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Abstract: The effects of the climate change that the planet has been experiencing, and the growing
awareness of citizens that natural resources are finite, highlight the inevitability of making society
more sustainable. Since the construction industry is responsible for a high consumption of natural
resources and it simultaneously produces high volumes of waste, it is of great importance to investi-
gate the feasibility of using construction and demolition (C&D) wastes as alternatives to common
natural materials. This paper investigates the feasibility of using fine-grain recycled C&D wastes as
backfill material of geosynthetic reinforced steep slopes, through a laboratory study focused mainly
on the pullout behaviour of two geosynthetics embedded in these alternative materials. The influence
of the geosynthetic type, moisture content and compaction degree of the recycled C&D material on
the pullout behaviour is assessed and discussed. The physical and mechanical characterization of
the filling material is also presented. The pullout test results have pointed out that, although the
two geosynthetics have similar tensile strength, the pullout resistance of the geogrid is higher than
that of the geotextile and is achieved at lower frontal displacements. While the reduction of the
compaction moisture content below the optimum value induced a slight decrease in the geogrid
pullout resistance (ranging from 5% to 7%), conversely the pullout capacity of the geotextile increased
up to 22%. The compaction degree of the recycled C&D material had the expected effect on the
geotextile pullout resistance, reflected in an increase of about 20% when the degree of compaction rose
from 80% to 90%. However, the expected trend was not observed on the geogrid pullout behaviour.
The pullout interaction coefficient tended to decrease with the variation of the compaction moisture
content around the optimum value (maximum decrease of 33% and 16% for the geogrid and the
geotextile, respectively) and with an increase in the vertical confining pressure from 10 kPa up to
50 kPa (decrease around 25%). The average value of the pullout interaction coefficient, fb, ranged
from 0.61 to 1.09 for the geogrid and from 0.67 to 1.25 for the geotextile. From all these findings it can
be concluded that recycled C&D materials can be seen as an environmentally friendly alternatives to
the natural resources commonly used in the construction of geosynthetic-reinforced embankments.

Keywords: sustainability in geotechnics; geosynthetics; recycled construction and demolition materials;
pullout behaviour

1. Introduction

The construction industry has been identified as responsible for the consumption of
around 50% of natural resources, 40% of energetic consumption and 50% of the total waste
produced [1,2]. C&D wastes refer to the waste produced by construction, reconstruction,
conservation, demolition or downfall of structures and infrastructures, being produced in
huge quantities, mainly in urban areas. These wastes must be properly managed so as to
avoid negative environmental impacts, and recycling alternatives should be found.

Recycling of C&D wastes has been studied over the years. Recycled C&D materials
have been considered for use as alternative aggregates in concrete and mortars [3-8], as
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sustainable replacements for cement in soil stabilization [9-11] or mortar production [12,13],
in base and sub-base layers of transportation infrastructure [14-17], as backfilling of
pipes [18,19] or as filling materials of geosynthetic reinforcement structures [20-23].

This paper is expected to be a contribution to the latter application above mentioned.
Geosynthetic-reinforced soil structures, such as steep slopes, retaining walls and bridge
abutments, have gained wide acceptance throughout the world due to their technical, eco-
nomic and environmental benefits. If the replacement of the soil, the natural resource used
commonly in the construction of these structures, by recycled materials, such as recycled
C&D wastes, becomes a feasible solution, the environmental benefits will be enhanced.

The interaction between the fill material (soil or other) and the geosynthetics is a topic
of great relevance concerning this application, since it largely affects the stability of the
geosynthetic-reinforced soil structures. As a matter of fact, the geosynthetic length and,
thereafter, the size of the reinforced block depends on the interface properties.

Figure 1 illustrates a potential failure mechanism of a geosynthetic-reinforced steep
slope and the most suitable laboratory tests for the characterization of the interface’s
resistance. When the potential failure mechanism tends to provoke the sliding of the fill
mass on the geosynthetic surface, the interface should be characterized through direct
shear tests. If the reinforcement tends to be pulled out, then pullout tests should be used to
characterize soil-geosynthetic interaction.

Geosynthetic 10

Potential T

failure surfface o oo oo oo _oZT==

Direct Shear
test

Figure 1. Schematic representation of the most suitable laboratory tests for characterization of
fill-geosynthetic interfaces (adapted from [24]).

Over the last decades, soil-geosynthetic interactions have been studied through lab-
oratory pullout tests [25-30] (Table 1). Alfaro et al. [25] discussed a new apparatus and
evaluated the effects of the dilatancy. Lopes and Ladeira [26] reported the effects of spec-
imen geometry, soil height and sleeve length on the pullout behaviour of geogrids. The
influence of the confinement pressure, soil density and displacement rate on the pullout
behaviour of geogrids was discussed by [27]. Ferreira et al. [28] studied the influence of
soil density and moisture content on the pullout behaviour of different geosynthetics. The
effects of cyclic loading on pullout resistance of geogrids embedded in compacted soils
was analysed by Ferreira et al. [29] and Moraci and Cardile [30]—Table 1.

The laboratory studies on the pullout behaviour of geosynthetics embedded in recycled
C&D waste are more recent and scarce (Table 1). Soleimanbeigi et al. [31] and Vieira
et al. [32] presented results of direct shear tests and pullout tests carried out with various
geosynthetics embedded in a recycled concrete aggregate (RCA) [31] and in a mixed
recycled C&D material [32]. The effects of the specimen size and displacement rate on the
pullout behaviour of geogrids embedded in a recycled C&D material were investigated
by Vieira et al. [33]. The influence of cyclic loading on the pullout behaviour of various
geosynthetics was studied by Vieira et al. [34].



