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ABSTRACT: Using recycled construction and demolition waste (RCDW) in geosynthetic reinforced
soil (GRS) structures presents attractive environmental and economic aspects. However, bearing
in mind installation damage can be responsible for significant changes in geosynthetic tensile-strain
behavior, the damage caused by the RCDW must be assessed and quantified. This study aims
to investigate the occurrence of mechanical damage during the installation of geogrids with
RCDW backfill material using an in-field test facility. In order to understand the mechanisms related
to the damage, the influences of the dropping height and compaction method were investigated.
Statistical analysis using the Student’s t-distribution was carried out to validate the occurrence of
damage and calculate reduction factors for geogrids’ tensile strengths. Results revealed that dropping
processes reduced the geogrid ultimate tensile strengths, but the compaction methods caused the highest
reductions. The reduction factor values encourage the design of GRS structures with RCDW, an
interesting option to satisfy the technical and economic aspects required for these structures in
agreement with the environmental concerns.
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1. INTRODUCTION

Reinforcement material durability is an important issue
related to the design of geosynthetic reinforced soil (GRS)
structures. Among the factors affecting polymeric material
durability, installation damage (i.e. mechanical damage)
can be classified as the most critical mechanism (Hufenus
et al. 2005). When related to geogrids, this damage is
responsible for changes in ultimate tensile strength (Tult),
strain at failure (εf) and secant tensile stiffness (Jsec) and
can affect the behaviour of the GRS structures. Hence,
installation damage investigations have been carried out
over the last decades (Koerner and Koerner 1990).
Furthermore, the application of non-conventional

backfill materials in GRS structures favours the concept
of sustainable development required by modern engineer-
ing. Facing the significant amount of construction and

demolition waste (CDW) generated, a proper manage-
ment strategy, such as recycling, creates new raw materials
for geotechnical applications. However, approximately
23% of Brazilian recycling plants do not carry out or
have never carried out technical characterisation in their
products (Brazilian Association for the Recycling of
Construction and Demolition Waste; ABRECON 2015).
Despite the regional variability of recycled construction
and demolition waste (RCDW) technical characteristics
(Ossa et al. 2016), mainly due to different construction
processes adopted around the world, recent studies have
shown that RCDW has the potential to be an alternative
filling material in GRS structures (Santos et al. 2013,
2014; Arulrajah et al. 2014; Vieira and Pereira 2015a,
2015b, 2016; Cardoso et al. 2016; Vieira et al. 2016;
Soleimanbeigi et al. 2019). Therefore, the composite
(RCDW and geogrids) applied in GRS structures seems
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to satisfy both environmental and technical aspects
required by the concept of sustainable development
(Basu et al. 2014; Correia et al. 2016; Damians et al.
2017, 2018).
However, installation damage caused by RCDW to

geogrids must be evaluated and quantified in order to
provide suitable design parameters. In the literature,
the investigation of mechanical damage caused by the
compaction procedures for different types of backfilling
materials (natural and recycled) has already been inves-
tigated (Richardson 1998; Hufenus et al. 2005; Santos
et al. 2012; Lim and McCartney 2013; Pinho-Lopes
and Lopes 2014; Vieira and Pereira 2015a). Nevertheless,
there is limited information about the influence of the
dropping process in geogrids’ reduction tensile strength.
This paper fills this gap, aiming to evaluate and quantify
the installation damage caused by RCDW to geogrids.
Through a statistical evaluation and simulations of dropp-
ing and compaction mechanisms, individual and synergy
effects to geogrids’ short-term mechanical behaviour
were assessed in terms of ultimate tensile strength,
secant tensile stiffness and strain at failure. Finally, the
paper provides the characterisation of RCDW produced
in Brazil to make their geotechnical characteristics
widespread.

2. BACKGROUND

Over the last decades, the application of geogrids has
increased worldwide due to their advantages related
to mechanical characteristics, construction process and
competitive costs. In this context, the extended lifetime of
GRS structures and the uncertainty about the mechanical
properties of reinforcement elements over their lifetime
point out the durability of geogrids as an essential issue
to designers (Richardson 1998; Huang and Chiou 2006).
Mechanical damage leads to an immediate reduction in
the geogrids’ tensile strength (Rosete et al. 2013). Damage
is also suffered during geogrid installation (in the handl-
ing, transportation, dropping, strewing and compaction
processes of the backfill materials) and under its service
conditions or repeated loads (Hufenus et al. 2005; Huang
2006). However, installation damage represents the most
critical harm caused to a geosynthetic reinforcement
during its lifetime (Hufenus et al. 2005).
To deal with the damage caused by installation

activities, GRS structure designers consider the appli-
cation of an installation damage reduction factor (RFID)
to determine the geosynthetic allowable tensile strength
(Tal), according to (Allen and Bathurst 1996)

Tal ¼ Tult

RF
¼ Tult

RFID�RFCR�RFD
ð1Þ

where Tult is the ultimate tensile strength; RF, the global
reduction factor; RFCR, the creep reduction factor; and
RFD is the durability reduction factor. The RFID is
calculated according to:

RFID ¼ T̄ult v=T̄ult d ð2Þ

where T̄ult v and T̄ult d represent the ultimate tensile
strength mean value of virgin (undamaged) and damaged
specimens, respectively.
Equation (1) is applicable for allowable stress design

and limit state design. For the latter, the use of reliability
base analysis is important to calibrate load and resistance
factors. Considering natural aggregates, calibrations with
a large amount of data have been performed in terms
of installation damage (Bathurst et al. 2011; Miyata and
Bathurst 2015), creep rupture (Bathurst et al. 2012) and
for the synergy between them (Bathurst andMiyata 2015).
However, adopting reliability base analysis for calibrating
reduction factors caused by recycled aggregates is not
within the scope of this study.
Over the last decades, researchers have carried out

many investigations to determine RFID values for differ-
ent conditions, adopting the following sequence: installa-
tion damage simulation (in-field or laboratory tests);
tensile strength tests on virgin and damaged specimens;
visual inspections; determination of RFID; and corre-
lation between RFID and visual inspections.
Some authors (Paula et al. 2004; Huang 2006; Huang

and Chiou 2006; Huang and Wang 2007; Yoo et al. 2009;
Rosete et al. 2013; Gonzalez-Torre et al. 2014) performed
the standard laboratory test EN ISO 10722:2007 (BSI
2007) focused on evaluating the mechanical damage to
geogrids under repeated loading with granular materials.
The values of RFID, for different repeated loads and
granular materials, varied from 0.93 to 1.54.
In general, the results revealed: values of RFID became

higher as the cyclic load intensity increased (Huang
and Chiou 2006; Huang and Wang 2007; Rosete et al.
2013; Pinho-Lopes and Lopes 2014); the synthetic
aggregate (sintered aluminium dioxide) produced more
damage than natural aggregates with similar grain size
distributions (Paula et al. 2004); tests with fine grained
materials (as the standard synthetic aggregate) under-
estimate the damage compared with tests performed with
coarser materials (Huang 2006; Huang and Chiou 2006;
Pinho-Lopes and Lopes 2014); and the grain size distrib-
ution of natural aggregates impacted the values of RFID

