grain-size distribution; the Atterberg
limits and compaction test (Standard Proctor), following the current national technical
standards (Brazilian Standards—NBR) established by the Brazilian Association of Technical
Standards (ABNT, in Portuguese). The hydrogen ion concentration (pH) test was performed
according to the procedure stated by the United States Environmental Protection Agency
(USEPA 9045D [95]). Furthermore, composition tests were performed by visual (naked
eye) separation of particles retained at mesh #4 (4.78 mm)—particles passing through
mesh #4 during the sieving process under running water were considered as “soil”. A
detailed explanation of the composition test was reported by Santos [96], Leite et al. [97],
and Fleury et al. [29].

3.2. Geosynthetics

To assess the effects of chemical degradation in different constitutive polymers, two
geogrids commonly used for GRS structures in Brazil were adopted in this study. The first
one (GG-PET) consisted of a high tenacity polyester (PET) yarn, with a mass per unit area
(MA) equal to 185 g/m2, an open size of 25 × 25 mm, an ultimate tensile strength (Tult)
equal to 35 kN/m, and strain at failure (εf) lower than 10%. The other geogrid (GG-PVA)
was made of polyvinyl alcohol (PVA) yarn coated by polyamide (PA) resin and had an MA
equal to 160 g/m2, an opening size of 30 × 25 mm (machine and cross-machine directions,
respectively), a Tult equal to 35 kN/m, and an εf lower than 6%. GG-PET and GG-PVA were
chemically resistant to environments with pH values between 2–10 and 2–13, respectively,
according the geosynthetic supplier. For the experimental program, geogrid meshes (1.20 m
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by 1.40 m in longitudinal and transversal directions, respectively) were obtained for each
geogrid from a single batch (roll) provided by the manufacturer.

3.3. In-Field Experimental Program

The experimental program was carried out using three tanks (2.82 m long, 1.20 m
wide, and 1.00 m height), presented in Figure 1, constructed over a reinforced concrete layer
(50 mm). The internal and external walls of the tanks were covered by polymeric grout
and sealing additive. Furthermore, inside the tanks, a layer of plaster with sealing additive
was applied to improve impermeable conditions. The sealing additive adopted was chosen
carefully to avoid the dissolution of its chemical components to the water inside the tanks.
Collecting tubes (20 mm diameter) were installed at three different heights: 270 mm (H1),
540 mm (H2), and 810 mm (H3) to allow the collection of the RCDW leachate. The tubes
were installed at the right (R) and left (L) sides of each tank (see Figure 1b). Two tanks
(the ones located at the facility end) were covered with roof tiles to protect the tanks from
rainfall (Figure 1a), and thus allowed the controlled condition of saturation.
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This study assessed the mechanical properties of geogrids after being buried in RCDW
under two integrity conditions: (i) virgin (VS; as received from the manufacturer) and
(ii) mechanically damaged (ID; after exposure to simulation of installation damage caused
by the launching process). The installation damage simulation did not involve the com-
paction of the RCDW material. The geogrid meshes were laid over the surface, and a
wooden board was arranged over them to delimit the area to be damaged. The damage
consisted of dropping the RCDW (the same material used to fill the watertight tanks) from
a height of 2.0 m (using a backhoe loader) over the geogrid meshes laid on the recycling
plant’s surface. The backhoe raised the RCDW material to a 2.0 m height, and the material
was dropped over the delimited area (equal to specimen dimensions required to tensile
strength test). These procedures were similar to the procedures adopted by Fleury et al. [29].
After the RCDW drop from a 2.0 m height, the geogrid meshes were exhumed using the
appropriate equipment to avoid additional damages. The ribs’ cut ends (longitudinal
and transversal) of the virgin and damaged geogrid samples were coated with silicone to
avoid contact of RCDW leachate with the geogrid yarns through these points during the
immersion test in the watertight tanks.

During the tank filling process, RCDW samples were collected (samples codes
RCDW FLD-0, RCDW ENV-0, and RCDW DRY-0) for control characterization. The
tanks were equally filled with intercalated courses of RCDW (carefully laid and not
compacted; 70–90 mm thick) and geogrid samples (VIR and ID samples of the same
geogrid type were arranged side by side), which were also interleaved based on
the geogrid polymer (see detail in Figure 1b). A total of ten geogrid layers (five
layers for each geogrid type) was arranged avoiding contact between the geogrids
and watertight tank walls. Three different saturation conditions were investigated in
this experimental program (one condition per tank; Figure 1a): (i) completely flooded
(FLD); (ii) open-to-environment (ENV); and (iii) dry (DRY; moisture content equal to
the RCDW initial condition). Each tank was filled with RCDW material with a moisture
content between 7.2% and 9.8%—values obtained from RCDW sampled during the
experiment construction. The flooded condition (FLD tank) was maintained by means
of level monitoring and adding water (7.29–8.36 pH value), avoiding the upper RCDW
layer to be exposed to air. The water added to the tanks was obtained by the university’s
reservoir served by the local supplier system (in with the quality control system aims
to provide water with a neutral pH). In the FLD tank, the water could solely leave
by evaporation. The DRY tank condition had the adoption of roff tiles to cover its
structure (as indicated in Figure 1a). The ENV tank was periodically inspected to
remove undesirable material that fell into the tank.

Throughout the experimental program, climatological data (air temperature, rela-
tive humidity, and precipitation) were collected from a weather station located 150 m
distant from the watertight tanks (Figure 2). The RCDW leachate was collected (when
present) from all tubes (H1-L, H2-L, H3-L, H1-R, H2-R, and H3-R; Figure 1b) of each
tank (FLD, ENV, and DRY) to assess its pH value in, approximately, 5-day intervals.
Additional samples of RCDW were collected from each tank after 180-day exposure
(sample codes RCDW FLD-2E, RCDW ENV-2E, and RCDW DRY-2E) to evaluate some
parameters of interest.

Statistical analysis was adopted to validate the occurrence of damage and its conse-
quent effect on the parameters of interest. The Student’s t-distribution was used to calculate
the virgin specimens’ (VS) confidence intervals for the properties of interest (Tult, εf, J1, and
J2), based on Equation (2).

Xm =
−
X± t · s√

n
(2)

where Xm is the maximum or minimum value of the parameter of interest;
−
X is the

mean value of the parameter of interest obtained by five wide-width tensile tests per-
formed with virgin specimens (ASTM D 6637-15) [13]; t is the value of the Student’s



Sustainability 2023, 15, 9663 7 of 26

t-distribution variable; s is the sample standard deviation; and n is the sample size
(number of specimens tested).
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The confidence level used to calculate the value of t was defined in a way that all the
results of all virgin specimens tested of a specific geogrid were inside the lower confidence
intervals, which meant between the maximum and minimum values provided by Equation (2).

