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Abstract: This article assesses the pullout performance of ribbed metallic strips embedded in fill
soils that do not conform to conventional design criteria for mechanically stabilized earth (MSE)
walls. These alternative fill soils include gravelly and sandy recycled aggregates from construction
and demolition waste, artificial and natural sands, and fine-grained lateritic soil. The research
included soil characterization tests and large-scale pullout tests, conducted as part of this study.
The results showed that the reinforcement pullout behavior was similar for recycled, artificial, and
natural sands, indicating that soil particle size played a crucial role in mobilizing the interface pullout
resistance. However, in the case of recycled sand, stress concentration at the reinforcement level led to
particle crushing during pullout conditions, causing this material to exhibit less efficient performance
compared to other sands. The fine-grained lateritic soil demonstrated inferior behavior compared
to sandy soils, despite the interparticle bonding provided by the sesquioxide coating characteristic
of intensely weathered tropical soils. Finally, an analytical prediction tool based on experimental
results was developed, providing an alternative method to make conjectures about the performance
of different soils during the pre-design stages, particularly based on particle size attributes.

Keywords: recycled construction and demolition waste; alternative fill materials; lateritic soil; pullout;
mechanically stabilized earth walls

1. Introduction

Mechanically stabilized earth (MSE) walls utilize the tensile capabilities of inclusions
to create reinforced soil masses, and their geomechanical performance is influenced by fill
quality and reinforcement characteristics, with coarse-grained aggregates being preferred
over fine-grained soils [1–5]. This has limited the use of some alternative fill materials in
MSE walls, such as fine-grained tropical soils and industrial byproducts [6], which often do
not achieve the conventional design criteria [7–12].

Utilizing industry byproducts in engineering works can enhance the energy efficiency
and provide benefits from social, technical, economic, and environmental perspectives.
For example, scrap tire strips are a feasible alternative for soil reinforcement [13], and
recycled aggregates from construction and demolition waste (CDW) have been successfully
used in cementitious materials, in road pavement layers, and as backfills in retaining
walls [14–26]. However, a more insightful understanding of their performance in terms of
soil-reinforcement resistance mechanisms is needed for further applications as fills in MSE
walls due to the existing deficiencies in design procedures and technical literature relative
to this usage [27,28].
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The use of fine-grained tropical soils as fills in MSE walls could also contribute to
cost-effective projects, given their large availability in tropical and subtropical climate
zones [29–31]. Previous studies have shown that the micro-structural bonding caused
by an accumulation of sesquioxides (iron and aluminum oxides) between soil particles
may induce relevant changes in geomechanical responses relative to fine-grained soils
found in temperate regions [30,32,33], enhancing the geomechanical responses of lateritic
soil subgrades in natural conditions or after soil stabilization [34–38]. However, concerns
related to fine-grained soil compressibility and reduced interface resistance have inhibited
further applications as fills in MSE walls [39–41], which could be partially addressed with
studies that consider the particularities of tropical soils.

This paper examines the pullout results of metallic strips embedded in various fill
materials for use in MSE walls, including coarse-grained recycled aggregates from CDW
(both gravelly and sandy), artificial and natural sands, and an intensely weathered fine-
grained silty material from a natural deposit. The primary contribution of this work
to the field of geotechnical engineering lies in the potential utilization of materials that
do not meet the design requirements for MSE walls reinforced with strips but can still
exhibit good performance and cost-effectiveness, particularly in the context of limited
natural resources that has become increasingly critical. Information about the soils tested is
presented, along with details on the pullout testing procedures. Results are analyzed from
a design standpoint, and the findings provide an analytical tool for considering the unique
characteristics of the tested soils.

2. Soil Characterization

The research utilized CDW obtained from an authorized treatment plant located in
Brasilia (Federal District, Brazil). The plant undertakes the recycling of debris obtained
from the demolition of residential buildings, which involves the removal of impurities
such as plastics, metals, wooden materials, glass, and soil. The CDW was graded and
combined after purification, and gravimetric composition analysis was performed. The
assessment established that concrete (30.7% in mass), unbound aggregates (22.3% in mass),
natural stone (15.2% in mass), mortar (12.5% in mass), masonry (10.2% in mass), ceramics
(8.6% in mass), and other (0.5% in mass) were the most prominent constituents of the
recycled CDW. In this investigation, two samples were collected from this material, namely,
recycled gravel (RG) and recycled sand (RS), with particle diameters (D) in the range of
2 mm < D ≤ 10 mm and 0 < D ≤ 2 mm, respectively.