Sustainability 2022, 14, 1207 3 of 21

Table 1. Summary of some relevant laboratory studies on pullout behaviour of geosynthetics.

Dimensions Pullout . s .
Reference Box—L x W x H (mm) Geosynthetic Type Filling Material Assessed Parameters

New test apparatus

Alfaro et al. [25] 1600 x 600 x 500 Geogrid Dense granular soil Soil dilatancy

Specimen geometry
Soil height
Sleeve length
Confinement pressure
Soil density
Displacement rate

Lopes and Ladeira [26,27] 1530 x 1000 x 800 Geogrid Granular soil

Geogrid Soil density
Ferreira et al. [28] 1530 x 1000 x 800 Geocomposite Granite residual soil Soil moisture content
Geotextile Geosynthetic type

Cyclic pullout loading
Cyclic load frequency
Ferreira et al. [29] 1530 x 1000 x 800 Geogrid Granite residual soil Cyclic load amplitude
Number of cycles
Soil density

Cyclic pullout loading
Cyclic load amplitude
Moraci and Cardile [30] 1700 x 600 x 680 Geogrid Granular soil Cyclic load frequency
Vertical confining stress
Geogrid properties

Geogrid Recycled concrete Vertical confining stress

Soleimanbeigi et al. [31] 1270 x 760 x 510 Geotoxtile ageregate Geosynthetic type

Geosynthetic type
Fine-grain recycled C&D Geogrid specimen size
material Displacement rate
Vertical confining pressure

Geogrid
Vieira et al. [32,33] 1530 x 1000 x 800 Geocomposite
(high-strength geotextile)

Cyclic pullout loading

Geogrid L Pre-cyclic pullout load level
Vieira et al. [34] 1530 x 1000 x 800 Geocomposite Fine graﬁ;tfr{aclled C&D Cyclic load frequency
(high-strength geotextile) Cyclic load amplitude

Geosynthetic type

Recent studies regarding the pullout behaviour of geosynthetics embedded in bio-
cemented soils [35], marginal tropical soils [36] and in pond ash from thermal power
plants [37] should also be highlighted.

This paper evaluates and discusses the effects of the compaction conditions, namely
the moisture content and compaction degree of the recycled C&D material on the pullout
behaviour of two distinct geosynthetics (a polyester geogrid and a high-strength composite
geotextile). To the best of the authors” knowledge, there are no studies in which the effects of
the compaction conditions of the recycled C&D material have been studied. Understanding
these effects is of great importance since the pullout behaviour of geosynthetics is strongly
influenced by these conditions.

2. Materials and Methods
2.1. Materials

The recycled C&D material used in this work was obtained from a Portuguese re-
cycling plant. C&D wastes used to produce this recycled material were mainly from the
rehabilitation or demolition of small residential buildings and the cleaning up of illegal
C&D waste dumps. As mentioned before, this study follows up on a previous work [33];
recycled material from the same batch was therefore used. It refers to a fine-grain fraction
produced during the recycling process and due, mainly, to the high soil content and hetero-
geneity, it has limited demand from building contractors. A sample of the recycled C&D
material is illustrated in Figure 2. Its geotechnical characterization will be presented in
Section 3.
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Figure 2. Visual appearance of the recycled C&D material used in this study.

A laid uniaxial geogrid manufactured of extruded polyester (PET) bars with welded
rigid junctions (Figure 3a) and a high-strength composite geotextile consisting of polypropy-
lene (PP) continuous-filament needle-punched nonwoven and high-strength PET yarns
(Figure 3b) were used in this study. Both geosynthetics are currently used as reinforcement
materials in geosynthetic-reinforced structures (steep slopes and retaining walls). The main
physical and mechanical properties of these geosynthetics are summarized in Table 2.

(a) (b)

Figure 3. Geosynthetics: (a) GGR—uniaxial PET geogrid; (b) GCR—high-strength geotextile.

Table 2. Main properties of the geosynthetics.

GGR GCR
Raw material PET PP & PET
Aperture dimensions (mm) 30 x 73 -
Mass per unit area (g/m?) 380 340
Mean value of the tensile strength (kN/m) 80 75
Elongation at maximum load (%) <8 10
Secant stiffness at 2% strain (kN /m) 1920 650

2.2. Pullout Tests

Several pullout test devices have been developed by different researchers around the
world [26,38-43]. Commonly, the pullout test apparatus is composed of a rigid pullout box,
a vertical load application system, a horizontal force application device, a clamping system
and associated instrumentation [26,44].
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The large-scale pullout test apparatus used in this study (Figure 4) was developed at
the University of Porto within the scope of previous research [26]. The pullout box consists
of a modular structure with internal dimensions of 1.5 m long, 1.0 m wide and 0.8 m deep.
The box is equipped with a 0.2 m long sleeve in order to minimize the frictional effects of
the front wall (Figure 4). Considering that the clamping system is inserted into the pullout
box through a metal sleeve, the initial unconfined length of the specimens is negligible.
The normal stress is applied through ten small hydraulic jacks on a wooden loading plate.
Between the top layer of the structural fill (soil or other material) and the loading plate, a
25 mm thick neoprene sheet is placed to reduce top boundary-soil friction.