The values of the reduction factors were calculated based on the mean values of virgin
and damaged and/or degraded geogrids’ specimens and the confidence intervals obtained
by Equation (2), as follows:

• If the mean value of a parameter of interest obtained by five wide-width tensile tests
performed in damaged and/or degraded specimens fell inside the confidence intervals
of the virgin specimens, the reduction factor was assumed as equal to 1.00, given that
this scenario represented doubts about damage occurrence;

• On the other hand, if the mean value of a parameter of interest obtained by five wide-
width tensile tests performed in damaged and/or degraded specimens fell outside
the confidence intervals of the virgin specimens, the reduction factor was calculated
according to Equation (3).

RF =
−
X/
−
XD (3)
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where RF is the reduction factor;
−
X, the mean value of the parameter of interest obtained by

five wide-width tensile tests performed in virgin specimens;
−
XD is the mean value of the

parameter of interest obtained from five wide-width tensile tests performed with damaged
and/or degraded specimens; and X is the parameter of interest (Tult, εf, J1 or J2).

The test methods adopted in this study possessed some limitations that must be
highlighted. Firstly, the installation damage investigated did not involves the compaction
of the backfill material over the geogrids. It comprised the dropping process from a 2.0 m
height, considered by Fleury et al. [29] to be less aggressive than the compaction procedure.
Finally, the investigation assessed the geogrids’ mechanical properties (wide-width tensile
tests) after a short exposure period (180 days).

4. Results and Discussion
4.1. Recycled Construction and Demolition Waste (RCDW)
4.1.1. Variability Assessment

The variability assessment was made based on the RCDW 01 to RCDW 04 test
results. The composition test results (Table 1) showed that the RCDW was composed of
high-quality materials and was classified as inert material—“Class A”—according to
the Brazilian National Environment Council (CONAMA, in Portuguese) [98]. Results
revealed the predominant soil, cementitious materials (Portland concrete and mortar),
and ceramics (brick tiles and polished ceramics), in this order, which comprised more
than 98% of all samples tested. Soil and cementitious materials exhibited a high
variation, with a standard deviation (s) close to 14.3%; followed by the ceramic content
(s equal to 2.7%). The other components showed slight variability, with s values lower
than 0.5%.

Table 1. Recycled construction and demolition waste (RCDW) sample compositions in percentages
by weight.

Component RCDW
01

RCDW
02

RCDW
03

RCDW
04

RCDW
FLD-0

RCDW
ENV-0

RCDW
DRY-0

Soil (%) 48.63 37.54 61.19 13.73 48.77 47.17 47.21
Concrete and mortar

(%) 41.79 59.94 36.26 78.64 48.84 50.05 49.87

Ceramic (bricks and
tiles) (%) 7.63 0.51 0.90 4.55 1.07 1.14 0.94

Polished ceramic (%) 0.50 0.17 0.15 0.92 0.17 0.20 0.27
Weathered rock (%) 0.71 1.61 1.21 0.64 0.23 0.39 0.54

Bituminous materials
(%) 0.17 0.03 0.10 0.53 0.49 0.68 0.76

Others 1 (%) 0.57 0.20 0.19 0.99 0.43 0.37 0.41

Note: 1 Includes cardboard, fabric, glass, metal, plaster, plastic, rubber, and wood.

The grain size distribution curves indicated the presence of variability that would be
better evaluated for the design of GRS structures through a grain size distribution range
(RCDW range), as presented in Figure 3a. The small number of grains with dimensions
between 1.0 mm and 10.0 mm in the RCDW 04 sample greatly influenced the RCDW range.
In terms of the standard deviation (s) values, they were close to 15% for the particles between
the abovementioned interval and equal to 5.4% for particles with a 4.8 mm diameter.
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dation limits for backfill material—NCMA [99], BSI [16], and FHWA [100]—and (b) RCDW samples
initially used to fill the watertight tanks and after 180-day exposure (second exhumation).

No predominance was observed in soil classification for the samples according to
the Unified Soil Classification System [101]. In general, RCDW classification ranged from
poorly graded gravel with silt to well-graded sand with silt (Table 2), which fit EBGEO
recommendations [102] for applications in GRS structures. The RCDW range was inside the
backfill gradations recommended by the Federal Highway Administration (FHWA) [100],
National Concrete Masonry (NCMA) [99], and the British Standard Institute (BSI) [16] for
the same type of application (Figure 3a). Moreover, the non-plastic behaviour of the RCDW
(Table 2) confirmed its applicability in GRS structures.

Table 2. Summary of RCDW characterisation results.

Characteristic RCDW
01

RCDW
02

RCDW
03

RCDW
04

RCDW
FLD-0

RCDW
ENV-0

RCDW
DRY-0

Gs 2.689 2.692 2.691 2.665 2.741 2.697 2.719
PI NP NP NP NP NP NP NP

USCS GW-
GM GW SW-SM GP-

GM
GW-
GM

GW-
GM

GW-
GM

γd,max (kN/m3) 16.96 17.38 17.42 - 18.06 17.83 17.69
wop (%) 16.3 17.6 18.1 - 17.3 17.0 14.4

pH 11.50 11.60 11.77 12.03 10.64 10.00 9.67
where Gs = specific gravity of grains passing through 4.76 mm sieve; PI = plasticity index; NP = non plastic
behaviour; USCS = Unified Soil Classification System (ASTM D 2487-06 [101]); GW-GM = well-graded gravel
with silt; GW = well-graded gravel; SW-SM = well-graded sand with silt; GP-GM = poorly graded gravel with silt;
γd,max = maximum dry unit weight; wop = optimum water content; pH = hydrogen ion concentration.

Regarding the compaction tests (Standard Proctor), sample RCDW 04 was not tested
due to its low quantity of fine particles (see Figure 3a). The results of the other three samples
(RCDW 01 to 03) revealed the mean value of the maximum dry unit weight (γd,max) and
optimum water content (wop) equal to 17.25 kN/m3 and 17.3%, respectively (Table 2).
Both parameters exhibited a small variability with coefficient of variation (COV) values
of 5.36% for wop and 1.48% for γd,max. Similar results were reported by O’Mahony [62],
Aqil et al. [64], Santos et al. [8,9,76], Vieira et al. [71], Vieira [72], and Soleimanbeiji and
Likos [73].
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The hydrogen ion concentration (pH) of the RCDW samples presented alkaline be-
haviour (Table 2) with a mean value of pH equal to 11.7 (COV = 1.98%) mainly due to
the presence of cementitious materials. The mean pH value was similar to other RCDW
reported in the literature [89,96].