This study also included artificial sand (AS) sourced from a quartzite quarry facility
located in Brasilia (Federal District, Brazil), natural sand (NS) extracted from a fluvial
deposit at Rio das Almas (State of Goias, Brazil), and lateritic soil (LS) collected from the Ex-
perimental Field of the University of Brasilia Geotechnical Engineering Graduate Program
(Federal District, Brazil), which is a heavily weathered tropical soil [5]. To eliminate the
possibility of influencing test results, soil particles with D larger than 2 mm were removed
from AS, NS, and LS.

2.1. Chemical and Mineralogical Properties

The chemical and mineralogical composition of fill soils were evaluated using the
X-ray fluorescence (XRF) and X-ray diffraction (XRD) techniques, respectively. Figure 1
summarizes the test results, with Figure 1a showing the chemical analyses and Figure 1b
presenting the mineral composition. As the samples of RG and RS were extracted from the
same recycled CDW sample, the chemical and mineralogical analyses presented in Figure 1
represent the results of a single sample for these two materials.
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mina (Al2O3), iron oxide (Fe2O3), and magnesium oxide (MgO) accounting for 11.6% of the 
total mass. AS also contains 4.2% of Al2O3, while NS contains 15.6% of Al2O3, Fe2O3, tita-
nium oxide (TiO2), and potassium oxide (K2O). LS contains significant amounts of Al2O3 
(38.8%), SiO2 (23.0%), and Fe2O3 (15.7%), with 2.5% of other components. To incorporate a 
variable related to the chemical composition of tropical soils in subsequent analyses, the 
silica–sesquioxides ratio parameter was calculated for all samples based on the following 
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associated with soil weathering (Al2O3 and Fe2O3). SSR values of 11.861, 35.737, 14.966, 
and 0.801 were determined for the RG and RS, AS, NS, and LS samples, respectively. No-
tably, the difference in SSR values between the granular materials (RG, RS, AS, and NS) 
and LS suggests that the latter underwent significant weathering, which could result in 
substantial differences in geomechanical responses compared to other tested samples. 
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hand, AS was mostly composed of quartz (88.3%), with rutile (TiO2, 8.4%), kaolinite 

Figure 1. XRF and XRD test results for: (a) chemical components, and (b) minerals. Note: Chemical
components shown in (a) include aluminum oxide (Al2O3), calcium oxide (CaO), ferric oxide (Fe2O3),
magnesium oxide (MgO), potassium oxide (K2O), silicon dioxide (SiO2), and titanium dioxide (TiO2).

Chemical analyses [Figure 1a] reveal that RG and RS are primarily composed of
silica (SiO2, 57.2%) and calcium oxide (CaO, 26.3%), with secondary components such as
alumina (Al2O3), iron oxide (Fe2O3), and magnesium oxide (MgO) accounting for 11.6%
of the total mass. AS also contains 4.2% of Al2O3, while NS contains 15.6% of Al2O3,
Fe2O3, titanium oxide (TiO2), and potassium oxide (K2O). LS contains significant amounts
of Al2O3 (38.8%), SiO2 (23.0%), and Fe2O3 (15.7%), with 2.5% of other components. To
incorporate a variable related to the chemical composition of tropical soils in subsequent
analyses, the silica–sesquioxides ratio parameter was calculated for all samples based on
the following equation [42]:

SSR = S× (A + F)−1 (1)

where SSR stands for the silica–sesquioxides ratio, which can be calculated using the
percentages of chemical components denoted by S, A, and F. The percentages are calculated
as %SiO2/60, %Al2O3/102, and %Fe2O3/160, respectively.

It is worth noting that SSR represents the relative proportion between silica (SiO2), a
stable mineral with desirable properties for MSE wall fill materials, and oxides commonly
associated with soil weathering (Al2O3 and Fe2O3). SSR values of 11.861, 35.737, 14.966, and
0.801 were determined for the RG and RS, AS, NS, and LS samples, respectively. Notably,
the difference in SSR values between the granular materials (RG, RS, AS, and NS) and LS
suggests that the latter underwent significant weathering, which could result in substantial
differences in geomechanical responses compared to other tested samples.