(Yoo et al. 2009; Lim and McCartney 2013). Huang and
Liao (2007) investigated damage caused by turbid flow
and highlighted the coating material effects on geosyn-
thetics’ resistance to mechanical damage. Huang and
Chiou (2006) associated the damage effect with the ratio
of coating material volume and the mass of yarns (V-M
ratio). Rosete et al. (2013) recommended adopting cumu-
lative effects of abrasion and repeated load damage
instead of multiplying independent RFID.
Despite the contribution made by laboratory tests,

adoption of full-scale tests has been recommended when
coarse particles are present in backfill materials to better
represent installation procedures (Hufenus et al. 2005;
Huang 2006; Huang and Wang 2007). In-field investi-
gations of installation damage to geogrids using gravel
and coarse backfill materials revealed values of RFID

from 0.87 to 2.33 (Austin 1997; Richardson 1998; Hsieh
and Wu 2001; Hufenus et al. 2002, 2005; Cho et al.
2006; Jeon and Bouazza 2010; Paula et al. 2012; Lim
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and McCartney 2013; Pinho-Lopes and Lopes 2014;
Pinho-Lopes et al. 2018). Studies carried out using
RCDW found values of RFID from 0.94 to 1.28 (Santos
et al. 2012; Vieira and Pereira 2015a).
The wide range of values of RFID obtained from

in-field investigation and laboratory tests are a result of
different test conditions. Nevertheless, these different tests
identified several factors affecting installation damage.
Hufenus et al. (2005) and Pinho-Lopes and Lopes (2014)
pointed out that the geosynthetic type is a primary factor
to be considered. Focusing on geogrids, high-density
polymeric materials (e.g. HDPE and HDPP) are more
resistant to installation damage (Austin 1997; Cho et al.
2006; Jeon and Bouazza 2010; Lim and McCartney
2013). More severe damage was observed when gravel and
angular particles comprised the backfill material (Hsieh
and Wu 2001; Cho et al. 2006; Jeon and Bouazza 2010;
Paula et al. 2012; Lim and McCartney 2013). However,
Pinho-Lopes and Lopes (2014) verified greater damage
with fine-grained soil than in gravel. These results suggest
an influence of backfill material gradation. Hufenus
et al. (2002) and Lim and McCartney (2013) highlighted
the negligible influence of compaction thickness, but
Richardson (1998) suggested adopting layer thicknesses
higher than 150 mm or four times the maximum backfill
material particle size.
International standards recommend using granular

and non-plastic materials in GRS structures (BS 8006-1
(BSI 2010); FHWA 2010; NCMA 2010; EBGEO 2011).
According to Santos and Vilar (2008), these specifications
make it possible to use alternative backfill materials, such
as recycled construction and demolition waste (RCDW),
as those geotechnical characteristics are achieved. In this
scenario, adopting proper management actions and recycl-
ing procedures could enable the return of a significant
amount of recycled materials to the construction industry
as raw material (e.g. backfill materials in geotechnical
engineering).
Besides the environmental benefits related to using

RCDW, several authors also studied their technical
properties for different applications: pavements (Niekerk
et al. 2002; Poon and Chan 2006; Leite et al. 2011;
Herrador et al. 2012; Taherkhani 2015; Ossa et al. 2016);
concrete (Nagataki et al. 2004; Brito et al. 2005; Silva
et al. 2014); and GRS (Santos et al. 2009, 2010, 2013,
2014; Arulrajah et al. 2014; Vieira and Pereira 2015a,
2016; Vieira et al. 2016; Soleimanbeigi et al. 2019).
Moreover, two instrumented wrapped-face geosynthetic
reinforced walls with RCDW backfill material demon-
strated satisfactory performance – quite similar to that
expected for GRS built with conventional materials –

(Santos et al. 2013) and supported the deformations
caused by an induced inundation of their collapsible
foundation soil (Santos et al. 2014).
To promote the use of RCDW in GRS structures, some

authors have investigated installation damage caused by
these materials in geogrids. Santos et al. (2012) verified
higher values of RFID caused by compaction processes
when they were carried out using a vibratory hammer
compared to those caused by a lightweight roller

(without vibratory movements). Vieira and Pereira
(2015a) did not find significant damage when a compac-
tion plate was used for compaction. Barbosa and Santos
(2013) and Barbosa et al. (2016) investigated the influence
of the synergy between the dropping process and
compaction procedures. The authors reported higher
RFID values for the scenario involving a 1.0 m dropping
height compared to the scenario with a 2.0 m dropping
height.
In order to improve knowledge of geogrid installation

damage and to help with better design parameters for
RCDWapplication in GRS structures, this study focused
on evaluating the damage caused by the backfill dropping
process (height), different compaction procedures, and the
synergy between these two processes.

3. MATERIALS AND METHODS

3.1. Recycled construction and demolition waste (RCDW)

The RCDW used in this investigation was provided by
a recycling plant in Aparecida de Goiânia-GO, in the
metropolitan region of Goiânia-GO (capital city of the
state of Goiás). The recycling plant used a jaw crusher to
reduce the particle size of CDWin a single process. Due to
the construction methods normally adopted in Brazil, the
CDW that arrives at the recycling plant mainly consists
of concrete, masonry and mortar. The RCDWused in this
study comprises similar volumes of four particle size (d )
recycled products: gravel (d>19 mm), gravel A (19 mm<
d<9.5 mm), gravel B (9.5 mm< d<4.8 mm) and sand
(d<4.8 mm). However, it is important to pay attention
to the fact that particle breakage can occur during
the mixing procedure, which may affect the grain size
distribution curve of the final RCDW product.
In order to evaluate the variability of RCDW proper-

ties, five samples – codes RCDW 01 to 05 – were collected
in 15-day intervals and a sampling procedure was carried
out in different parts of thewaste pile (bottom, middle and
top). The laboratory tests consisted of specific gravity (Gs);
grain-size distribution; Atterberg limits; compaction test
(Standard Proctor); and a composition test. The compo-
sition test followed similar procedures to those adopted by
Santos (2007), where 10 kg of RCDW were sieved (mesh
aperture 4.76 mm) under running water – the RCDW
passing in mesh #4 is considered ‘soil particles’ – and the
retained RCDW, after 12 h of oven drying, is sorted by
visual analysis (naked eye).

3.2. Characteristics of geogrids

This study evaluated the performance of three geogrids
usually used in GRS structures (Figure 1). The decision
to adopt two geogrids with polyester filaments (PET-35,
mass per unit area, MA=185 g/m2; and PET-55,
MA=280 g/m2) and one geogrid with polyvinyl alcohol
filaments (PVA-35, MA=160 g/m2) was made in order to
check the influences of the constitutive polymers and
tensile strengths on installation damage. According to the
manufacturer, all geogrids have less than 10% strain at
ultimate tensile strength. For in-field tests, each type of
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geogrid was cut into four meshes of 1.2 m by 3.90 m
(longitudinal and transversal directions, respectively).

3.3. Installation damage program

3.3.1. Experimental facility construction
The construction of an experimental facility measuring
8.0 m long by 3.9 m wide was carried out to investigate
the installation damage caused by RCDW to the geogrids.
The facility consists of a reinforced concrete base (60 mm
thick); precast concrete beams (responsible for retaining
the RCDW laterally); and a pyramidal plastic tent to
protect the experiment from rainfall (at least 3 m from the
ground). Figure 2 shows the experimental facility cross-
section drawing and its view can be seen in the supple-
mentary material available on the journal website.