Hydraulic jacks
Loading plate

Neoprene sheet /

Metal sleeve
Load cell N R N N Linear
/ Clamp N Geosynthetic . R . . potentiometers

Pullout / . <

direction . .
W . R . . Inextensible wires *

03m  Structural fill

| 15m
(@)
Geosynthetic Linear '
Inextensible wires potentiometers
€
<
i
-y
| 1
15m
(b)

Figure 4. Schematic illustration of the pullout test apparatus: (a) longitudinal section; (b) top view at

geosynthetic level.

The displacements throughout the geosynthetic length can be monitored using inexten-
sible wires connected to the geosynthetic specimen, at one end, and to linear potentiometers
placed outside the pullout box, at the other end (Figure 4). The frontal displacement of the
specimen is obtained through a linear potentiometer and the pullout force recorded by a
load cell.

The backfill material (or structural fill) was previously prepared at the required mois-
ture content and then it was placed inside the pullout box, levelled and compacted using
a compacting hammer to fill the volume of each layer (150 mm thick) identified on the
walls of the box. After compacting the first two layers, the geosynthetic was fixed in the
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Pullout
Direction

|

clamping system and introduced into the pullout box over the compacted backfill material.
If the use of potentiometers is intended, the inextensible wires are fixed to the geosynthetic
specimen and connected to the linear potentiometers (Figure 5b). Afterwards two more lay-
ers of recycled C&D material with 150 mm thick each are compacted over the geosynthetic
specimen.
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&
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(a) (b)

Figure 5. Geotextile (GCR) specimens: (a) dimensions of the specimens (in metres) and location of
the measurement points; (b) photograph of the specimen inside the pullout box.

Once the compaction is completed, the neoprene sheet and the loading plate are placed
over the fill and the hydraulic jacks are properly positioned. Before starting the pullout
loading, the normal stress previously established was applied on the test samples for a
period of 30 min.

A constant pullout displacement rate of 2 mm/min was considered in accordance
with the European Standard [45].

The geosynthetic specimens were tested with dimensions of 250 mm x 750 mm,
complying with the ratio of confined length to width equal to three, as recommended by
the standard [45]. The displacements throughout the length the geotextile (GCR) were
recorded by linear potentiometers at the locations shown in Figure 5a. In the tests performed
with the geogrid (GGR), the use of potentiometers was not viable, since the fixing system
induced the premature rupture in the junctions of the bars during the pullout.

The laboratory study was designed to appreciate the influence of the geosynthetic
type, compaction conditions and confining pressure at the interface level on the pullout
behaviour of different geosynthetics embedded in a recycled C&D material. To investigate
the influence of the moisture content, the recycled material was compacted at its optimum
moisture content (OMC), OMC—3% and OMC+3% for 80% or 90% of the maximum dry
density (MDD). The influence of the vertical confining pressure was evaluated carrying
out pullout tests for 10, 25 and 50 kPa at the interface level. The pullout test programme is
summarized in Table 3. Note that for each condition, three specimens were tested.
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Table 3. Pullout test programme.
Test Number Geosynthetic Moisture Content % Maximum Dry Confining Number of
Material (%) Density Pressure (kPa) Specimens
T1 10 3
T2 GGR 9 80 25 3
T3 50 3
T4 10 3
T5 GGR 6 80 25 3
T6 10 3
T7 GGR 12 80 25 3
T8 50 3
T9 10 3
T10 GGR 9* 90 25 3
T11 10 3
T12 GCR 9* 80 25 3
T13 50 3
T14 10 3
T15 GCR 6 80 25 3
T16 10 3
T17 GCR 12 80 25 3
T18 50 3
T19 . 10 3
T20 GCR 9 90 25 3

* Optimum moisture content (OMC) = 9%.

2.3. Pullout Interaction Coefficient

The behaviour of the interfaces between the geosynthetic and the filling material plays
a major role in the design and stability analyses of geosynthetic-reinforced structures. The
strength of these interfaces is typically established on interaction coefficients.

The pullout interaction coefficient, f;, is usually defined as the ratio between the
maximum shear stress mobilized at the interface during pullout and the shear strength of
the backfill material for the same confining pressure, o

I Tgital;cout (o) Tp )
b - =
Tz;z?:ejét shear (U) Tds

The pullout interaction coefficients for the interfaces under analysis were evaluated
and will be presented and discussed in the next section.

3. Results and Discussion
3.1. Physical and Mechanical Characterization of the Recycled C&D Material

The particle size distribution of this fine-grained recycled C&D material determined
by sieving and sedimentation is illustrated in Figure 6. The gradation limits for backfill
materials of geosynthetic-reinforced segmental retaining walls (SRW) specified by the Na-
tional Concrete Masonry Association (NCMA) [46] and mechanically stabilized earth walls
(MSEW) and reinforced soil slopes (RSS) indicated by the Federal Highway Administration
(FHWA) [47] are also shown in Figure 6.

In spite of the high fine content (16.9%), the particle size distribution of this recycled
material is consistent with the requirements of NCMA for segmental retaining walls (SRW)
and those of FHWA for reinforced soil slopes (RSS). This recycled material does not meet
the gradation limits for backfill materials of mechanically stabilized earth walls (MSEW).
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Table 4 summarizes the main physical and mechanical properties of the recycled C&D
material. According to the Unified Soil Classification System (USCS), this recycled material

can be classified as a silty sand (SM).