The most relevant minerals present in RG and RS were quartz (SiO2, 63.8%), calcite
(CaCO3, 12.9%), and muscovite [(K,Na)(Al,Mg,Fe)2(Si3.1Al0.9)O10(OH)2, 8.3%]. On the
other hand, AS was mostly composed of quartz (88.3%), with rutile (TiO2, 8.4%), kaolinite
[Na0.3Al4Si6O15(OH)6.4H2O, 3.1%], and magnetite (Fe3O4, 0.2%) as secondary minerals.
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NS was also mostly composed of quartz (82.3%), with muscovite (12.6%), kaolinite (3.4%),
and rutile (1.7%) present. LS was primarily composed of quartz (35.3%) and gibbsite
[Al2(OH)3, 35.3%], with secondary components including kaolinite (16.2%), rutile (4.0%),
and anatase (2.4%).

2.2. Morphometric Analyses

Images collected using optical microscopy techniques were used as a reference for
conducting qualitative morphometric analyses. Regarding the CDW aggregates (RG and
RS), the analyses showed highly angular and rough surfaces on the CDW aggregates,
with the presence of horizontal planes observed in some aggregates, originated from
finished surfaces. When considering the different constituents of the CDW aggregates, it
was not possible to detect significant differences in particle size in terms of the different
constituents collected in each fraction (i.e., concrete, unbound aggregates, natural stone,
mortar, masonry, and ceramics). AS sand exhibited an intermediate degree of sphericity
and subangular surfaces, possibly resulting from quartzite quarrying. NS analyses showed
lower surface roughness than AS, although subangular surfaces and intermediate sphericity
were still present.

To better understand the micromorphological characteristics of the fill soils, scanning
electron microscopy (SEM) analyses were conducted on all tested soils, and 3D X-ray
microscopy and petrographic analysis were performed on the RG and AS, respectively.
The selected results are presented in Figure 2. In the case of RG, Figure 2a shows a
three-dimensional morphological representation of an RG aggregate. The presence of
sub-horizontal planes from the original structure and small cavities from aggregates that
detached during the recycling process are evident. Additionally, SEM analyses of the
RG particles [Figure 2b] revealed the presence of cracks, which may be linked to their
heterogeneous composition and the influence of the recycling process. These cracks could
impact the performance of these aggregates under service conditions. Indeed, prior re-
search [25,43,44] has associated the loss of CDW aggregate performance with the possibility
of particle breakage, particularly in larger aggregates such as the RG employed in this
study. An overall rough surface was also observed for RG.
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Figure 2. Morphometric characteristics of soils: (a) a 3D representation of RG indicating its primary
surface features, (b) SEM analysis of RG revealing surface cracks and roughness, (c) the same analysis
for RS, and (d) SEM and petrographic analysis of AS, highlighting the presence of well-defined quartz
grains resulting from metamorphism.
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Based on Figure 2c, it was also possible to detect the presence of surface cracks in the
case of RS, similar to those observed in RG, along with a rough surface. Conversely, for
AS, a rough surface without the presence of cracks was observed, as shown in Figure 2d.
This could result in the better performance of these materials as fill compared to CDW
aggregates. Additionally, petrographic analysis was performed using AS, indicating a
significant presence of quartz grains consistent with the results of mineralogical characteri-
zation. Furthermore, the presence of well-structured grains evidences the metamorphic
nature of quartzite, which could attribute a greater strength to this material compared to
other aggregates.

Results for NS and LS were not presented in this study as they are available in [45]. It
is worth noting that NS presented intact grains without surface cracks, while LS aggregates
ranging from 50 µm to 150 µm had angular and rough surfaces attributed to the sesquioxide
coating provided by iron and aluminum oxides. This is in line with the high SSR value
assigned to LS, as described in the previous section.