3.3.2. Installation damage simulation
This study assessed the influence of installation damage
related to the dropping process and compaction methods
used on the filling material (RCDW). The dropping
process occurred at three different heights: 0.0 m (H0),
1.0 m (H1) and 2.0 m (H2). Concerning this process,
another scenario was evaluated: RCDWdropping from a
2.0 m height over a 50-mm thick RCDW layer (protection
layer) placed above the geogrid – this configuration was
called H2*. Three compaction methods were investigated:
no compaction (NC), to evaluate the influence of the
dropping process; compaction with avibratory roller (VR)
with a 1400 kg operational weight distributed on a
900 mm roller length; and compaction using a vibratory

hammer (VH) with a 74 kg operational weight over a
320× 280 mm plate.
Once the dropping process (four scenarios) and

compaction methods (three scenarios) were performed
on three geogrid types, 36 scenarios were evaluated in
total (12 per each geogrid). The nomeclatures used for the
scenario show the whole condition investigated. For
example, the PVA-35-H1-VH scenario implies a test on
a geogrid of polyvinyl alcohol filaments and tensile
strength of 35 kN/m, with RCDW dropping from a
height equal to 1.0 m (H1) and compacted with the
vibratory hammer (VH).
The in-field experimental facility area was divided to

optimise the simulations of installation damage. Six types
of meshes (1.2 m×3.9 m) were placed and arranged with
100 mm space (Figure 3). Three scenarios were evaluated
for each geogrid mesh. Each scenario occupied an area
of 1.2 m by 1.3 m in the longitudinal and transversal
directions, respectively. The in-field experimental facility
was used twice, nominated as ‘condition A’ for the first
filling and ‘condition B’ for the second filling, to perform
all the scenarios investigated. Figure 3 presents the
scenarios investigated in the field site conditions (A
and B) for each type of geogrid.

3.3.3. Test procedure sequence
The first process consisted of compaction (four roller
passes) of a 100 mm thick RCDW layer – called the
‘bottom RCDW layer’ – over the reinforced concrete base.
Then, geogrid meshes were laid over the bottom RCDW
layer according to section 3.3.2. To avoid damage induced
by dropping in adjacent specimens, a wooden board
(50 mm thick) was laid over the geogrids. For scenario
H2* (2.0 m dropping height over 50 mm RCDW thick-
ness layer), the RCDW protective layer was spread using a
hoe and shovel. The process for positioning the wooden
board and spreading the protective layer can be found in
the supplementary material available on the journal’s
website. Once the dropping process ended and the in-field
experimental facility was filled, the top RCDW layer
was compacted to reach a 200 mm layer thickness (six
vibratory roller passes or eight vibratory hammer passes).
In the end, a 300 mm GRS layer was constructed with
a final configuration as presented in Figure 2. Similar
procedures were carried out by Austin (1997), Hufenus

(a) (b) (c)

10 mm

Figure 1. Geogrids: (a) PVA-35, (b) PET-35 and (c) PET-55

Top RCDW layer

Geogrid

Bottom RCDW layer
Reinforced concrete
base

200

100
100

210100

600 300

80
120

Foundation soil
3900

Dimensions in mm

800

310

Figure 2. In-field test facility cross section
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et al. (2002, 2005), Cho et al. (2006), Jeon and Bouazza
(2010) and Lim and McCartney (2013) for conventional
backfill materials, and by Santos et al. (2012), Barbosa
and Santos (2013) and Vieira and Pereira (2015a) for
RCDW backfill materials.

3.3.4. Exhumation and geogrid specimen preparations
After the damage simulations, the geogrid samples (1.2 m
long and 1.3 m wide) were exhumed manually with
a shovel and hoe. Two samples of RCDW were col-
lected during the exhumation process, one related to
Condition A, identified as ‘RCDW 06’, and another
related to Condition B, identified as ‘RCDW 07’.
The geogrid specimens were tested in the Geosynthetic

Laboratory at the University of São Paulo (USP) in São
Carlos, state of São Paulo, Brazil, for tensile strength tests
according to ASTM D 6637-15 using electromechanical
equipment (Instron 3385H) with a video-extensometer.
Each geogrid sample was divided into seven specimens
(Figure 3, see sampling detail). Six were prepared for
tensile strength tests (1.2 m× 0.2 m), and one for optical
microscope inspection (1.2 m×0.1 m). Although six
specimens were available for tensile strength tests, only
five were tested for the investigated scenario (virgin and
damaged). Specimen #06 was kept as a control specimen.
The results from the optical microscope inspection are not
presented in this paper and further analysis will be
performed for future publications.

3.4. Validation and quantification of damage

Before installation damage was quantified, a statistical
analysis was carried out to validate the damage that
occurred based on determining the confidence intervals
of the properties of interest (Tult, εf, and Jsec) of virgin
specimens. To do that, the Student’s t-distribution
was adopted, given that this distribution is used for
estimating the mean of a normally distributed population
in situations where the sample size is small, and the
population standard deviation is unknown. According to
the Student’s t-distribution, the sample mean value
confidence is given by

t ¼ X̄ � μ

S=
ffiffiffi

n
p ð3Þ

where t is the value of the Student’s t-distribution variable,
X̄ is the mean value of the virgin sample; μ, the population
mean; S, sample standard deviation; and n is the sample
size.
Quantification of the installation damagewas measured

based on calculating reduction factors related to ultimate
tensile strength (RFT ult), strain at failure (RFε f ), and
secant tensile stiffness at 2% and 5% strain (RFJ sec2

and RFJ sec5, respectively). To validate the occurrence of
damage, the following analysis was carried out.
The damaged sample mean value (X̄ d) into the virgin

sample confidence level interval (calculated according to
Student’s t-distribution): this scenario raises doubts about

Sample detail

Additional information

Section A: No compaction (NC)
Section I: 0 m drop height (H0)
Section II: 1 m drop height (H1)
Section III : 2 m drop height (H2)

Section B: Vibratory roller compaction (VR)
Section I: 0 m drop height (H0)
Section II: 1 m drop height (H1)
Section III : 2 m drop height (H2)

Field site A conditions

Field site B conditions
Section A: Vibratory hammer compaction (VH)

Section I: 0 m drop height (H0)
Section II: 1 m drop height (H1)
Section III : 2 m drop height (H2)

Section B: 2 m drop height over protection
on layer (H2*)

Section I: Vibratory hammer compaction (VH)
Section II: No compaction (NC)
Section III: Vibratory roller compaction (VR)
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Figure 3. In-field facility plant (with sample detail and additional information table)
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the occurrence of damage, and hence the reduction factor
was assumed as equal to 1.0.
Damaged sample mean value (X̄d) out of the virgin

sample confidence level interval: for this scenario, the
reduction factor was calculated according to

RFX ¼ X̄

X̄ d
ð4Þ

where, RFX is the reduction factor related to the X para-
meter, X̄ is the virgin sample mean value of the analysed
parameter and X̄ d is the damaged sample mean value of
the analysed parameter.