70 H = According to FHWA for RSS structures / / ////

100 I I

Limiting gradation requirements
9 of reinforced backfill soil :

W8 According to NCMA for SRW structures //
80 /

[ ] According to FHWA for MSEW structures

/
o L

S
(@]
= G
ﬁ 1 l” / /
g 50 z
5 S f ]
© 7 pul
: i // / /
O oo ———— -
o
o yd 5
20 ,
7 /
r"'
0 =7 /
0.001 0.01 0.1 1 10 100

Particle size (mm)

Figure 6. Particle size distribution of the recycled C&D material and gradation limits recommended
by NCMA [46] and FHWA [47].

Table 4. Main physical and mechanical properties of the recycled C&D material.

Properties Values
DlO [mm] 0.01
D3p [mm] 0.27
D50 [m ] 0.61
D6O [m ] 0.97
Cu 97
Ce 75
Fines fraction (No. 200 sieve) [%] 16.9
Minimum void ratio, emin 0.434
Maximum void ratio, emax 0.877
Particle density, G 2.58
Maximum dry unit weight, Y4 max [KN/ m3] 20.1
Optimum moisture content, OMC [%] 9.0

Large-scale direct shear tests (shear box with internal dimensions 300 mm x 600 mm
x 200 mm) were carried out to evaluate the internal shear strength of the recycled C&D
material for all the compaction conditions considered in the test programme (Table 3).
The direct shear tests were performed on a prototype apparatus presented in previous
publications [22,24,48] under normal stresses of 25, 50, 100 and 150 kPa. As recommended
by the standard EN ISO 12957-1 [49], the tests were carried out twice for the normal stress
of 100 kPa.

The potential variability of the results of direct shear tests carried out on recycled C&D
materials was evaluated in a previous work [22]. In that study, performed with a material
provided by the same recycling plant and similar particle size distribution, each direct
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Pullout force (kN/m)
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shear test was performed three times under similar conditions, and the authors found that
the variability among the results was low (in general below 8%).

The internal shear strength parameters of the recycled C&D material for each com-
paction condition are presented in Table 5.

Table 5. Internal shear strength parameters of the recycled C&D material.

80% MDD 90% MDD
Parameter OMC—-3% OMC OMC+3% OMC
Cohesion, ¢
[kPa] 21.1 16.3 12.4 18.0
Peak friction 405 37.6 375 403

angle, ¢ [°]

From Table 5 it can be concluded that the increase in the moisture content (from
OMC—3% to OMC+3%) leads to the decrease of the internal shear strength of the recycled
material. As expected, increasing the compaction dry density induced the increase of the
backfill shear strength.

3.2. Influence of the Geosynthetic Type on the Pullout Behaviour

The pullout behaviour of both geosynthetics and the variability among the three test
specimens are compared in Figure 7. The results presented in these graphs refer to pullout
tests carried out under vertical confining pressure at the interface level of 10 kPa (tests T1
and T11).

——Sample 1 50
——Sample 1
——Sample 2
40 ——Sample 2
——Sample 3 — Sample3
E
2
< 30
g
L
3 2
S
o
10
0
0 50 100 150 200
50 100 150 200 Frontal displacement (mm)
Frontal displacement (mm)
(@) (b)

Figure 7. Comparison of the pullout behaviour of the geosynthetics and variability among the three
specimens (o = 10 kPa): (a) Test T1-GGR; (b) Test T11-GCR.

From Figure 7 it can be seen that there is some variability of results in terms of
both pullout resistance, P, and corresponding frontal displacement, dpr. The coefficient
of variation for the resistance Pr was 10% and 6% for the geogrid and the geotextile,
respectively. Concerning the displacement dpg, the variability was slightly higher in the
geotextile than in the geogrid (coefficient of variation of 15% and 12%, respectively). It
should be mentioned that the variability of the results tends to be lower for higher vertical
confining stresses.

Figure 7 shows that the pullout resistance of the geogrid is higher than that of the
geotextile and is achieved at lower frontal displacements. It is worth mentioning that the
stiffness of the geogrid is much higher than that of the geotextile (the geogrid in-isolation
secant stiffness at 2% strain is about three times higher—Table 2). Thus, it was already
expected that the geogrid pullout resistance would be achieved for smaller displacements.
Regarding the pullout resistance, it should be recalled that the pullout resistance of the



Sustainability 2022, 14, 1207

10 of 21

geogrids results from the skin friction along the reinforcement and the passive thrust on
the transversal members of the geogrid, while in the geotextiles the second component
does not exist. Therefore, geogrids tend to exhibit higher pullout resistance than geotextiles
of similar tensile strength.

The sudden drops in the pullout force shown in Figure 7a are due to sequential rupture
of the welded junctions of the transversal bars. As can be seen in Figure 8, at the end of
the pullout tests the transversal bars have become separated from the longitudinal bars.
It should be noted, however, that this occurs because the geogrid has been led to pullout
failure. The junctions are not expected to break under working conditions.

Figure 8. Detail of the transversal element rupture of the geogrid (at the end of pullout test).

The sequential failure of the welded junctions of the transversal bars, as well as the
heterogeneity of the filling material, are the main reasons for the higher variability of results
found in Figure 7a.