4.1.2. Materials Used in Watertight Tanks

The RCDW samples collected during the process of filling the tanks had a negligible
difference between them, related to their composition (Table 1). The highest standard
deviation s value was 0.91% (related to the soil content). The results showed that the tanks
were filled with RCDW consisting mainly of soil and cementitious materials, a composition
similar to the reference samples (RCDW 01 and 04). In terms of grain size distribution,
the curves of the material used in the tanks were overlapped (highest standard deviation
(s) value equal to 1.98%) and located inside the RCDW range (Figure 3b). The materials
were classified as well-graded gravel with silt (GW-GM) according to the Unified Soil
Classification System [101]. Moreover, the samples did not present plastic behaviour.
The similarity of the material used to fill the tanks was an important aspect to make a
comparison between the results (RCDW characteristics over a specified period and geogrid
chemical degradation) obtained by each tank condition.

In terms of pH, the RCDW used to fill the tanks revealed a mean value equal to
10.2 (COV = 2.68%). As shown in Figure 1b, PVC collector tubes were installed on the right
and left sides of each tank to collect RCDW leachate and assess its pH value. Over the
180 exposure days, for each specific collector height (H1, H2, and H3), slight differences
were observed between the pH values measured on both sides of the tanks. The biggest
difference was observed in the flooded tank for the exposure of 70 days (s = 0.66; Figure 4a)
in the higher collector tube (810 mm from the reinforced concrete base; H3). Thus, the
assessment of the RCDW leachate pH values throughout the mean value of both sides’
measurements was a reasonable consideration and is presented in Figure 4b.
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Figure 4. pH values of the RCDW leachate: (a) difference between the pH values collected from the
right (R) and left (L) collector tubes located at the flooded (FLD) tank, and (b) the evolution of the pH
values for the flooded (FLD) and open-to-environment (ENV) tank for the three collector tube heights.

For both tanks, the pH values of the RCDW leachate collected from tubes H1 and H2
were very similar during the analysed period. In the case of the open-to-environment tank
(ENV), the first RCDW leachate started to be collected in the H1, H2, and H3 collector
tubes at 25, 113, and 127 exposure days, respectively. The pH values of the RCDW leachate
collected from the tubes positioned in the tanks’ higher parts (H3) exhibited the smallest
pH values, and those (leachate) collected from the bottom collector tube (H1) showed the
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highest pH values. This indicated that the RCDW leachate pH values increased from top
to bottom, i.e., in the sequence H3, H2, and H1, in both tanks (FLD and ENV). The pH
values of the RCDW leachate collected from tubes H3 in the FLD and ENV tanks may have
been influenced by the pH value of the water used to maintain the tank in the flooded
condition and by the rain-water pH values, respectively. As expected, it was not possible
to obtain RCDW leachate from the dry tank (DRY). The pH mean values of the RCDW
leachate collected in the FLD tank at H1, H2, and H3 were equal to 12.03, 11.97, and 11.74,
respectively. Considering the ENV tank, at H1, H2, and H3, the pH mean values were equal
to 11.99, 11.67, and 9.68, respectively.

After 180 days of exposure, the basic characterisation of the RCDW samples collected
indicated a slight change in the grain-size distribution curve of the material used in each
watertight tank (Figure 3b). Three hypotheses could explain the difference in the grain-size
distribution curves after the 180 exposure days: (i) it could have resulted from the intrinsic
variability of the RCDW materials; (ii) for the case that occurred, a decrease in the particles’
sizes after this period (as the RCDW material in the FLD tank experienced) it may have
been caused by the disaggregation of some RCDW particles in contact with the water used
to fill the tanks. In this case, the possible occurrence of suffusion, the movement of finer
particles from the voids of courser particles, could not be considered since seepage force
did not occur during the tests; (iii) the aggregation of soil particles may have occurred
due to the dehydrated cement particles’ cementation, leading to an increase in the particle
diameter and a decrease in the material passing through each sieve (as experienced by
the RCDW material used in the ENV tank). Possibly, the wet and dry cycles contributed
to this phenomenon in the ENV tank. However, these analyses were made solely based
on grain-size distribution curve changes after the 180 exposure days. Further specific
investigations are required to assess these findings.

The liquid parameter analysis of the RCDW leachate of the second exhumation (Table 3)
indicated that the leachate had an aluminium content higher than the limits recommended
by Brazilian Association of Technical Standards (ABNT, in Portuguese) [103]. In terms of
the other parameters (chloride, fluoride, iron, and alkalinity), the results were similar to the
ones described by Townsend et al. [86]. According to the ABNT [103], the RCDW used in
this experimental test was classified as an inert material (waste).

Table 3. RCDW leachate liquid parameters.

Parameter NBR 10004 [103] FLD (mg/L) ENV (mg/L)

Alkalinity (CaCO3) - 480.13 419.29
Cl− 250 161.76 153.02
Fl− 1.5 0.89 0.77
Al 0.2 0.32 0.36
Fe 0.3 0.15 0.16

4.2. Geogrids
4.2.1. Assessment Tensile Tests in Virgin Specimens and Determination of the
Confidence Intervals

The five stress–strain curves obtained after the tensile tests performed in GG-PET and
GG-PVA virgin specimens are shown in Figure 5a,b, respectively. Additionally, Table 4
summarises the mean, COV, confidence level, and the confidence interval values of the
properties of interest. The smaller ultimate tensile strength (Tult) values obtained compared
to the information provided by the manufacturers did not impair this study since all
geogrid samples and specimens were obtained from the same batch (one batch for each
geogrid type). As can be seen in Figure 5, the variability (in terms of COV) of most
of the properties (except Tult) obtained after the tensile tests in GG-PET were higher
than those from GG-PVA, which resulted in a confidence interval range (the difference
between the maximum and minimum limits) wider for GG-PET (see Table 4). Damaged
and/or degraded scenarios with the mean values of the parameter of interest within their
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respective confidence intervals were associated with a reduction factor equal to 1.00. In
fact, the variability among the virgin parameters´ mean values must have been considered
in the design. The confidence intervals for investigated parameters were obtained within
confidence levels ranging from 96% to 98% (Table 4).
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Table 4. Results from tensile tests (five specimens) on virgin geogrid samples associated with the
Student’s t-distribution analysis.

Characteristics GG-PET GG-PVA

Tult (kN/m) 27.36 26.34
Coefficient of variation (%) 7.18 7.80

Confidence level (%) 97 98
Student’s t-distribution variable 3.298 3.747

Confidence interval (kN/m) 24.46–30.26 22.90–29.78
εf (%) 8.70 4.66

Coefficient of variation (%) 9.16 5.39
Confidence level (%) 96 97

Student’s t-distribution variable 2.999 3.298
Confidence interval (kN/m) 7.63–9.77 4.29–5.03

J1 (kN/m) 520 687
Coefficient of variation (%) 12.16 8.75

Confidence level (%) 98 98
Student’s t-distribution variable 3.747 3.747

Confidence interval (kN/m) 414–626 586–787
J2 (kN/m) 386 550

Coefficient of variation (%) 11.78 6.68
Confidence level (%) 97 98

Student’s t-distribution variable 3.298 3.747
Confidence interval (kN/m) 319–453 488–612

where Tult = ultimate tensile strength; εf = strain at failure; J1 = secant tensile stiffness at 1% strain level; J2 = secant
tensile stiffness at 2% strain level.