4. RESULTS AND DISCUSSION

4.1. Recycled construction and demolition waste (RCDW)

The results of composition tests (Table 1) showed the pre-
dominance of soil, concrete, mortar and ceramic, in that
order. These results reveal that RCDW is mainly com-
posed of inert materials. These components, together with
weathered rock and polished ceramic contents, compose
more than 98% in all RCDW samples analysed. Similar
results were reported by Santos et al. (2010), Leite et al.
(2011) and Vieira and Pereira (2015b, 2016).
Particles of RCDW smaller than 4.75 mm presented

specific gravity results with low variability (Table 2). A
mean value of 1.811 and a coefficient of variation (COV)
equal to 2.49% were obtained. The controlled recycling

process adopted by the recycling plant and CDW gen-
eration with similar composition in the region are pointed
out as responsible for these results. However, further inves-
tigations are required for particles bigger than 4.75 mm,
since the composition results (Table 1) revealed consider-
able variability of materials (i.e. concrete, mortar and
ceramic) in the samples. Recycling procedures, the quality
of the original material (CDW) and the particle sizes are
factors that affect the density/specific gravity of RCDW
aggregates (Silva et al. 2014).
The grain size distribution curves (Figure 4a) indicate a

considerable variability, which makes the best represen-
tation of the RCDW grain size distribution given by a
‘grain size distribution range’ (hereafter called RCDW
range). Sample RCDW 5 greatly influenced this vari-
ability, with a COV higher than 5.0% in the range limited
by soil particles of 0.01 mm and 9 mm. The samples’
composition, particularly that of the soil, concrete and
mortar contents, was an influential factor related to the
shape of the grain size distribution curves. Sample RCDW
05 – the predominant bottom curve in Figure 4a – showed
the lowest soil content (35.18%) and the highest value of
concrete and mortar content summed (hereafter called
cement products; 51.54%). On the other hand, sample
RCDW 07 – the upper curve in Figure 4a – presented the
highest soil content (60.41%) and lowest cement product
content (36.07%). In this context, the shapes of the grain
size distribution curves of RCDW 03 and RCDW 04
overlap because of the similar soil and cement product

Table 1. RCDW composition in percentage by weight

Component RCDW 01 RCDW 02 RCDW 03 RCDW 04 RCDW 05 RCDW 06 RCDW 07

Soil 47.38 57.85 51.47 52.71 35.18 58.97 60.41
Concrete 40.42 18.44 30.58 24.92 25.68 27.27 24.15
Mortar 8.39 17.24 12.97 15.69 25.86 9.24 11.92
Ceramic 1.51 2.83 2.72 3.60 5.99 2.25 1.61
Weathered rock 1.50 1.11 1.15 1.63 2.49 0.87 1.02
Polished ceramic 0.18 1.39 0.48 0.59 3.09 1.05 0.56
Othersa 0.62 1.14 0.63 0.86 1.71 1.40 0.33

aIncludes bituminous materials, fabric, glass, metal, plaster, plastic and wood.

Table 2. Summary of RCDW characterisation results

Characteristics RCDW 01 RCDW 02 RCDW 03 RCDW 04 RCDW 05 RCDW 06 RCDW 07

Gs
a 2.677 2.676 2.699 2.693 2.693 2.718 2.714

PIb NPc NPc NPc NPc NPc NPc NPc

USCSd GW-GMe SP-SMf SP-SMf SP-SMf GP-GMg SP-SMf SP-SMf

γd_máx (kN/m3)h 18.96 18.08 18.37 17.66 18.09 17.65 17.99
wop (%)i 12.4 15.1 15.0 15.4 15.8 15.4 13.0

aSpecific gravity of grains passing through 4.76 mm sieve.
bPlasticity index.
cNon-plastic behaviour.
dUnified Soil Classification System according to ASTM D 2487-06.
eWell-graded gravel with silt
fPoorly-graded sand with silt
gPoorly-graded gravel with silt
hMaximum dry unit weight
iOptimum water content.
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contents (see Table 1). The composition test reveals
particle breakage after the compaction procedures per-
formed during the second site plant filling: sample
RCDW 07 presented more fine grains (particles smaller
than 4.75 mm) compared with sample RCDW 06.
According to the Unified Soil Classification System

(ASTM D 2487-06), the majority of RCDW samples
are classified (Table 2) as poorly-graded sand with silt
(GP-GM). The RCDW range is inside the recommended
gradation of backfill materials for GRS structures
(Figure 4b) as per FHWA (2010) and BS 8006-1 (BSI
2010). According to NCMA (2010), 7.8% of the RCDW
range is outside their recommended gradation limits.
Furthermore, all samples meet the recommendation of
EBGEO (2011) for backfill materials in GRS structures.
The grain size distribution range and non-plastic behav-
iour observed for RCDW enables it to be used as an
alternative backfill material in GRS structures. Santos
et al. (2010, 2013, 2014) and Vieira and Pereira (2015b,
2016) also verified the applicability of RCDW in this type
of structure.
The standard Proctor compaction test results (Table 2)

reveal mean values of maximum dry unit weight (γd_max)
and optimum water content (wopt) equal to 18.11 kN/m3

and 14.6%, respectively. The dry unit weight results have
shown a smaller variation (COV=2.30%) compared to
optimum water content results (COV=8.41%). Sample
RCDW 01 presented the highest value of γd_máx, which
can be attributed to its higher concrete content (Table 1).
The variability of ceramic content can be pointed out
as the factor responsible for the higher COV value of wopt.
It was noted that the wopt value increases as the ceramic
content decreases (the results for samples RCDW 01 and
RCDW 07 validate this assumption). O’Mahony (1997),
Poon and Chan (2006) and Cardoso et al. (2016) reported
similar results.
The mean value of γd_max of the five samples initially

tested (RCDW 01 to RCDW 05) were taken as a reference
for calculating the degree of in-field compaction.

Four vibratory roller (VR) passes performed on the
bottom RCDW layer and six passes performed on the
top RCDW layer provided a degree of soil compaction
equal to 89% (Standard Proctor). An increase in vibratory
roller passes did not influence the degree of soil compac-
tion, as the RCDW water content was on the dry side of
the compaction curve (water content equal to 9.92%, and
COV equal to 9.49%). The eight passes of the vibratory
hammer (VH) carried out on the top RCDW layer yielded
a degree of soil compaction equal to 92% (water content
of 7.16%, and COV=5.14%). The results of the compac-
tion process (the degree of soil compaction and water
content) measured were higher than those observed by
Santos et al. (2010, 2013, 2014) in the GRS structures
built with RCDW.

4.2. Geogrids

4.2.1. Tensile test in virgin samples and determination of
confidence interval
The results of tensile tests performed in five virgin speci-
mens of each geogrid type (Figure 5) revealed smaller
ultimate tensile strength (T̄ult v) compared to the manu-
facturer’s information. For geogrid PVA-35, the strain at
failure (ε̄f ) was below 5% and inhibited the calculation of
the secant tensile stiffness for a strain of 5% (J̄sec5).
Geogrids PET-35 and PET-55 presented ε̄f below 10%.
The polyester (PET) geogrids exhibit J̄sec2 values higher
than J̄sec5, associated with a bending of the load-strain
curve between strains of 1% and 3% (Figure 5), typical in
polyester geosynthetics. This behaviour is not significant
in the tensile-strain curve of polyvinyl alcohol filament
geogrids (PVA-35).
The geogrid load-strain curves (Figure 5) revealed a

smaller variability of mechanical behaviour for geogrid
PET-35 compared to the others. This result revealed
smaller variability in the mechanical behaviour of the
PET filament geogrids compared to that of the PVA
filament geogrid. However, geogrid PET-55 presented
higher variability for tensile strength values.

100

P
er

ce
nt

 fi
ne

r b
y 

m
as

s 
(%

)

90
80
70
60
50
40
30
20
10
0
0.001 0.01 0.1 1 10 100

Diameter (mm)
(a)

100

P
er

ce
nt

 fi
ne

r b
y 

m
as

s 
(%

)

90
80
70
60
50
40
30
20
10
0
0.001 0.01 0.1 1 10 100

Diameter (mm)
(b)

RCDW 01

RCDW 02

RCDW 03

RCDW 04

RCDW 05

RCDW 06

RCDW 07

RCDW grain size range

BS 8006-1 (BSI 2010)

NCMA (2010)

FHWA (2010)

Figure 4. RCDW grain size distribution: (a) RCDW samples; (B) RCDW grain size distribution range and recommendations for backfill
material – NCMA (2010), BS 8006-1 (BSI 2010) and FHWA (2010)

Geogrid installation damage caused by recycled construction and demolition waste 647

Geosynthetics International, 2019, 26, No. 6

Downloaded by [ International Geosynthetics Society] on [20/12/19]. Copyright © ICE Publishing, all rights reserved.