As mentioned in Section 2.2, the displacements throughout the length of the geogrid
during pullout were not recorded since the fixing system of the inextensible wires induced
the premature rupture of the junctions and affected the test results. Therefore, it should be
noted that the sudden breaks evidenced in the graphs of Figure 7a were not caused by the
linear potentiometers, but reflect the pullout behaviour of this geogrid.

The pullout behaviours of both geosynthetics are also compared in Figure 9 for vertical
confining pressure at the interface level of 25 kPa (tests T2 and T12) and 50 kPa (tests T3
and T13). For simplicity, only one representative curve for each test was plotted.

Regardless of the vertical confining pressure, the pullout resistance of the geogrid
was higher than that of the geotextile and was achieved at lower frontal displacements,
meaning that the tensile stiffness of the geogrid is much higher than that of the geotextile.
The confined tensile stiffness of the geogrid tended to increase with the confining pressure.

While the geogrid exhibited a brittle-type pullout failure for 25 kPa and 50 kPa due
to insufficient tensile strength under confinement, the geotextile showed a ductile failure
regardless of the confining pressure. The internal displacements recorded throughout the
geotextile’s length during pullout tests T12 and T13 are shown in Figure 10. The location of
points A1-A4 is represented in Figure 5a.

Figure 10 shows the progressive mobilisation of the geotextile’s length during pullout
tests. For example, up to a pullout displacement (or frontal displacement) of around 50 mm,
the recorded displacements at location A4 are almost null, meaning that only the initial
0.15 m length of the geotextile (see Figure 5a) is being mobilised. Comparing the graphs
presented in Figure 10, it can be concluded that for the same pullout displacement the
increase in the vertical confining pressure reduced the internal displacements along the
geotextile’s length, this reduction being more evident in the locations further away from
the pulled area (points Al and A2).
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Pullout force (kN/m)

Geosynthetic internal displacement (mm)
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Frontal displacement (mm) Frontal displacement (mm)
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Figure 9. Comparison of the pullout behaviour of the geosynthetics: (a) o = 25 kPa (Tests T2 and
T12); (b) 0 = 50 kPa (Tests T3 and T13).
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Figure 10. Internal displacements recorded along the geotextile’s length (a) o = 25 kPa—Test T12;
(b) 0 =50 kPa—Test T13.

Table 6 summarises the results of the pullout tests (mean values) carried out on both
geosynthetics when the recycled C&D material was compacted to 80% of the maximum dry
density (MDD) at the optimum moisture content (tests T1-T3 and T11-T13). As previously
mentioned, the geogrid revealed higher pullout resistance, Pg, achieved for much lower
frontal displacement, dpr. The increase in the vertical confining pressure, oy, led to the
increase in the pullout resistance, with the most significant increase occurring when oy
grew from 10 to 25 kPa. For higher confining pressures, larger frontal displacements were
required to achieve the pullout resistance, particularly for the geotextile.

Table 6. Comparison of pullout test results for both geosynthetics (80% of MDD and OMC).

GGR GCR
Confining Pressure (kPa) Pr (kN/m) dpr (mm) Pr (kN/m) dpr (mm)
10 36.4 53.4 31.8 123.9
25 53.0 60.6 434 154.7

50 61.4 58.7 50.7 171.0
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Pullout force (kN/m)

Pullout force (kN/m)

3.3. Influence of Moisture Content of the Recycled C&D Material

Figures 11 and 12 present the influence of the moisture content of the recycled C&D
material on the geogrid and geotextile pullout behaviour, respectively. This effect was
evaluated for recycled C&D material compacted to 80% of the maximum dry density
(see Table 3). The mean values of the pullout resistance, Pr, and corresponding frontal
displacement, dpg, for different test conditions are summarized in Tables 7 and 8.

60 60
—omc —oMmc
—— OMC-3% — OMC-3%
45 — OMC+3% 45 | —— OMC+3%

30 A 30 A

/

0 50 100 150 200 0 50 100 150 200
Frontal displacement (mm) Frontal displacement (mm)

(a) (b)

Figure 11. Influence of the moisture content on geogrid (GGR) pullout behaviour: (a) oy = 10 kPa;
(b) oy =25 kPa.
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Figure 12. Influence of the moisture content on geotextile (GCR) pullout behaviour: (a) oy = 10 kPa;
(b) oy =25 kPa.
Table 7. Summary of the results of pullout tests carried out on GGR at different moisture contents.
GGR OMC-3% OoMC OMC+3%
C. Pressure (kPa) PRr (kN/m) dpr (mm) Pr(KN/m) dpr (mm) PRr (kN/m) dpr (mm)
10 33.8 57.7 36.4 53.4 23.6 68.5
25 50.4 59.5 53.0 60.6 31.0 67

50 - - 61.4 58.7 423 61.6
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Table 8. Summary of the results of pullout tests carried out on GCR at different moisture contents.

GCR OMC-3% OMC OMC+3%
C. Pressure (kPa) PRr (kN/m) dpr (mm) Pr (kN/m) dpr (mm) Pr (kN/m) dpr (mm)
10 34.1 121.5 31.8 123.9 24.3 77.8
25 545 168.3 43.4 154.7 36.8 118.9
50 - - 50.7 171.0 42.3 130.9

From the analysis of Figure 11, the first emerging conclusion is that compacting the
recycled material above the OMC has a very significant influence on geogrid pullout resis-
tance, not only regarding Pg, but also in terms of the behaviour of the geogrid throughout
the test. Regardless of the vertical confining pressure, no ruptures of the welded junctions
of the transversal bars occurred when the recycled material was compacted above OMC.