2.3. Geomechanical Properties

The specific gravity of soil solids was determined following [46]. Accordingly, Ref. [47]
was used as a reference to determine the dimensions of individual particles in soils RG,
RS, AS, and NS. For soil LS, the dimensions of individual particles were determined
using conventional testing procedures, which involve solution stirring and the use of
a dispersing agent (DA), as per [48], while the dimensions of soil aggregations were
determined via [49], without solution stirring and DA. Vibratory table tests [50] and funnel
tests [51] were conducted for gravelly and sandy soil samples (RG, RS, AS, and NS), while
Proctor compaction tests [52] were carried out for soil LS. Additional tests included the
evaluation of Atterberg limits [53] for soil LS, and the resistance to degradation of coarse
aggregates using the Los Angeles machine [54] for soil RG. Table 1 summarizes the test
results and relevant additional information.

Based on the results in Table 1, the recycled aggregates had solid densities (Gs) of 2.66
and 2.68 for RG and RS, respectively, while the values for the AS, NS, and LS soils were
2.71, 2.64, and 2.67, respectively. It is worth noting that the relatively high Gs of AS is due to
the presence of rutile and magnetite in its mineralogical composition [Figure 1b]. Only LS
exhibited plasticity, with a plasticity index (PI) of 11%, and RG showed 34% abrasion losses
during the Los Angeles machine test. The corresponding sizes for 10%, 30%, 50%, and
60% of the passing soil fraction were also determined. RG, RS, AS, and NS had Cc values
of 1.40, 1.24, 0.89, and 0.97, respectively, while their corresponding Cu values were 1.83,
2.90, 2.06, and 2.38. However, LS had Cc and Cu values of around 5 and 25, respectively,
when considering individual soil particle sizes, and 10.21 and 53.33, respectively, when
considering soil agglomerations rather than individual particle dimensions.

Table 1 also presents the fines content (Fc) for RG, NS, RS, and AS, which represents
the mass fraction of soil particles with a diameter smaller than 0.075 mm. RG and NS
had Fc close to zero, while RS and AS had 4.2% and 1.1% of fines, respectively. LS had
a high Fc of 64.8% based on individual soil particle sizes, but the Fc was reduced to
31.4% for soil agglomerations. RG was classified as poorly graded gravel (GP) while RS,
AS, and NS were classified as poorly graded sands (SP) according to the Unified Soil
Classification System [55]. Based on the particle size distribution of individual soil particles,
LS was classified as a low plasticity silt (ML). However, considering the dimensions of
agglomerations, LS could be classified as silty sand (SM). These findings suggest that the
sesquioxide coating significantly impacts the structure of intensely weathered tropical
soils, specifically LS, giving them an aggregated structure similar to that of sand under
field conditions.
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Table 1. Summary of geotechnical properties of tested soil samples and relevant additional information.

Soil Property Fill Soils
RG RS AS NS LS

Gs (-) 2.66 2.68 2.71 2.64 2.67

wL (-) - - - - 0.39

wP (-) - - - - 0.28

PI (-) - - - - 0.11

LA (-) 0.34 - - - -

D10 (mm) 3.0 0.10 0.17 0.29 <0.001 (0.003 *)

D30 (mm) 4.8 0.19 0.23 0.44 <0.001 (0.07 *)

D50 (mm) 5.0 0.25 0.30 0.60 0.02 (0.12 *)

D60 (mm) 5.5 0.29 0.35 0.69 0.06 (0.16 *)

Cc (-) 1.40 1.24 0.89 0.97 ~5 (10.21 *)

Cu (-) 1.83 2.90 2.06 2.38 ~25 (53.33 *)

Fc (-) 0.000 0.042 0.011 0.000 0.648 (0.314 *)

Unified Soil Classification System (USCS) GP SP SP SP ML (SM *)

emax (-) 1.06 0.98 1.01 0.83 -

emin (-) 0.81 0.59 0.65 0.58 -

γd,max (kN/m3) - - - - 15.70
wopt. (-) - - - - 0.22
SSR (-) 11.861 11.861 35.737 14.966 0.801

(*) indicates results obtained from hydrometer tests conducted without a dispersing agent. Table 1 lists various
symbols and their corresponding definitions for different properties of soil, including the specific gravity of
solids (Gs), liquid limit (wL), plastic limit (wP), plasticity index (PI), Los Angeles abrasion index (LA), diameters
corresponding to different levels of soil passing (D10, D30, D50, and D60), coefficients of curvature (Cc) and
non-uniformity (Cu), fines content (Fc), maximum and minimum void ratios (emax and emin), maximum dry unit
weight (γd,max), optimum water content (wopt), and the silica–sesquioxides ratio (SSR).