Based on virgin specimen mean values, the confidence
intervals were determined as follows: firstly, once each
value of t (Student’s t-distribution randomvariable) corres-
ponded to a specific confidence level, for each property,
the confidence level value that contained all the test results

from the five virgin specimens was fixed; thus, the maxi-
mum andminimum values of each virgin geogrid property
were calculated and the range between them (maximum
and minimum values) was, henceforward, called the
‘confidence interval’. This procedure was adopted for
each geogrid type (PVA-35, PET-35 and PET-55) and for
each property evaluated (tensile strength, strain at failure
and the tensile stiffness at 2% and 5% strain). Table 3
shows the mean values of the aforementioned properties
and their respective coefficients of variation (COV) and
confidence levels. It was observed that the confidence
levels for those properties ranged from 96% to 98% for all
geogrids.

4.2.2. Geogrids’ tensile strength after installation damage
After the installation damage, it can be assumed that a
significant part of the investigated scenarios presented
means value of damaged ultimate tensile strength (T̄ult d)
smaller than the mean value of virgin ultimate tensile
strength (T̄ult v). In the study, the percentages of redu-
ction in T̄ult v varied from 18.11% (PVA-35-H0-VH)
to −6.01% (PET-35-H2*-NC). The negative values indi-
cate ultimate tensile strength higher compared to T̄ult v.
For all damaged scenarios investigated (except PVA-
35-H2*-VR), the tensile strength results presented
higher coefficient of variation (COV) values compared
to the COV values of virgin specimens – similar results
were reported by Paula et al. (2012) and Gonzalez-Torre
et al. (2014). Table 4 summarises the mean and COV
values of the tensile test results of virgin and damaged
specimens.
For PVA-35 geogrid, the scenarios without compaction

procedure (H0-NC, H1-NC, H2-NC and H2*-NC)
revealed a similar reduction in the mean value of virgin
ultimate tensile strength (T̄ult v) when considering both
dropping heights (2.28% and 2.24% for 1.0 m and 2.0 m
drop heights, respectively). The scenario with the protec-
tive layer (H2*-NC) induced more reduction in T̄ult v

(9.69%) compared to the scenario without the protection
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Table 3. Results from tensile tests on virgin samples (5 specimens for each geogrid) associate with the Student’s t-distribution analysis

Tmax εf (%) Jsec2 Jsec5

PVA-35
Mean value 25.90 kN/m 4.83 548.98 kN/m —

COV 2.89% 7.80 11.28% —

Maximum value 27.00 kN/m 5.33 652.76 kN/m —

Minimum value 24.80 kN/m 4.32 445.20 kN/m —

Confidence level 97% 96 98% —

PET-35
Mean value 31.95 kN/m 7.35 410.67 kN/m 367.75 kN/m
COV 1.54% 2.10 11.13% 8.35%
Maximum value 32.61 kN/m 7.58 487.25 kN/m 419.18 kN/m
Minimum value 31.29 kN/m 7.12 334.09 kN/m 316.31 kN/m
Confidence level 96% 97 98% 98%

PET-55
Mean value 49.93 kN/m 9.72 491.98 kN/m 449.12 kN/m
COV 3.06% 7.35 33.48% 15.48%
Maximum value 51.86 kN/m 10.52 668.69 kN/m 551.63 kN/m
Minimum value 46.80 kN/m 8.92 315.27 kN/m 346.61 kN/m
Confidence level 98% 97 98% 98%
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layer (H2-NC; 2.24%). Where damage was caused exclu-
sively by the compaction procedures (scenarios H0-VH
and H0-VR), the vibratory hammer compaction caused a
higher reduction in T̄ult v (18.11%) than the vibratory
roller compaction (1.43%). The cumulative effect of the
dropping process and the vibratory roller compaction,
scenarios H1-VR, H2-VR and H2*-VR, caused redu-
ctions in T̄ult v equal to 1.66%, 0.15% and 9.73%, respec-
tively. For the same geogrid, one can observe reductions
equal to 5.71%, 11.54% and 3.82% for the scenarios that
represent the synergy effect attached with the vibratory
hammer compaction H1-VH, H2-VH and H2*-VH,
respectively.
In the case of the PET-35 geogrid, scenarios H0-NC,

H1-NC and H2-NC (without compaction procedures),
show that as the drop height increased, the reduction in
the mean value of virgin ultimate tensile strength (T̄ult v)
also increased. The percentage of reduction in T̄ult v is
equal to 1.00% for 1.0 m drop height and 9.67% for 2.0 m
drop height. For the analysed geogrid, the protective layer
avoids the occurrence of damage since the reduction in
T̄ult v reduced from 9.67% (scenario H2-NC) to −6.01%
(scenario H2*-NC). The scenarios that simulate the com-
paction process (H0-VH and H0-VR) show a similar
reduction in T̄ult v: 17.65% for the vibratory hammer
compaction and 17.18% for vibratory roller compaction.
The analysed geogrid presented a reduction in T̄ult v of
10.30%, −2.38% and 2.35% for the scenarios H1-VR,
H2-VR and H2*-VR, respectively. The scenarios H1-VH,
H2-VH and for H2*-VH exhibit a reduction in T̄ult v of
10.11%, 8.64% and 10.61%, respectively.
For the PET-55 geogrid, the scenarios without a

compaction procedure (H0-NC, H1-NC and H2-NC)
revealed a slight increase (1.95%) in the mean value of
virgin ultimate tensile strength (T̄ult v) for a 1.0 m drop-
ping height and a similar reduction in T̄ult v when it was

submitted to a 0.0 m and 2.0 m dropping height (3.96%
and 3.23%, respectively). Similar to the PET-35 geogrid,
the protective layer avoids the occurrence of damage.
The reduction in T̄ult v decreased from 3.26% (scenario
H2-NC) to −0.20% (scenario H2*-NC). The compaction
procedures with the vibratory hammer (scenario H0-VH)
did not cause any reduction or increase in the T̄ult v.
However, the vibratory roller compaction (scenario
H0-VR) caused a reduction in T̄ult v equal to 8.78%.
The cumulative effect of the dropping process attached
with the vibratory hammer compaction caused a higher
reduction in T̄ult v (H1-VH=13.83%, H2-VH=9.69%
and H2*-VH=9.47%) compared with the synergy invol-
ving the vibratory roller compaction (H1-VR=5.66%,
H2-VR=2.62% and H2*-VR=3.59%).
The scenarios without a compaction procedure

(H0-NC, H1-NC and H2-NC) help to identify the
influence of the dropping process on the installation
damage to geogrids (Figure 6). It affected the three
studied geogrids in different ways. Results have shown that
the increase in the dropping height of RCDW cannot be
directly associatedwith an increase in installation damage.
The damage caused by 0.0 m and 1.0 m dropping heights
does not seem to be correlated with the geogrid charac-
teristics. However, the damage caused by the 2.0 m
dropping height seems to become more severe as the
geogrids’ tensile stiffness decreases. It was observed that
PVA-35 geogrid presented more resistance to the 2.0 m
dropping height when compared to PET-35. Bearing in
mind a possible influence of the polymer type (PET-35
and PET-55 geogrids), the dropping process caused more
damage to the geogridwith the smallest mass per unit area
(PET-35, MA=185 g/m2). However, it is important to
keep in mind that geogrids with different geometries and
element structures can present the same value of mass per
unit area but different installation damage levels.
The RCDW protection layer (scenarios H2*-NC)

proved to be efficient for PET geogrids since its presence
avoided the reduction in the mean value of virgin ultimate
tensile strength (T̄ult v) compared to the scenario without