The decrease in the compaction moisture content from the optimum (OMC) to OMC—3%
led to a small decrease in the geogrid pullout resistance: 7% and 5% on average for oy of 10
kPa and 25 kPa, respectively. One can conclude that this decrease in the moisture content
did not significantly affect the pullout capacity of the geogrid.

As observed for the geogrid, compaction of the recycled C&D material above the
OMC reduced the geotextile pullout resistance (Figure 12). However, the differences in the
pullout behaviour are not so pronounced.

Unlike what was found for the geogrid, the compaction of the recycled C&D material
below OMC (OMC—3%) led to an increase in geotextile pullout resistance. This increase
was only 7% (on average) for o, = 10 kPa, but was about 22% for o, = 25 kPa (Table 8).
For the geotextile, it can be concluded that as the moisture content of the recycled C&D
material increased, the geotextile pullout resistance decreased. This conclusion is aligned
with the findings of Ferreira et al. [28] for pullout tests performed on a granite residual soil,
as these authors concluded that when the soil was compacted at the optimum moisture
content, the peak pullout resistance of the geotextiles decreased in comparison with that
obtained for the dry soil.

The reduction of the shear strength of soil-geosynthetic interfaces with increasing soil
moisture content has also been observed by other authors in direct shear tests [48,50,51].
This behaviour has been associated with the occurrence of positive pore-water pressures
and the loss of soil matric suction [48,50,51].

The effect of decreasing the moisture content below the OMC (dry side of the com-
paction curve) was different for the geogrid and the geotextile: it caused a decrease in
geogrid pullout resistance and an increase in the pullout capacity of the geotextile. The
increase in the geosynthetic interface’s direct shear strength when the backfill material is
compacted below the OMC has been reported by other authors [48,52]; a similar trend
would therefore be expected for the pullout resistance. While for the geotextile this trend
was observed, the pullout resistance of the geogrid slightly decreased for compaction at
OMC—3%. Since the shear strength of the recycled C&D material is higher when it is
compacted on the dry side of OMC (see Table 5), the decrease in the pullout resistance of
the geogrid may have been caused by a less efficient compaction of the layer immediately
above the geogrid, as it is a very hard material.

3.4. Influence of Compaction Degree of the Recycled C&D Material

The effect of the compaction degree of the recycled backfill on the pullout behaviour
of both geosynthetics is presented in Figures 13 and 14 for the geogrid and the geotextile,
respectively. The results plotted in these figures refer to compaction at OMC (Tests T1, T2,
T9 and T10—GGR; Tests T11, T12, T19 and T20—GCR).
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Figure 13. Influence of the compaction degree on geogrid (GGR) pullout behaviour: (a) o = 10 kPa;
(b) o =25 kPa.
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Figure 14. Influence of the compaction degree on geotextile (GCR) pullout behaviour: (a) o = 10 kPa;
(b) o =25 kPa.

Figure 13 shows that the compaction degree of the recycled C&D material has a slight
influence on the pullout resistance of the geogrid. While for the confining pressure of
25 kPa (Figure 13b), increasing the degree of compaction lead to a slight increase in the
geogrid pullout resistance, for o = 10 kPa (Figure 13a) a slight decrease of the pullout
strength was recorded. This unexpected behaviour can only be explained by the variability
of the backfill material or by the difficulty in achieving a high degree of compaction in the
layer immediately above the geogrid, as it is a hard material (Figure 3a). It might have been
the case that the material was finer (lower grain size) in the tests carried out for 90% MDD
and that this resulted in a lower pullout resistance. No other explanations could be found.

Figure 14 clearly shows that the maximum dry density of the backfill material affects
the pullout behaviour of the geotextile. The increase in the compaction degree resulted in
an increment of the geotextile pullout resistance of about 23% and 17% (on average) for
confining pressures of 10 kPa and 25 kPa, respectively. It is also worth pointing out that
the increase in MDD led to higher frontal displacements being required to reach the peak
pullout resistance.

Increasing the compaction degree, in particular for a confining stress of 25 kPa
(Figure 14b), resulted in tensile failure of the geotextile. Indeed, for this condition, as
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confirmed in Figure 15b, the geotextile failed due to insufficient tensile strength. It can be
seen from the analysis of this graph that the internal displacements recorded at points A4
and Al (refer to Figure 5a) remain constant from a front displacement of about 175 mm,
meaning that the geotextile failed between the front and location A4.
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Figure 15. Influence of the compaction degree on the internal geotextile displacements during pullout
(points A4 and A1 refer to Figure 5): (a) 0 = 10 kPa; (b) o = 25 kPa.

The development of internal displacements throughout the length of the geotextile
shows that, for the remaining compaction conditions, the geotextile pullout failure occurred
(not for insufficient tensile strength), evidenced by the continuous evolution of internal
displacements during the test (Figure 15).

Figure 15 also shows that increasing the degree of compaction of the backfill material,
regardless of the confining pressure, provokes the decrease in the internal displacements,
particularly at the geotextile back edge (point Al), which means that the geotextile is
more tied to the backfill material. Higher frontal displacements are required to mobilize
meaningful internal displacements at locations A4 to Al.