Table 1 also shows that moisture played a crucial role in achieving maximum com-
paction for LS, with an optimal water content (wopt) of 22% and a maximum dry unit weight
(γd,max) of 22 kN/m3. In contrast, the granular soils (RG, RS, AS, and NS) achieved their
most compact state through vibration alone.

Figure 3 illustrates a comparison of the particle size distribution curves of the vari-
ous materials with the recommended gradation limits according to the Federal Highway
Administration (FHWA) [8], the National Concrete Masonry Association (NCMA) [12],
and the British Standard Institution (BSI) [11], which are often considered as references
for the design of MSE walls. RG lacks fine particles to fill the gaps between larger gravel
particles, while the internal structure of the sands (RS, AS, and NS) could benefit from
the presence of larger aggregates, which could significantly enhance the geomechanical
behavior of these soils. Lastly, LS showed a fine particle size distribution when considering
individual particles, which was partially altered when considering the dimensions of soil
aggregates. Since none of the tested materials meet the conventional specifications for MSE
wall backfill in terms of their texture, the materials herein investigated are evaluated as
alternative fills when it comes to their pullout behavior.

The compaction requirements for MSE wall backfill materials suggested by FHWA [8]
were followed for sample preparation, as summarized in Table 2. Granular samples (RG,
RS, AS, and NS) were compacted to a relative density (Id) of approximately 95%, while
LS was compacted to a degree of compaction (Dc) of 95%. The moisture contents used for
soil sample preparation (wtarget) were equivalent to the hygroscopic moisture contents for
granular soils (RG, RS, AS, and NS), while for LS, the value of wopt (optimum water content)
was used with a tolerance of ±2% relative to that value. Based on these parameters, the
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corresponding testing conditions were established in terms of dry unit weights (γd,target)
and bulk unit weights (γb,target), as well as the corresponding void ratios.
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Table 2. Compaction criteria used for direct shear and pullout tests and the corresponding geome-
chanical properties of fill soils.

Soil Property Fill Soils
RG RS AS NS LS

Id (-) 0.952 0.961 0.963 0.950 -

Dc (-) - - - - 0.950

wtarget (-) 0.01 0.03 0.03 0.03 0.22

γd,target (kN/m3) 15.30 16.28 15.98 16.30 14.91

γb,target (kN/m3) 15.45 16.77 16.46 16.79 18.19

etarget (-) 0.82 0.61 0.67 0.59 0.76

φs (degrees) 50 43 45 44 33

cs (kPa) 0 4 0 0 30
Table 2 symbols are the following: relative density (Id), degree of compaction (Dc), target water content of soil
(wtarget), target dry unit weight of soil (γd,target), target bulk unit weight of soil (γb,target), target void ratio of soil
(etarget), soil friction angle (φs), and cohesion intercept of the soil shear resistance (cs).
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Table 2 also displays the geomechanical properties of compacted specimens (unsat-
urated) with dimensions of 100 mm × 100 mm × 20 mm, which underwent direct shear
tests [56] to evaluate the shear resistance of RS, AS, NS, and LS. For RG, the same test
was conducted, but larger samples were utilized in a larger equipment having internal
dimensions of 300 mm in all three directions. Friction angles (φs) for RG, RS, AS, NS, and
LS were equal to 50◦, 43◦, 45º, 44◦, and 33◦, respectively, based on the test results and
Mohr–Coulomb strength criterion. The cohesive intercepts (cs) for all materials were close
to zero, except for RS and LS which had cs values of 4 kPa and 30 kPa, respectively.

3. Pullout Tests

Figure 4 displays photographs of the equipment used for pullout testing, including a
side view of the equipment and the acrylic wall that allows a visualization of the compaction
quality [Figure 4a], the sand rain procedure used for sand compacity control [Figure 4b],
and the mechanical hammer used for soil compaction [Figure 4c]. Double layers of lubricant
and polyethylene film were applied to the internal surfaces of the pullout box in order to
minimize sidewall friction. Additional details regarding the compaction procedures are
presented later in this section.
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To provide a better understanding of the dimensions of the pullout equipment and its
related components, Figure 5 provides a detailed view of the pullout apparatus utilized in
this study. Its internal dimensions measure 1450 mm (length), 890 mm (width), and 570 mm
(height). Figure 5a illustrates the placement of the reinforcement element and instrumen-
tation, comprising one (1) load cell and two (2) displacement transducers, positioned at
the load application point, and connected to a data acquisition system. The system for
applying horizontal loads consisted of a hydraulic cylinder.
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Figure 5. Pullout device details (in millimeters): (a) reinforcement arrangement and instrument
positioning, (b) reinforcement geometry and dimensions of transverse ribs, and (c) vertical cross-
section illustrating stresses induced by pullout.