Table 4. Mean values of tensile test results (five specimens) for
virgin and damaged samples

Scenario Geogrid

PVA-35 PET-35 PET-55

VS 25.90 (2.89) 31.95 (1.54) 49.33 (3.06)
H0-NC 25.81 (8.37) 32.61 (10.74) 47.39 (3.65)
H1-NC 25.31 (5.87) 31.63 (5.79) 50.29 (3.39)
H2-NC 25.32 (5.60) 28.86 (7.18) 47.72 (3.73)
H2*-NC 23.39 (10.30) 33.87 (10.49) 49.43 (4.75)
H0-VR 25.53 (6.99) 26.46 (10.43) 45.00 (5.56)
H1-VR 25.47 (11.43) 28.66 (8.12) 46.54 (5.82)
H2-VR 25.86 (6.05) 32.71 (10.40) 48.04 (6.17)
H2*-VR 23.38 (1.02) 31.20 (7.35) 47.56 (9.81)
H0-VH 21.21 (13.60) 26.31 (17.71) 49.33 (6.08)
H1-VH 24.42 (4.73) 28.72 (7.65) 42.51 (7.44)
H2-VH 22.91 (7.01) 29.19 (4.83) 44.55 (4.74)
H2*-VH 24.91 (9.59) 28.56 (5.39) 44.66 (6.33)

Note: Ultimate tensile strength in kN/m; Coefficient of variation (COV)
are presented between parenthesis in percentage; VS, virgin specimens;
H0, zero dropping height; H1, one-metre dropping height; H2, two-
metre dropping height; H2*, two-metre dropping height over protection
layer; NC, no compaction; VR, vibratory roller; VH, vibratory hammer.
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Figure 6. Geogrid tensile strength – effects of dropping process
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the protection layer (scenario H2-NC). However, the
PVA-35 geogrid exhibits the opposite behaviour: the
reduction in T̄ult v increased with the protection layer.
These results can be associated with the particle shapes of
the material used as a protection layer (in this case,
RCDW). Given that RCDW contains gravel particles, if a
pointed particle stays in contact with the geogrid after the
protection layer is arranged, it could concentrate the
impact caused by the dropping process. Based on that,
using a protection layer constructed with fine RCDW
might reduce installation damage. Furthermore, the
difference in the efficiency of the protection layer against
installation damage related to the dropping height can
also be associated with the geogrid’s flexibility. In the case
of more flexible ribs, the energy caused by the impact
could be better distributed. Further investigations must be
performed to validate the assumption mentioned above.
Figure 7 shows the protection layer influences on the
geogrids’ ultimate tensile strength.
The scenario with a 0.0 m dropping height and

different compaction methods (H0-VR and H0-VH) led
to the assessment of the influence of the latter (Figure 8).
Using vibratory roller compaction revealed that the PVA
yarn geogrid exhibited higher resistance (virgin specimens
with J̄sec2 = 548 kN/m) than the PET yarn geogrids
(virgin specimens with J̄sec2 = 410 kN/m), which can be
an indication that, considering this compaction method,
the increase in the damage is inversely related to tensile
stiffness. Using vibratory hammer compaction indicated
that the geogridwith higher ultimate tensile strength value
(PET-55) presented higher resistance to damage than that
with the lowest strength value (PET-35). The higher
coefficient of variation (COV) values caused by the
vibratory hammer compaction compared with those of
the vibratory roller shows geogrid susceptibility to the
vibratory hammer compaction method. The higher degree
of soil compaction obtained with the vibratory hammer
compaction (92%) compared with the vibratory roller
(89%) is responsible for this result.

It must be highlighted that the reductions in the mean
value of virgin ultimate tensile strength (T̄ult v) caused by
the compaction procedure were higher than those caused
by the dropping process. The same is applicable to the
COV obtained from tensile tests. Thus, compared to the
dropping process, the compaction procedure results
presented higher changes in tensile strength behaviour of
individual samples.
Considering the synergy effect of the dropping process

and the compaction procedures, for both PET geogrids,
the scenarios with a 1.0 m dropping height (H1-VH and
H1-VR) caused a higher reduction in the mean value of
virgin ultimate tensile strength (T̄ult v) than the scenarios
with a 2.0 m dropping height (H2-VH and H2-VR). For
all geogrids investigated, the scenarios with vibratory
hammer compaction (H1-VH, H2-VH and H2*-VH)
caused higher reductions in the T̄ult v compared to the
scenarios involving the vibratory roller compaction
(H1-VR, H2-VR and H2*-VR). The higher degree of
soil compaction obtained with the vibratory hammer
compaction is also identified as being responsible for this
result. Figures 9 and 10 present the results of tensile
strength related to the vibratory roller and vibratory
hammer compaction methods, respectively.
These synergy effects show that the correlation between

the dropping process and compaction method involve
aspects of a complex mechanism related to the filling
material (variability, dropping height, particle arrangement
and compaction effects) and the reinforcing material
(yarn polymer, open area, mass per unit area, tensile and
bending stiffness). Huang (2006) also reported the diffi-
culty of obtaining a correlation between the reduction
factors and different compaction conditions for gravel
materials.
Based on the virgin sample confidence interval

for tensile strength (obtained from the Student’s
t-distribution – Table 3) and the ultimate tensile strength
mean values for damaged samples (Table 4), the reduction
factors related to the tensile strength (RFT ult) were cal-
culated and are shown in Table 5. The RFT ult varied
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from 0.94 (PET-55-H2*-NC) to 1.22 (PVA-35-H0-VH).
The range of installation damage reduction factors
presented is smaller than those recommended by FHWA
(2010).
Table 5 shows scenarios with reduction factors smaller

than 1.00. Allen and Bathurst (1994) attributed these
phenomena to a geogrid strain hardening caused by the
stresses developed during the compaction procedures.
Paula et al. (2004) and Huang and Chiou (2006) associ-
ated reduction factors smaller than 1.00 with a rearrange-
ment of geosynthetic fibers. Furthermore, Kondo et al.
(1992) and Rowe et al. (2009) recorded the influence of the
specimen condition (storage and temperature) in tensile
tests results. Since no tests were performed to verify these
correlations, the authors highlight that reduction factors
lower than the unit should not be considered in the design,
therefore it is recommended that RFT ult equal to 1.00 be
adopted for these scenarios. The presence of scenarios

with RFT ult equal to 1.00, different from the major
reduction factors reported by the literature (RFID> 1.00),
is also clear. Given that this study adopted the Student’s
t-distribution for statistical analysis, RFT ult greater than
1.00 confers more reliability to affirm that installation
damage caused.
Considering the synergy effect of the dropping height

and compaction method, the values of RFT ult presented in
Table 5 for scenarios H1-VR, H2-VR, H2*-VR, H1-VH,
H2-VH and H2*-VH do not show a direct relationship. In
general, the multiplication of independent reduction
factors – one related to the dropping height and another
to the compaction method – would lead to higher RFT ult

than those obtained from the in-field test facility simu-
lations. Although the process of multiplying independent
reduction factors acts on behalf of safety for engineering
projects using geosynthetics, this process does not lead
to an investigation into the complex mechanism of
installation damage that happens when constructing GRS
structures.
As previously mentioned, the damaged scenarios exhi-

bited coefficients of variation (COV) higher than those
calculated for the virgin sample, resulting in minimum (or
even maximum) values outside the confidence interval of
the virgin samples. These conditions illustrate the impor-
tance of considering a statistical analysis for calculating
the reduction factor due to installation damage. Moreover,
despite the reduction factors caused by the dropping
height having exhibited values equal to 1.00 (in the
majority), it is clear that the dropping process affects the
individual behaviour of the geogrid samples.