3.5. Summary of Results and Pullout Interaction Coefficients

Tables 9 and 10 summarize the results of the test programme carried out on the geogrid
and on the geotextile, respectively. The pullout resistance, PR, the corresponding frontal
displacement, dpg, the maximum shear stress mobilized at the interface during the pullout
test, Tp, the direct shear strength of the backfill material, t45, and the pullout interaction
coefficient, f;,, for all the tests are presented in the above-mentioned tables. Since for each
test condition three pullout tests were performed, the average value of fi, is also presented.

It is worth remarking that the pullout interaction coefficients were calculated by
Equation (1), and that the direct shear strength of the backfill material, 45, was estimated
by the Mohr-Coulomb failure criterion considering the shear strength parameters presented
in Table 5.

The average value of the pullout interaction coefficient, f;,, ranged from 0.61 to 1.09
for the geogrid (Table 9) and from 0.67 to 1.25 for the geotextile (Table 10). Regardless of
the geosynthetic type, the minimum value of f;, was observed for the same test conditions
(80% MDD with OMC+3% and o = 50 kPa)—Tests T8 and T18. The maximum value of f,
was achieved for different conditions in both geosynthetics: 90% MDD with OMC for the
geotextile and 80% MDD with OMC for the geogrid.

The variation in the water content of the recycled C&D material around the OMC
tended to decrease the value of f;, (higher values obtained for OMC) for the geogrid. This
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tendency was also observed in the geotextile but with an exception (test T15-80%MDD
with OMC—3%).

Table 9. Pullout interaction coefficients and summary of results for the geogrid (GGR).

Test Number  C. Pressure (kPa) Pr (kN/m) dpr (mm) Tp (kPa) Ty4s (kPa) fp f;, (Average)

40.2 52.2 28.8 1.20

T1 10 329 47.8 23.4 24.0 0.98 1.09
35.9 60.3 26.0 1.08
53.4 65.0 39.0 1.10

T2 25 54.8 64.9 40.0 35.6 1.13 1.08
50.8 51.8 36.4 1.02
64.4 60.8 46.7 0.85

T3 50 57.1 62.0 415 54.8 0.76 0.81
62.6 53.2 449 0.82
34.2 51.1 245 0.83

T4 10 354 64.5 25.8 29.6 0.87 0.82
32.0 57.3 23.1 0.78
49.3 52.1 35.3 0.83

T5 25 499 62.1 36.3 425 0.85 0.86
52.1 64.1 38.0 0.89
244 68.1 17.9 0.89

T6 10 244 64.3 17.8 20.1 0.89 0.86
21.9 73.1 16.2 0.80
333 79.7 24.8 0.79

T7 25 27.7 56.9 20.0 31.6 0.63 0.72
32.1 64.4 23.4 0.74
44.6 60.6 323 0.64

T8 50 411 65.5 30.0 50.8 0.59 0.61
41.2 58.5 29.8 0.59
34.7 62.6 25.3 0.95

T9 10 31.6 72.0 23.3 26.5 0.88 0.88
30.3 45.7 21.5 0.81
56.0 84.0 42.0 1.07

T10 25 50.5 62.3 36.7 39.2 0.94 1.04
56.9 91.1 43.2 1.10

As mentioned in Section 3.5, the compaction degree of the recycled C&D material
had a slight influence on the pullout resistance of the geogrid. While for the geotextile the
increase in the compaction degree led to an increase in the value of f;,, this was not the case
for the geogrid.

The value of f;, tended to decrease with increasing vertical confining pressure, with
some exceptions particularly when the recycled C&D material was compacted at lower
moisture (OMC—3%). This evidence, also reported by other authors [31,33,53,54], is due to
the trend toward geosynthetic tensile failure when the confining stress increases.

Usually, under similar conditions of compaction and for geosynthetics with similar ten-
sile strength, the geogrids tend to exhibit higher pullout interaction coefficients [28,32,53,55].
However, in the present study this occurred only when the recycled C&D material was
compacted at its optimum moisture content and for 80% of the maximum dry density.
For the remaining compaction conditions of the filling material, higher values of f, were
obtained for the geotextile.

The behaviour of this particular geogrid may be due to the premature rupture of the
welded junctions of the transversal bars reported earlier (Figure 8) or due to the difficulty in
the compaction of the recycled C&D material of the layer immediately above the geogrid.
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Table 10. Pullout interaction coefficients and summary of results for the geotextile (GCR).
Test Number  C. Pressure (kPa) Pr (kN/m) dpr (mm) Tp (kPa) Tg4s (kPa) fp f,, (Average)