4.2.2. Effect of the Damaged Caused by the Launching Process

The installation damage (ID) effects caused by the launching process were evaluated
comparing the results of the tensile tests performed in virgin geogrid specimens (VS) and
the specimens subjected to the launching of RCDW from a 2.0 m drop height (Table 5). The
simulation of the installation procedure caused changes in the damaged geogrid ultimate
tensile strength mean values (Tult,ID) that were inside the confidence interval of the virgin
specimens (VS; Figure 6), resulting in a reduction factor for installation damage related to
the ultimate tensile strength (RFID:Tult) equal to 1.00 for both geogrids. Indeed, GG-PET
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exhibited an increase (5.63%) in the Tult,ID value, whereas the GG-PVA showed a decrease
of 7.21% in this parameter. Therefore, it should be mentioned that the GG-PVA geogrid was
more sensitive to the damages caused by the launching process than the GG-PET, as some
damaged specimens exhibited Tult values lower than their virgin specimen (VS) confidence
intervals (see the minimum data bar of scenario GG-PVA-ID in Figure 6).

Table 5. Mean values of tensile test (five specimens) for virgin and damaged specimens—effects of
installation damage.

Scenario Tult (kN/m) εf (%) J1 (kN/m) J2 (kN/m)

PET
VS 27.36 (7.18) 8.70 (9.16) 520 (12.16) 386 (11.78)
ID 28.90 (7.03) 8.76 (5.68) 578 (21.59) 415 (16.67)

PVA
VS 26.34 (7.80) 4.66 (5.39) 686 (8.75) 550 (6.68)
ID 24.44 (17.39) 4.58 (20.97) 762 (14.12) 604 (12.41)

where VS = virgin specimens; ID = installation damage; COV values are presented in parenthesis.
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Regarding the strain at failure (εf), slight modifications occurred for GG-PET and
GG-PVA (+0.69% and −1.72%, respectively; the negative signal represented a decrease in
the value of the property compared to its virgin specimen value). All geogrids exhibited
an increase higher than 7.51% of the secant tensile stiffness at 1% and 2% strains (J1 and J2,
respectively), but the values were within the confidence interval of the virgin specimens for
these properties. The GG-PVA specimens obtained after the launching process exhibited,
for all parameters of interest, COV values (in parenthesis in Table 5) higher than the ones of
the virgin specimens. Thus, GG-PVA specimens exhibited values of εf, J1, and J2 outside
the confidence level of the virgin specimens, but the mean value of these properties fell
within each parameter’s confidence interval, resulting in reduction factors equal to 1.00, as
shown in Table 6.
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Table 6. Reduction factors for the properties of interest (all scenarios evaluated).

Scenario Tult εf J1 J2

PET PVA PET PVA PET PVA PET PVA

ID 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
FLD-1E 1.00 1.00 1.00 0.80 1.00 1.00 1.00 1.00
ENV-1E 1.00 1.24 1.00 0.91 1.00 1.23 1.00 1.16
DRY-1E 1.00 1.18 1.00 1.00 1.00 1.00 1.00 1.13
FLD-2E 1.00 1.28 1.00 0.86 1.27 1.49 1.00 1.32
ENV-2E 1.00 1.24 1.00 0.77 1.33 1.71 1.21 1.40
DRY-2E 1.00 1.32 1.00 0.84 1.00 1.72 1.00 1.52

ID-FLD-1E 1.00 1.00 0.89 1.00 1.00 1.30 1.00 1.23
ID-ENV-1E 1.13 1.20 1.00 1.00 0.70 1.00 0.77 1.00
ID-DRY-1E 1.00 1.00 1.00 0.92 1.00 1.00 1.00 1.00
ID-FLD-2E 1.00 1.39 1.00 0.77 1.97 1.55 1.34 1.35
ID-ENV-2E 1.29 1.00 1.00 0.77 1.61 1.59 1.32 1.35
ID-DRY-2E 1.00 1.26 1.00 1.18 1.00 1.56 1.00 1.35

where PET = GG-PET (polyester geogrid); PVA = GG-PVA (polyvinyl alcohol geogrid); ID = installation damage;
FLD = flooded tank; ENV = open-to-environment tank; DRY = dry tank; 1E = exhumation after 90-day exposure;
2E = exhumation after 180-day exposure.

For all properties of interest investigated herein (Tult, εf, J1, and J2), GG-PVA showed
to be more sensitive to the launching process than the GG-PET. The lower flexibility of the
PVA geogrid (compared to the PET geogrid) was pointed as the reason of its sensitivity.
As highlighted by Fleury et al. [29], the impact energy caused by the drop height could be
better distributed in flexible ribs (geogrids). It is worth to mention that flexural rigidity
tests (following ASTM D 7748M-14 [104]) were not performed in the present study, but the
difference in the geogrids’ flexibility properties was evident during its handling.

The abovementioned results indicated that dropping the RCDW from a 2.0 m height
did not cause significant changes in the geogrid properties. However, the damage caused
by dropping the RCDW from a 2.0 m dropping height should not be overlooked since
the investigation reported in this study evaluated backfills with continuous grain size
distributions. Further investigations are required for backfill material with uniform grain
size distribution since it minimizes the referred effect and enables identifying the backfill
gradation in the damages caused by dropping height. In terms of reduction factors, both
geogrids exhibited reduction factors equal to 1.00 regardless of the parameter investigated,
as shown in Table 6.

4.2.3. Strength Reduction

The chemical degradation of the geogrids was assessed from the results (Table 7) of
the tensile tests performed in virgin specimens placed in the watertight tanks and exhumed
after 90 and 180 days of exposure. After 90 days of exposure, GG-PET specimens exhibited
a decrease in the Tult,VS value (−3.8%) only in the dry tank condition (code DRY). For
the other tanks, the mean ultimate tensile strength of the degraded specimens (Tult,CBD)
was slightly higher than the virgin (Tult,VS) value (+0.15% and +0.58% for samples under
flooded (FLD) and open-to-environment (ENV) conditions, respectively). Despite these
differences, all Tult,CBD values of the GG-PET specimens fell inside its virgin confidence
interval (Figure 7a), providing a reduction factor for the exhumated specimens (RFCBD:Tult)
equal to 1.00 (Table 6). For the second exhumation (180-day exposure), the GG-PET samples
exhibited a decrease in the virgin Tult,CBD values for all saturation conditions (Figure 7b).
The higher reduction occurred in the DRY tank (−9.14%) followed by the ENV (−5.04%)
and FLD (−2.56%). Similar to the samples tested in the first exhumation, the GG-PET
Tult,CBD values after 180-day exposure fell within the virgin confidence interval, providing
an RFCBD:Tult equal to 1.00 (Table 6).
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Table 7. Mean values of tensile test results (five specimens) for virgin and degraded specimens—effects of
chemical degradation.