4.2.3. Geogrids’ strain at failure and secant tensile stiffness
after installation damage
Allen and Bathurst (1994) emphasised the importance of
strain monitoring to assess the evolution of geogrid tensile
strength. Generally, the strain at failure of PET geogrids
(PET-35 and PET-55) presented higher modifications
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Table 5. Reduction factors related to the ultimate tensile strength
for all scenarios

Scenario PVA-35 PET-35 PET-55

H0-NC 1.00 1.00 1.00
H1-NC 1.00 1.11 1.00
H2-NC 1.11 0.94a 1.00
H2*-NC 1.00 1.21 1.10
H0-VR 1.00 1.12 1.06
H1-VR 1.00 0.98a 1.00
H2-VR 1.11 1.02 1.00
H2*-VR 1.22 1.21 1.00
H0-VH 1.06 1.11 1.16
H1-VH 1.13 1.09 1.11
H2-VH 1.00 1.12 1.10
H2*-VH 1.00 1.00 1.00

Note: H0, zero dropping height; H1, one-metre dropping height; H2,
two-metre dropping height; H2*, two-metre dropping height over
protection layer; NC, no compaction; VR, vibratory roller; VH,
vibratory hammer.
aThe adoption of a reduction factor equal to 1.00 is recommended.
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than those of the PVA-35 geogrid for both investigated
factors (dropping height and compaction method).
The results revealed that the increase in the dropping
height reduced the strain at failure of the PET geogrids
tested, and compaction with the vibratory hammer caused
higher reduction in the strain at failure than vibratory
roller compaction for all geogrids tested. In terms of
reduction factors (Table 6), PVA-35 geogrid exhibited
RFε f equal to 1.00 for all scenarios evaluated. For
geogrid PET-35, only scenarios H2-NC, H0-VR,
H1-VH, H2-VH and H2*-VH resulted in RFε f higher
than 1.00. Geogrid PET-55 presented a narrow interval of
RFε f values – from 1.04 to 1.10 – for scenarios H2-NC,
H2-VH and H0-VH.
According to Paula et al. (2004) and Huang and Liao

(2007), the secant tensile stiffness assessment is highly
indicated in evaluating the performance of polymeric

materials. Therefore, PET geogrids exhibited excellent
results (Table 7), given that they did not suffer modifi-
cation in the values of Jsec 2 and Jsec5, resulting in a
reduction factor equal to 1.00 in this regard (Table 8).
PVA-35 geogrid, for all scenarios with vibratory hammer
compaction and with a protective cover layer, presented
values of RFJ sec 2 equal to 1.25 or higher (Table 8). The
secant tensile stiffness of the PVA geogrid seems to be
more sensitive to damage than that of the PET geogrids
tested.
The strain at failure (εf) and secant tensile stiffness

at 2% and 5% strains (Jsec2 and Jsec5, respectively) seem
to be less affected by the installation damage than the
ultimate tensile strength (Tult), which is in accordance
with results reported by Allen and Bathurst (1994) and
Gonzalez-Torre et al. (2014). Most of the scenarios (all
of the PET geogrids and six related to PVA geogrid)
exhibited a reduction factor equal to 1.00 (Tables 6 and 8).
As previously mentioned, this study used a statistical
analysis to validate the occurrence of damage. However,
the high coefficients of variation (COV) observed for
virgin geogrid sample strains at failure and secant tensile
stiffness (Table 8) indicate that the virgin sample par-
ameter confidence intervals are too broad. Thus, the mean
damaged value has to be very low or very high – compared
to the virgin sample mean value – to exhibit reduction
factors different from 1.00.
One must bear in mind that the method of monitoring

the strain during the tensile strength test can be a reason
for the wide range of secant tensile stiffness values
obtained. The monitoring occurs in only one longitudinal
rib and the rupture does not occur in all ribs tested
simultaneously (the prevailing condition in the wide
strip tensile test). Therefore, strain measurement can be
affected by the sequence of ruptures in different ribs
and its influence on the monitored one. Using digital
image correlation together with short-range photogram-
metry may provide more reliable strain measurement
results.

Table 6. Reduction factors related to the strain at failure for all
scenarios

Scenario PVA-35 PET-35 PET-55

H0-NC 1.00 1.00 0.93a

H1-NC 1.00 1.00 1.00
H2-NC 1.00 1.14 1.04
H2*-NC 1.00 1.00 0.89a

H0-VR 1.00 1.13 1.00
H1-VR 1.00 1.00 0.94a

H2-VR 1.00 1.00 0.93a

H2*-VR 1.00 1.00 0.96a

H0-VH 1.00 1.00 1.10
H1-VH 1.00 1.23 1.00
H2-VH 1.00 1.15 1.04
H2*-VH 1.00 1.15 1.00

Note: H0, zero dropping height; H1, one-metre dropping height; H2,
two-metre dropping height; H2*, two-metre dropping height over
protection layer; NC, no compaction; VR, vibratory roller; VH,
vibratory hammer.
aThe adoption of a reduction factor equal to 1.00 is recommended.

Table 7. Secant tensile stiffness mean values and coefficient of variation obtained from tensile tests on virgin and damaged specimens

Scenarios PVA-35 PET-35 PET-55

Jsec2 Jsec2 Jsec5 Jsec2 Jsec5

VS 548.98 (11.28) 410.67 (11.13) 367.75 (8.35) 491.98 (21.43) 449.12 (13.62)
H0-NC 636.44 (9.90) 410.32 (14.43) 360.57 (11.03) 524.66 (5.40) 466.56 (5.81)
H1-NC 560.29 (11.62) 431.67 (13.74) 381.98 (16.42) 616.08 (12.52) 544.01 (10.03)
H2-NC 559.56 (28.06) 481.60 (21.93) 364.89 (20.58) 598.23 (6.56) 529.84 (4.50)
H2*-NC 415.93 (19.19) 417.31 (9.92) 351.45 (9.20) 549.20 (5.30) 496.47 (2.34)
H0-VR 475.00 (18.91) 345.75 (11.24) 307.41 (8.44) 512.82 (5.49) 474.15 (2.85)
H1-VR 582.19 (12.14) 357.67 (24.96) 322.21 (19.58) 494.87 (2.76) 446.39 (4.270
H2-VR 449.92 (10.65) 420.10 (6.64) 362.47 (4.11) 470.95 (23.12) 441.28 (16.27)
H2*-VR 428.09 (10.57) 408.62 (4.92) 348.71 (4.26) 525.34 (11.56) 471.77 (8.35)
H0-VH 435.86 (15.77) 433.27 (16.97) 357.61 (11.21) 484.04 (19.97) 454.04 (11.21)
H1-VH 548.98 (11.28) 392.69 (16.54) 340.43 (13.57) 540.51 (29.97) 498.91 (19.24)
H2-VH 636.44 (9.90) 458.27 (21.55) 382.03 (16.41) 529.04 (10.97) 483.84 (7.95)
H2*-VH 560.29 (11.62) 388.00 (6.19) 339.24 (7.30) 554.00 (7.62) 491.43 (3.15)

Note: Values of Jsec2 and Jsec2 are presented in kN/m; Coefficient of variation (COV) are presented between parenthesis in percentage; VS, virgin
specimens; H0, zero dropping height; H1, one metre-dropping height; H2, two-metre dropping height; H2*, two-metre dropping height over protection
layer; NC, no compaction; VR, vibratory roller; VH, vibratory hammer.
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5. CONCLUSIONS

This paper reported on installation damage to geogrids
caused by recycled construction and demolition waste
(RCDW).An in-field test facility was constructed to repro-
duce the conditions of construction (dropping process and
compaction procedures) of a geosynthetic-reinforced soil
structure (GRS) using RCDWas backfill material. Tensile
tests were carried out in damaged geogrid specimens and
the main conclusions obtained are presented below.