30.4 105.0 23.6 0.98

T11 10 31.1 123.7 24.8 24.0 1.03 1.06
33.8 143.0 27.8 1.16
48.4 148.2 40.2 1.13

T12 25 42.8 158.0 36.1 35.6 1.02 1.05
43.1 142.6 35.4 1.00
524 169.5 45.1 0.82

T13 50 52.8 172.5 45.7 54.8 0.83 0.80
46.9 171.0 40.5 0.74
322 102.5 24.8 0.84

T14 10 359 135.0 29.2 29.6 0.98 0.92
34.3 127.0 27.5 0.93
53.7 175.0 46.7 1.10

T15 25 54.6 163.4 46.5 42.5 1.10 1.10
55.0 166.5 47.2 1.11
28.8 89.1 21.8 1.09

T16 10 20.6 60.3 15.0 20.1 0.75 0.90
23.5 84.1 17.7 0.88
39.1 124.2 31.3 0.99

T17 25 36.1 110.7 282 31.6 0.89 0.92
35.2 121.9 28.0 0.89
46.9 128.8 37.7 0.74

T18 50 36.8 120.8 29.2 50.8 0.58 0.67
43.2 143.1 35.6 0.70
39.4 177.3 34.4 1.30

T19 10 40.5 155.6 34.1 26.5 1.29 1.25
37.8 139.4 31.0 1.17
50.5 177.3 44.1 1.12

T20 25 47.1 153.2 39.5 39.2 1.01 1.12
55.1 171.7 47.6 121

For all geogrid samples, and for different compaction conditions and vertical confining
pressures, the value of f;, ranged from 0.59 to 1.20. For the geotextile samples, f, varied
within the range 0.58 to 1.30. These values are in the usual range for soil-geosynthetic
interfaces, as well as for geosynthetic interfaces concerning alternative backfilling materials.

Values of fi, ranging from 0.25 to 1.4 and from 0.30 to 1.7 are reported by Goodhue
et al. [54] for different geosynthetics (geogrid, geomembrane and geotextile) when em-
bedded in a uniformly-graded quartz sand and in foundry sands, respectively. Values of
pullout interaction coefficients in the range 0.18-0.65 are presented by Hsieh et al. [55] for a
high-strength polypropylene geotextile tested in a quartz sand and in a riverbed gravel,
while for a uniaxial polyester geogrid f;, ranged from 0.51 to 1.25.

Soleimanbeigi et al. [31] concluded that the interaction coefficients for a high-density
polyethylene (HDPE) uniaxial geogrid and a woven geotextile embedded in a recycled
concrete aggregate decrease with increasing confining pressure and are lower than 0.5.
Values of f;, ranging from 0.79 to 1.35 for pullout tests carried out on a polyester geogrid
installed in a fine-grain recycled C&D material are reported by Vieira et al. [32].

4. Conclusions

An extensive laboratory study to characterize the pullout behaviour of two different
geosynthetics (a polyester geogrid and a high-strength composite geotextile) embedded
in a recycled C&D material, as well as the physical and mechanical characterization of
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the filling material, were presented in this paper. The influence of the geosynthetic type,
moisture content and compaction degree of the recycled C&D material on the pullout
behaviour was evaluated and discussed.

The main conclusions of this study are summarized as follows:

e In spite of the high fine content of the recycled C&D material, its particle size distri-
bution fulfils the requirements of NCMA for segmental retaining walls and those of
FHWA for reinforced soil slopes. However, this recycled material does not meet the
gradation limits for backfill materials of mechanically stabilized earth walls.

e Increasing the moisture content of the recycled C&D material from OMC—3% to
OMC+3% led to a decrease in the internal shear strength. As expected, the increase in
the compaction dry density (from 80% to 90% of the maximum dry density) induced
an increase in the backfill shear strength.

e  Although the two geosynthetics have similar tensile strengths, the pullout resistance
of the geogrid was higher than that of the geotextile and was achieved at lower frontal
displacements, as a result of the different characteristics of the geogrid, namely its
apertures and the consequent passive thrust on the transversal bars and its higher
tensile stiffness.

e  The compaction of the recycled material above the OMC had a very significant influ-
ence on the behaviour of the geogrid throughout the pullout test. When increasing the
material moisture content from the OMC to OMC+3%, the geogrid pullout resistance
decreased from 31% to 41% depending on the vertical confining stress. The influence
of the increase in the moisture content on the geotextile pullout behaviour was less
pronounced; even so, increases in the pullout resistance between 17% and 24% were
observed.

e  The reduction in the compaction moisture content from the OMC to OMC—3% induced a
slight decrease in the geogrid pullout resistance (ranging from 5% to 7%). Conversely, the
pullout capacity of the geotextile increased 7% and 22% (for oy = 10 kPa and oy = 25 kPa,
respectively) when the recycled C&D material was compacted at OMC—3%.

e  The expected trend concerning the effect of the degree of compaction on the geogrid
pullout resistance was not observed. While for the confining pressure of 25 kPa the
increase of the compaction degree induced a slight increase in the geogrid pullout
resistance (around 3% on average), unexpectedly a decrease of around 10% was
recorded for the geogrid pullout resistance at the lower confining pressure (10 kPa).

e  The influence of the compaction degree of the recycled C&D material on the geotextile
pullout resistance was the one anticipated: a higher compaction degree resulted in an
increase in the geotextile pullout resistance. Regardless of the value of the confining
pressure, the geotextile pullout resistance increased around 20%.

e  The values of the pullout interaction coefficient, f;,, tended to decrease with increasing
vertical confining pressure and were within the usual range of this parameter for
soil-geosynthetic interfaces.

e  The variation of the compaction moisture content of the recycled C&D material around
the OMC induced a decrease in the value of f;, (higher values obtained for OMC) in
the geogrid interface. This tendency was also observed, in general, for the geotextile.

The study reported herein is part of a broader research project regarding the in-
vestigation of the long-term behaviour of recycled C&D wastes as backfill material for
geosynthetic-reinforced structures. The results obtained to date show that these recycled
materials can be seen as an environmentally friendly alternative to the natural resources
commonly used.
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