Scenario Tult (kN/m) εf (%) J1 (kN/m) J2 (kN/m)

PET
VS 27.36 (7.18) 8.70 (9.16) 520 (12.16) 386 (11.78)

FLD-1E 27.40 (7.75) 8.80 (8.15) 606 (24.96) 428 (18.74)
ENV-1E 27.52 (9.35) 8.82 (5.34) 558 (15.12) 401 (8.97)
DRY-1E 26.32 (5.64) 8.78 (7.09) 474 (28.56) 377 (13.74)
FLD-2E 26.66 (2.08) 8.90 (6.00) 410 (23.71) 352 (8.14)
ENV-2E 25.98 (7.71) 9.36 (12.01) 392 (22.34) 318 (15.27)
DRY-2E 24.86 (10.06) 8.92 (13.16) 548 (40.30) 403 (28.96)

PVA
VS 26.34 (7.80) 4.66 (5.39) 686 (8.75) 550 (6.68)

FLD-1E 27.02 (3.46) 5.82 (10.83) 606 (13.39) 513 (13.32)
ENV-1E 21.30 (16.06) 5.10 (13.86) 560 (20.20) 476 (15.03)
DRY-1E 22.24 (5.76) 5.00 (13.93) 598 (13.88) 488 (13.83)
FLD-2E 20.52 (10.68) 5.40 (14.40) 460 (24.69) 416 (16.38)
ENV-2E 21.30 (12.58) 6.02 (20.66) 402 (18.81) 394 (13.80)
DRY-2E 19.90 (7.52) 5.52 (9.36) 400 (16.68) 361 (13.83)

where VS = virgin specimens; FLD = flooded tank; ENV = open-to-environment tank; DRY = dry tank;
1E = exhumation after 90-day exposure; 2E = exhumation after 180-day exposure; COV = values are presented
in parenthesis.
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and (b) 180-day exposure (second exhumation—E2).

For the GG-PVA, the 90-day exposure resulted in a reduction in the Tult,CBD values
by −19.13% and −15.57% for the ENV and DRY tanks, respectively, resulting in RFCBD:Tult
values equal to 1.24 and 1.18, in this order (Table 6). An increase of +2.58% compared to
the Tult,VS value was obtained by tensile tests performed at specimens exhumed from the
FLD tank—a value inside the GG-PVA virgin specimens’ confidence interval (Figure 7a;
RFCBD:Tult 1.00). After 180-day exposure (second exhumation; Figure 7b), GG-PVA spec-
imens from the ENV tank maintained the same level of degradation (−19.13% for the
Tult,CBD value; RFCBD:Tult = 1.24). The GG-PVA specimens from the FLD tank condition
exhibited a reduction of −22.10% for the Tult,CBD value (RFCBD:Tult = 1.28), whereas the
specimens on the DRY tank condition exhibited a −24.45% reduction for the Tult,CBD value
(RFCBD:Tult = 1.32).

Figure 8 illustrates the evolution of the specimens’ degradation for each tank. It is
evident that the GG-PET samples only buried in the FLD and ENV tanks did not suffer
degradation during the first 90-day exposure, but the degradation occurred after 180-day
exposure, with the specimens from the FLD tanks showing a higher degradation rate.
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However, the GG-PET sample under dry conditions (code DRY) exhibited degradation
since the first exhumation (90-day exposure), and its value increased by 140% during the
following 90-day exposure period. On the other hand, most of the GG-PVA scenarios
presented degradations for the first 90-day exposure (except for the FLD tank). However,
the degradation rate between the 90th and 180th days of exposure was higher for the
GG-PVA specimens under the FLD tank condition than in the other tanks (codes ENV and
DRY). The degradation that was not evident in the specimen from the FLD tank in the
first exhumation (90-day exposure) rapidly increased to 22.10% during the second 90-day
exposure period. For the ENV tank, the degradation value did not change (negligible
decrease occurs) during the following 90-day exposure period, probably because of the
more stable environmental conditions (relative humidity and air temperature in the second
90 exposure days—see Figure 4b,c).
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(FLD), dry (DRY), and open-to-environment (ENV) conditions.

The abovementioned results indicated for the Tult values that the polyester geogrid
was more sensitive to degradation at dry conditions, whereas the polyvinyl alcohol geogrid
was more sensitive to degradation in a flooded condition compared to a dry condition.
Moreover, it was evident that the GG-PVA was more prone to degradation caused by
RCDW than the GG-PET, regardless of the condition investigated.

Regarding the strain at failure (εf), both geogrids (GG-PET and GG-PVA) exhibited an
increase in εf values for all conditions (FLD, ENV, and DRY), regardless of the exposure
period (90- or 180-day exposure). For the GG-PET, the values of εf obtained after tensile
tests in the degraded buried specimens fell within its virgin confidence interval, leading to
reduction factors for chemical degradation related to the strain at failure (RFCBD:εf) equal
to 1.00 for all investigated conditions and exposure times (Table 6). In terms of GG-PVA, all
tank conditions and exposure times provided significant increases in the GG-PVA virgin
buried specimens εf mean values outside the GG-PVA confidence interval for this parameter
(except the specimens under 90-day exposure in the dry tank—scenario DRY-1E).

Surprisingly, the εf values of GG-PET and GG-PVA degraded specimens increased as
the exposure time increased (except for the GG-PVA installed in the FLD tank). For the ENV
and DRY tanks, the GG-PVA specimens exhibited a higher increase in the εf values for both
exposure periods compared to the GG-PET specimens. For the first exhumation (90-day
exposure), the increases in GG-PET virgin buried εf values were equal to +1.15% (FLD),
+1.38% (ENV), and +0.92% (DRY), whereas the increases in the GG-PVA virgin buried εf
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values were equal to +24.89% (FLD), +9.44% (ENV), and +7.30% (DRY). For the second
exhumation (180-day exposure), the degraded GG-PET specimens exhibited increases of
+2.30%, +7.59%, and +2.53% compared to the virgin specimen εf values for the tanks FLD,
ENV, and DRY, in this order. For the buried GG-PVA specimens, the increases were equal to
+15.88%, +29.18%, and +18.45, respectively, for the FLD, ENV, and DRY tanks. Regarding
this property, both geogrids showed to be more susceptible to change (degradation) in
the open to environmental condition (ENV tank), which meant the rainwater was more
aggressive than the water used to maintain the FLD tank in the flooded tank condition.