Ribbed metal strips were used as reinforcement elements, which are commonly em-
ployed in MSE walls due to the corrosion resistance provided by galvanized steel. The
strips had a width of 50 mm and were installed with an anchorage length of 1225 mm. A
cross-sectional view (A-A′) of a segment of the reinforcement element is shown in Figure 5b,
along with a detail of the rib geometry. It should be noted that the ribs are arranged in
pairs, with elements spaced 50 mm apart, and the pairs repeat every 150 mm on a given
face of the strip. Essentially, the ribs have a trapezoidal shape, with a smaller base and a
larger base of 1 mm and 7 mm, respectively, spaced 3 mm apart. The basic function of the
ribs is to increase the passive resistance during the reinforcement pullout [7,8].

Figure 5c illustrates a cross-sectional view of the equipment (B-B′), indicating the
reinforcement placement and pullout-induced stresses in the adjacent region. The figure
also shows the system for vertical load application, which uses a rubber membrane supplied
with pressurized water and can apply vertical stresses up to 50 kPa. An air–water interface
system was employed to supply the vertical load application system, and dual layers of
lubricating oil and polyethylene film were applied to the inner faces of the pullout box to
reduce surface friction.

To attain the necessary compaction (Table 2) for RS, AS, and NS, the sand-raining
technique [57] [Figure 4b] is used. It is worth noting that, in the case of sands, the exclusive
use of the sand-raining technique was unable to achieve a relative density (Id) of 95%
(Table 2), necessitating additional vibration using a mechanical hammer. On the other
hand, RG and LS soil were compacted solely using mechanical compaction. In contrast,
RG and LS were compacted exclusively using mechanical compaction. These techniques
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were applied in 90 mm-thick layers, using soils with a moisture content matching the
wtarget. Calibration procedures were employed to adjust the soil compaction techniques,
ensuring that the specified parameters in Table 2 were achieved. Additionally, undisturbed
soil samples were extracted after the pullout tests, allowing for the verification of the soil
compaction requirements.

The pullout tests were performed under unsaturated conditions with vertical stresses
applied at the reinforcement level (σv,0) of 12.5, 25, and 50 kPa. To conduct the tests, the
hydraulic cylinder shown in Figure 5a was utilized, which enabled a displacement rate of
1 mm/min and allowed for a maximum displacement of 100 mm at the external extremity
of the reinforcement. During the tests, the pullout forces (P) and head displacements (δface)
were measured. The experimental results were utilized to determine the pullout strength
of the reinforcement considering each material, which is discussed in further detail below.

The interface shear resistance in pullout tests was calculated using the following
equation [58]:

τmax = f ∗ × σv,0 (2)

where τmax is the shear resistance under failure conditions, σv,0 is the initial vertical stress,
and f * is the apparent friction coefficient.

After performing pullout tests on the reinforcement specimens, the gathered data
were analyzed to evaluate the pullout strength, which is a crucial parameter in assessing
the effectiveness of reinforcement systems. To establish a consistent calculation procedure,
the following calculation procedure was employed for all the soils studied in this research.
Specifically, the maximum pullout forces (Pmax) and the corresponding head displacement
(δface,max) at failure were considered, and the values of f * were calculated as follows:

f ∗ =
Pmax

2× Lr ×Wr × σv,0
(3)

where Lr denotes the anchorage length of the reinforcement, while Wr refers to its width.
It should be noted that the initial vertical stress (σv,0) acting on the reinforcement plane

is a combination of the surcharge stress from loading devices on the soil specimen’s upper
surface and vertical geostatic soil pressure on the reinforcement, which varies based on the
degree of confinement provided by the compacted soil. Pullout testing can result in local
stress increases along the reinforcement at the interface between the reinforcement and the
dense, compact, dilatant fill material [59,60], as shown in Figure 5c. Thus, the actual stress
level experienced by the reinforcement elements can be significantly higher than σv,0 [5],
depending on their characteristics. This can have important technical implications for the
MSW wall design, as discussed in subsequent sections of this article.