(1) The variability of the geotechnical characteristics of
RCDW is clear, but they do not prevent the
application of this non-conventional material as
backfill material in GRS structures. After an
adequate characterisation before its application, the
adoption of a grain size distribution range is strongly
suggested when evaluating the gradation limits
recommended by technical standards.

(2) Dropping processes at different heights (0.0 m, 1.0 m
and 2.0 m) caused slight reductions in the ultimate
tensile strength of geogrids. The increase in the
dropping height showed no direct association with
the increase in damage. However, despite this
finding, the authors strongly advise an in-field
investigation when diverse dropping heights are
present in the practice of geosynthetic reinforced soil
construction. The use of a protective layer
comprising RCDW to avoid the damage caused by
the dropping process is controversial. The RCDW
particle shapes and position (close to the geogrid rib)
can be identified as a factor related to the increase in
damage. Thus, the adoption of fine grain RCDW can
be seen as an attractive alternative to reduce the
damage caused by the dropping process.

(3) Compaction methods were revealed to be a relevant
factor for geogrid installation damage caused by
RCDW. It was observed that damage caused by the
compaction methods was higher than that caused by
the dropping processes. In general, the vibratory
hammer compaction promoted the highest reduction

in the geogrids’ ultimate tensile strength because of
the higher degree of soil compaction reached in
comparison with the vibratory roller compaction.

(4) Considering the cumulative effect of the dropping
process and compaction procedures, most of the
scenarios evaluated indicate that the multiplication
of an individual reduction factor would be
conservative compared to the synergy effect.
Although this procedure acts on behalf of safety for
engineering projects using geosynthetics, it impairs a
better understanding of the complexity of the
synergic effects involved in geogrid mechanical
damage and prevents the adoption of reduction
factors strictly related to particular cases (dropping
height, compaction method, etc), which could be
more reliable.

Based on these conclusions, this paper confirms the
importance of obtaining reduction factors for specific
situations when RCDW is used as a backfill material in
GRS. The results highlight the complexity of mechanisms
related to the generation of installation damage and con-
tribute to a better understanding of the processes involved
in mechanical damage. The values of RF presented
encourage the design and construction of GRS structures
with RCDW, an interesting option to fulfil the technical
and economic aspects required by these structures associ-
ated with environmental concerns.
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Table 8. Reduction factors related to the tensile stiffness with 2% and 5% strain for all scenarios

Scenarios PVA-35 PET-35 PET-55

RFJ sec2 RFJ sec 2 RFJ sec 5 RFJ sec 2 RFJ sec 5

H0-NC 1.00 1.00 1.00 1.00 1.00
H1-NC 1.00 1.00 1.00 1.00 1.00
H2-NC 1.00 1.00 1.00 1.00 1.00
H2*-NC 1.32 1.00 1.00 1.00 1.00
H0-VR 1.00 1.00 1.00 1.00 1.00
H1-VR 1.00 1.00 1.00 1.00 1.00
H2-VR 1.00 1.00 1.00 1.00 1.00
H2*-VR 1.28 1.00 1.00 1.00 1.00
H0-VH 1.26 1.00 1.00 1.00 1.00
H1-VH 1.27 1.00 1.00 1.00 1.00
H2-VH 1.27 1.00 1.00 1.00 1.00
H2*-VH 1.25 1.00 1.00 1.00 1.00

Note: H0, zero dropping height; H1, one-metre dropping height; H2, two-metre dropping height; H2*, two-metre dropping height over protection
layer; NC, no compaction; VR, vibratory roller; VH, vibratory hammer.
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NOTATION

Basic SI units are given in parentheses.

COV coefficient of variation (dimensionless)
d particle diameter (m)

Gs specific gravity (dimensionless)
J̄sec secant tensile stiffness mean value (kN/m)
J̄sec2 secant tensile stiffness at 2% strain mean

value (kN/m)
J̄sec5 secant tensile stiffness at 5% strain mean

value (kN/m)
MA mass per unit area (kg/m2)

n sample size (dimensionless)
PI plasticity index (dimensionless)
RF global reduction factor (dimensionless)

RFCR creep reduction factor (dimensionless)
RFD durability reduction factor (dimensionless)
RFID reduction factor related to installation damage

(dimensionless)
RFJ sec2 reduction factor related to the secant tensile

stiffness at 2% strain (dimensionless)
RFJ sec5 reduction factor related to the secant tensile

stiffness at 5% strain (dimensionless)
RFT ult reduction factor related to the ultimate tensile

strength (dimensionless)
RFX reduction factor related to the X parameter

(dimensionless)
RFε f reduction factor related to the strain at failure

(dimensionless)
s sample standard deviation (parameter

dependent)
Tal geosynthetic allowable strength (N/m)
T̄ult ultimate tensile strength mean value (kN/m)

T̄ult d ultimate tensile strength mean value from
damaged specimens (kN/m)

T̄ult v ultimate tensile strength mean value from
virgin specimens (kN/m)

t Student’s t-distribution random variable
(dimensionless)

wopt optimum water content (%)
X̄ virgin sample mean value of the analysed

parameter (parameter dependent)
X̄ d mean value of the analysed parameter from

damaged specimens (parameter dependent)
x sample mean value (parameter dependent)

γd max maximum dry unit weight (kN/m3)
ε̄f strain or elongation at failure mean value (%)
μ population mean (parameter dependent)

ABBREVIATIONS

CDW construction and demolition waste
GP-GM poorly-graded sand with silt

GRS geosynthetic reinforced soils
GW-GM well-graded gravel with silt

H0 zero-metre dropping height
H1 one-metre dropping height

H2 two-metre dropping height
H2* two-metre dropping height over protection

layer
MD machine direction
NBR Brazilian standards
NC no compaction
NP non-plastic behaviour

PET polyester
PET-35 geogrid with polyester filaments and

35 kN/m tensile strength
PET-55 geogrid with polyester filaments and

55 kN/m tensile strength
PVA polyvinyl alcohol

PVA-35 geogrid with polyvinyl alcohol filaments
and 35 kN/m tensile strength

RCDW recycled construction and demolition waste
RCDW 01 RCDW sample number one
RCDW 02 RCDW sample number two
RCDW 03 RCDW sample number three
RCDW 04 RCDW sample number four
RCDW 05 RCDW sample number five
RCDW 06 RCDW sample number six
RCDW 07 RCDW sample number seven

SP-SM poorly-graded gravel with silt
USCS Unified Soil Classification System

VH vibratory hammer
V-M ratio ratio of coating volume to the mass of yarns

VR vibratory roller
VS virgin sample
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