The reduction factors related to elongation at failure (RFCBD:εf) are shown in Table 6.
The GG-PVA showed various scenarios with the reduction factor for chemical degrada-
tion related to the strain at failure (RFCBD:εf) smaller than 1.00 that could not be consid-
ered/adopted in the design. Although the GG-PET geogrid did not exhibit an RFCBD:εf
smaller than 1.00, it was noticed that its strain at failure increased as the exposure time
increased. In fact, these results indicated that the changes in the geogrids as a result of
their former polymers caused an increase in the polymeric chains, leading to an increase in
the strain at failure. As the allowable deformation of GRS structures is a design concern,
further investigations are required to validate this assumption, especially in terms of the
creep behaviour of geogrid samples left buried in RCDW. It should be mentioned that this
investigation was not within the scope of the present study.

The GG-PET specimens submitted to the three saturation conditions investigated (FLD,
ENV, and DRY) did not exhibit changes in the secant tensile stiffness at 1% and 2% strain (J1
and J2, respectively) outside the virgin samples´ confidence interval after 90-day exposure
(first exhumation)—reduction factors for chemical degradation related to J1 (RFCBD:J1) and
J2 (RFCBD:J2) were equal to 1.00. However, for the second exhumation, GG-PET specimens
buried in the FLD tank exhibited a −21.15% reduction in the virgin buried samples for J1,
which resulted in an RFCBD: J1 equal to 1.27. The GG-PET secant tensile stiffness was more
affected by the tank in open to environmental conditions (ENV), showing a reductions of
−24.62% (J1) and −17.62% (J2), compared to the virgin GG-PET specimens, resulting in
RFCBD:J1 = 1.33 and RFCBD:J2 = 1.21. GG-PET specimens buried in the DRY tank showed an
increase in J1 and J2 values, but inside the virgin GG-PET specimen confidence intervals
(RFCBD:J1 =1.00; RFCBD:J2 = 1.00).

Different from GG-PET, the GG-PVA buried specimens showed significant reductions
in the values of J1 and J2 since the first exhumation (90-day exposure). A reduction in the J1
buried virgin value close to −12.30% was experienced by the GG-PVA specimens from the
FLD and DRY tanks after the first exhumation, but the J1 values for buried specimens fell
inside the GG-PVA confidence interval leading to RFCBD:J1 equal to 1.00. A reduction of
−18.43% (RFD:J1 = 1.23) was experienced by the buried GG-PVA specimens after 90-day
exposure in the ENV tank. For the second exhumation, a significant reduction in the J1
was noticed for all the tanks that resulted in high RFD:J1 values: 1.49 (FLD), 1.71 (ENV),
and 1.72 (DRY). In terms of the J2 values, only the GG-PVA buried specimens after 90-day
exposure in the FLD tank exhibited a reduction in J2 inside the virgin confidence interval.
GG-PVA specimens under 90-day exposure exhibited reductions in J2 equal to −13.45%
(RFCBD:J2 = 1.16) and 11.27% (RFCBD:J2 = 1.13) for the ENV and DRY tanks, respectively.
After the 180-day exposure, the reduction in the J2 buried virgin value was higher than
in the J1 buried virgin value for all tanks, leading to RFCBD:J2 values equal to 1.32 (FLD),
1.40 (ENV), and 1.52 (DRY).

From the four parameters of interest evaluated in this study (Tult, εf, J1, and J2), the J1
and J2 parameters proved to be the most affected by the contact with the RCDW in the three
saturation conditions evaluated in this study. The GG-PVA showed to be more affected than
the GG-PET. As expected, due to hydrolysis, the GG-PET exhibited a higher degradation
of J1 and J2 when in contact with water (FLD and ENV tanks). After 90 exposure days,
the J1 and J2 values were inside their respective virgin confidence intervals, but significant
decreases in the J1 and J2 values occurred after 180 exposure days in the ENV and FLD
tanks. Possibly, a degradation that affected the secant tensile stiffness had begun between
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90 and 180 exposure days. On the other hand, the GG-PVA specimens exhibited higher
reductions in J1 and J2 values under the dry tank condition (DRY). Furthermore, for both
geogrids, the rainwater (ENV tank) proved to be more aggressive than the water used to
maintain the flooded condition (code FLD). This result was mainly caused by the acid pH
values of the rainwater of the region (6.58 pH value) [93] compared to the pH value of the
water used to maintain the flooded condition (7.29–8.36 pH value).

The difference caused in the secant tensile stiffness of the geogrid may have occurred
due to differences in the strain under loading. As the values of J1 and J2 decreased for the
same strain (elongation) level, the buried specimens exhibited smaller tensile strengths
than the virgin specimens. This result supported the abovementioned assumption that
chemical degradation affected the deformation of the geogrids and, consequently, their
polymer chains.

4.2.4. Synergism Effects

The combined effect of mechanical damage (simulation of the dropping the RCDW
from a 2.0 m dropping height) and chemical degradation (contact of the geogrids with
RCDW in different saturation conditions) was assessed by the results of the tensile tests
performed in buried samples that were subjected to mechanical damage prior to their instal-
lation in the watertight tanks (Table 8). After 90-day exposure, the GG-PET samples buried
in the FLD and DRY tanks showed slight modifications compared to the virgin geogrids’
ultimate tensile strengths (Tult VS), with values falling inside their virgin confidence interval
(Figure 9). A reduction factor for synergy effects related to the ultimate tensile strength
(RFID+CBD:Tult) was equal to 1.00. GG-PET specimens in the ENV tank presented reductions
of −11.70% in the Tult VS value (RFID+CBD:Tult = 1.13) for the first exhumation (90-day ex-
posure) and severe after the 180-day exposure (second exhumation) with a reduction of
−22.73% (RFID+CBD:Tult = 1.29). Similar reductions in the FLD (−6.43%) and DRY (−4.70%)
tanks were experienced by the GG-PET specimens after 180-day exposure that culminated
in RFID+CBD:Tult values equal to 1.00 for both scenarios (Figure 9). The reduction factors are
summarized in Table 6.

Table 8. Mean values of tensile test results (five specimens) for virgin and degraded installation
damage specimens—synergism effects.

Scenario Tult (kN/m) εf (%) J1 (kN/m) J2 (kN/m)

PET
VS 27.36 (7.18) 8.70 (9.16) 520 (12.16) 386 (11.78)

FLD-1E 27.70 (6.71) 9.78 (9.30) 494 (29.11) 383 (16.45)
ENV-1E 24.16 (12.01) 8.36 (15.03) 738 (43.08) 502 (34.85)
DRY-1E 27.26 (7.23) 8.76 (12.96) 422 (50.03) 365 (21.09)
FLD-2E 25.60 (4.16) 9.12 (11.77) 264 (68.95) 289 (29.24)
ENV-2E 21.14 (17.39) 9.22 (9.92) 322 (46.03) 292 (20.06)
DRY-2E 26.08 (5.44) 9.55 (15.50) 503 (23.79) 371 (17.08)

PVA
VS 26.34 (7.80) 4.66 (5.39) 686 (8.75) 550 (6.68)

FLD-1E 25.32 (6.25) 4.84 (20.74) 688 (6.37) 447 (15.16)
ENV-1E 21.86 (8.63) 5.04 (8.94) 672 (17.59) 551 (4.32)
DRY-1E 24.52 (5.24) 6.04 (15.42) 442 (11.24) 545 (12.51)
FLD-2E 18.92 (8.40) 6.06 (11.53) 432 (15.99) 407 (5.93)
ENV-2E 23.14 (13.45) 3.96 (34.19) 440 (14.73) 408 (11.77)
DRY-2E 20.84 (10.09) 4.84 (20.74) 528 (19.52) 408 (10.38)

where VS = virgin specimens; FLD = flooded tank; ENV = open-to-environment tank; DRY = dry tank;
1E = exhumation after 90-day exposure; 2E = exhumation after 180-day exposure; COV = values are presented
in parenthesis.
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Once again, all specimens of GG-PVA exhibited a reduction in the ultimate tensile
strength values for all conditions and exposure periods. Similar to the GG-PET speci-
mens, after the first exhumation (90-day exposure), the GG-PVA specimens presented
small reductions in the Tult VS value in the FLD (−3.87%) and DRY (−6.91%) tanks,
which fell inside their virgin sample confidence interval (Figure 9; RFID+CBD:Tult = 1.00).
A reduction of −17.01% in the Tult VS value was experienced by the GG-PVA samples
exposed to the ENV tank, which resulted in a RFID+CBD:Tult equal to 1.20. In contrast to
the degradation that occurred in the 90-day exposure, for the 180-day exposure, the
specimens exhumed from the ENV tank exhibited a reduction (−12.15%) falling inside
the GG-PVA specimens’ confidence intervals. Meanwhile, the reductions experienced
by the GG-PVA in the FLD and DRY tanks were equal to −28.17% (RFID+CBD:Tult = 1.39)
and −20.88% (RFID+CBD:Tult = 1.26), respectively.

Regarding the evolution of the strength reduction (Figure 10), quite similar degradation
rates were observed for the GG-PET specimens in all the conditions investigated (tanks).
However, the specimens in the open-to-environment condition (ENV) exhibited the highest
degradation value after 90-day exposure, which almost duplicated for the following 90-day
exposure period. These results emphasised that the polyester geogrid was more sensitive
to degradation in contact with rainwater than in flooded and dry conditions. Although the
mechanical damage did not cause an immediate reduction in the GG-PET’s ultimate tensile
strength, this mechanical damage led to the exposure of the geogrid’s yarns, thus accelerating
the degradation process in the open to environment condition. Furthermore, it was evident
that the synergic effect resulted in higher degradation rates for the PET geogrid specimens
exposed to flooded and open-to-environment conditions than those related solely to the
contact with RCDW (without mechanical damage—see Figures 8 and 10).

For the GG-PVA, a peculiar behaviour (a negative degradation rate) was observed
for the samples exposed in the ENV tank. This unexpected result could have been
associated with a non-uniform degradation of the GG-PVA specimens after 180 exposure
days. As the degradation occurred due to the water (rainfall) infiltration in the tank, it
may not have reached the whole area; consequently, some specimens contacted with
the degradation agent (resulting in lower Tult compared to the virgin specimens), and
the another did not—which explained the high variability in this scenario Tult value
(see Table 8 and Figure 9). Despite the similar reduction values, after 90-day exposure
experienced by the GG-PVA specimens in the FLD and DRY tanks, the degradation rate
for the FLD tank was higher than in the DRY tank. In addition, the synergism effects
in these tanks (FLD and DRY) were higher than in the specimens solely subjected to
degradation (without mechanical damage). This behaviour also resulted from the fact
that the launching process exposed the PVA fibres to degradation.
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In terms of reduction factors, the simple multiplication of the reduction factors for
installation damage caused by the launching process (RFID) and chemical degradation
(RFCBD) underestimated the combined reduction factor (RFID+CBD) for GG-PET specimens
in the ENV tank (that means RFID+CBD > RFID·RFCBD). For the GG-PVA, an opposite
behaviour (RFID+CBD < RFID·RFCBD) was evident for specimens from the ENV and DRY
tanks. For the flooded tank, GG-PVA specimens exhumed after 180-day exposure exhibited
RFID+CBD > RFID·RFCBD. The values of the reduction factors are presented in Table 6.

The strain at the failure (εf) of the specimens subjected to the combined effect of the
launching process and chemical degradation exhibited similar behaviour to the specimens
only subjected to the chemical degradation: an increase in the εf value as the exposure time
increased was evident for most of scenarios investigated (except for scenario GG-PET-FLD,
GG-PVA-ENV, and GG-PVA-DRY). However, for GG-PET specimens, the εf values after
the synergic effect were maintained inside the confidence interval of the virgin specimens
(except for scenario ID-FLD-1E, which exhibited a 12.41% increase compared to virgin εf
values). The GG-PVA exhibited εf values inside the virgin confidence interval for samples
subjected to the FLD and ENV tanks after 90-day exposure. After 180-day exposure, the εf
values drastically increased (~30%) for both tanks (FLD and ENV). For the dry condition,
the GG-PVA specimens exhibited a −8.15% reduction in the first exhumation and a 15.02%
increase outside the virgin εf values in the second one.

These results highlighted that the chemical degradation process affected the stress–strain
behaviour of the geogrids, especially the elongation under loading. However, in general,
the synergic effect did not cause a further increase in the strains developed by the geogrids
under loading compared to the ones caused solely by chemical degradation. In terms of
reduction factors (Table 6), most of the GG-PET scenarios exhibited a reduction factor for the
combined effect related to the strains at failure (RFID+CBD:εf) equal to 1.00 (except ID-FLD-1E).
Meanwhile, the GG-PVA showed a predominance of RFID+CBD:εf equal to or smaller than
1.00 (except ID-DRY-02).

Regarding the secant tensile stiffness at 1% (J1) and 2% (J2) strains, the GG-PET
specimens exhibited reductions of 5.00% and 18.85% for J1 and 0.78% and 5.44% for J2 of
the specimens subjected to 90-day exposure in the FLD and DRY tanks, respectively. These
reductions were inside the virgin specimen confidence interval, resulting in a reduction
factor for synergic effects related to the secant tensile stiffness at the 1% (RFID+CBD:J1) and
2% strains (RFID+CBD:J2) equal to 1.00. Increases in the J1 (+41.92%) and J2 (+30.05%) values
were obtained after the tensile tests performed in specimens exhumed from the ENV tank
after 90-day exposure, with a reduction factor smaller than 1.00 (see Table 6). For the second
exhumation (180-day exposure), reductions outside the GG-PET virgin confidence interval
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were observed in those tanks that allowed water contact (FLD and ENV). In the FLD tank,
reductions of 49.23% for J1 and 25.13% for J2 resulted in an RFID+CBD:J1 equal to 1.97 and an
RFID+CBD: J2 of 1.34. For the ENV tank, the reductions in J1 (38.08%; RFID+CBD:J1 = 1.61) and
J2 (24.35%; RFID+CBD:J2 = 1.32) were smaller compared to the ones from the FLD tank. Slight
reductions (smaller than 5.5%) in J1 and J2 were experienced by the GG-PET specimens in
the DRY tank.

For the GG-PVA, slight changes in J1 and J2 values were observed for the specimens
exhumed from the ENV and DRY tanks after 90-day exposure. However, values outside the
GG-PVA virgin confidence interval were obtained for the J1 (−23.09%) and the J2 (−18.73%)
in the FLD tank for the same exposure period. This last scenario exhibited RFID+CBD:J1 and
RFID+CBD:J2 equal to 1.30 and 1.23, respectively. For the 180-day exposure, the specimens
from all the tanks exhibited similar reductions for each secant tensile stiffness (J1 and J2)
values. For J1 values, the reduction ranged from 35.6% to 37.1% (RFID+CBD:J1 varying from
1.56 to 1.59; see Table 6), whereas, for J2, the reduction values were close to 26% (RFID+CBD:J2
equal to 1.35).

The synergic effects exhibited similar results compared to those caused by chemical
degradation. The J1 and J2 were the parameters of interest most affected, and their reduc-
tions increased as the exposure time increased (for both geogrids). The GG-PET specimens
also exhibited higher degradations (J1 and J2) when in contact with water (FLD and ENV)
tanks. Controversially to the chemical degradation results, the reductions caused by the
synergic effects in the FLD condition were higher than in the ENV condition. Regarding
the GG-PVA results, the degradation caused by the combined effect (launching process and
chemical degradation) reached a similar degradation level in all conditions investigated
(FLD, ENV, and DRY) after 180-day exposure. These results indicated that the launching
process in the GG-PVA specimens heightened its sensitivity to chemical degradations
(especially for the J1 and J2 parameters).

In terms of reduction factors related to the J1 and J2 parameters (Table 6), the mul-
tiplication of RFID and RFCBD proved to underestimate the RFID+CBD for both geogrids’
specimens in a flooded condition (FLD tank), regardless of the exposure period, and for the
GG-PET specimens exhumed after 180-day exposure in the ENV tank.

5. Conclusions

This study investigated the isolated and combined effects of installation damage
caused by the launching process (non-compaction of the backfill) and the chemical degrada-
tion of geogrids caused by recycled construction and demolition waste (RCDW). Watertight
tanks were constructed to reproduce three different saturation conditions (flooded, open-to-
environment, and dry) for geogrid reinforced layers, using RCDW as a backfill material in
road infrastructure works (road embankments, bridge abutments, steep slopes, and retain-
ing walls). Isolated tensile tests were performed in damaged and/or degraded specimens
exhumed after 90- and 180-day exposures from the watertight tanks. Based on the results
obtained, the following conclusions can be highlighted.

• The RCDW used in this study had characteristics similar to other recycled aggregates
reported in the literature. The variability of the RCDW’s grain distribution does not
prevent its application in geotechnical works. After being exposed for 180 days under
flooded and open-to-environment conditions, the grain size distribution showed to be
the most affected characteristic of the RCDW. In the flooded condition, disaggregation
of some RCDW particles occurred (further investigation are required to assess if they
occurred due to suffusion). In the open-to-environment condition, the wetting and
drying cycles proved to be favourable to particle aggregation.

• The installation damage due to dropping the RCDW from a 2.0 m height did not cause
immediate changes to the geogrids’ ultimate tensile strengths, strains at failure, and se-
cant tensile stiffnesses at 1% and 2% strains. However, the PVA geogrid exhibited some
specimens with parameter values lower than the virgin sample confidence interval,
indicating that the tested geogrid was more sensitive to installation damage compared
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to the tested PET geogrid. As this study used a recycled aggregate with a specific
grain size distribution, further investigations are necessary to evaluate the damage
that could be caused by dropping materials with different grain size distributions.

• The tested PET geogrid showed to be more resistant to the chemical degradation
caused by the RCDW than the tested PVA geogrid. For the ultimate tensile strength,
the highest degradation and degradation rate in PET geogrid occurred for the dry
condition, whereas, for the PVA geogrid, this occurred for the flooded condition.
However, it was noted that the other properties of the tested geogrids (strain at failure
and stiffness at 1% and 2% strains) were more affected by the rainwater due to their
acid pH value compared to the flooded condition. The strain at failure exhibited
higher values as the exposure period increased for all saturation conditions evaluated;
the changes in the tensile stiffnesses (at 1% and 2% strains) resulted in significant
changes. Regarding these properties, the PET geogrid was more affected in those
conditions with rainwater contact, meanwhile the PVA geogrid experienced that for
dry conditions.

• The combined effect of installation damage and chemical degradation—synergic
effect—resulted in higher degradation rates for the geogrid ultimate tensile strength
values compared to the isolated chemical degradation process. Even though no
immediate reductions for the geogrids’ ultimate tensile strengths were evident due to
the installation damage (mechanical damage) simulations, they caused the exposure
of the geogrid yarns and accelerated the chemical degradations. Furthermore, the
synergic effect did not cause a further increase in the elongation at failure shown
by the geogrids submitted to the installation damage simulation compared to those
submitted solely to the chemical degradation (contact with the RCDW). The strain at
failure, the secant tensile stiffness at 1% and 2% strain, presented higher values as the
exposure period increased, which was a similar behaviour observed for the specimens
solely exposed to chemical degradation.

Based on these conclusions, one must bear in mind that the use of RCDW as a backfill
material of geosynthetic reinforced soil structures requires investigations related to the
chemical degradation of the reinforcement elements. The chemical degradation has shown
to be an important factor to be considered in design. Additionally, the combined effect of
installation damage and chemical degradation must be previously assessed and quantified
to provide adequate design parameters.
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