Furthermore, based on the pullout tests, a study was conducted regarding the pre-
peak behavior of the reinforcement. For this purpose, a hyperbolic analytical model was
employed to accurately depict the correlation between normalized pullout forces and
displacements [61]:

Pn =
δn

n1 + n2 × δn
(4)

where n1 and n2 represent thet dimensionless coefficients of the model, in addition to the
normalized pullout force (Pn) and normalized head displacement (δn).

In Equation (4), Pn and δn are defined as P/Pmax and δface/δface,max, respectively. Here,
P and δ denote the values of the pullout force and head displacement at a specific moment
during the reinforcement pullout, prior to reaching peak conditions.

4. Results and Discussion

The test results are presented and discussed in this section, followed by an analytical
approach based on the collected information.
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4.1. Load-Displacement Behavior

Figure 6 illustrates the load-displacement curves obtained from the pullout tests,
indicating the maximum pullout loading and the corresponding head displacement (Pmax
and δface,max, respectively) where the failure condition occurred. Based on these results, f *
values were calculated using Equation (3) and are presented in Table 3.
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Figure 6. Pullout test results in terms of forces (P) and head displacements (δface), highlighting the
failure conditions (maximum pullout forces, Pmax, and their corresponding head displacements,
δface,max).

Table 3. Summary of pullout test results.

Fill Soil σv,0 (kPa) Pmax (kN) δface,max (mm) f* (-)

RG
12.5 9.02 13.15 5.89
25.0 12.41 13.50 4.06
50.0 16.55 16.05 2.70

RS
12.5 5.23 18.02 3.42
25.0 8.68 18.50 2.83
50.0 13.01 15.91 2.12

AS
12.5 5.93 18.15 3.87
25.0 9.78 12.72 3.20
50.0 13.88 17.72 2.27

NS
12.5 5.88 15.22 3.84
25.0 8.86 15.30 2.89
50.0 13.24 15.91 2.16

LS
12.5 1.84 27.57 1.21
25.0 2.29 29.43 0.75
50.0 2.71 33.21 0.44

Table 3 presents several symbols and their meanings, including the initial vertical stress (σv ,0), maximum pullout
force (Pmax), head displacement at the maximum pullout force (δface,max), and the apparent friction coefficient (f *).

The results (Figure 6 and Table 3) show that particle size had a significant impact on
the outcomes, with larger aggregates demonstrating superior performance, while finer
fill materials yielded progressively lower parameters as the vertical stress increased. RG
exhibited higher pullout resistance values than the other tested materials, suggesting that
coarse, dilatant materials could provide enhanced pullout performance compared to finer
granular soils. Further investigation should be conducted to assess the potential loss of
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performance in this material due to surface cracks observed through SEM analysis [see
Figure 2b], as elevated stress levels may arise at the grain-to-grain contact.

AS demonstrated superior performance compared to other sands, indicating that
the enhanced surface roughness and angularity of its particles, attributed to the crushing
process of metamorphic rock, promoted better interlocking among the sand grains, leading
to increased pullout forces. Additionally, it is noteworthy that AS benefits from the higher
strength of the metamorphic rock matrix when compared to other types of aggregates,
which can even mitigate potential grain breakage. On the other hand, NS showed interme-
diate performance between AS and RS, possibly due to the lower angularity of the natural
sand grains in comparison to the artificial aggregate.

Regarding RS, a lower mobilization of resistance to pullout forces was observed
compared to other types of sands. This behavior may be attributed to the surface cracks
observed through SEM analysis [Figure 2c], which could have contributed to a higher
level of grain breakage during the test. However, both recycled gravel and sand materials
demonstrated good potential for use as fill material in MSE walls reinforced with strips,
as long as additional safety coefficients are taken into consideration, encompassing the
possibility of additional grain breakage when using these materials.

LS showed lower pullout resistance levels than the other tested materials. This indi-
cates that the formation of aggregates provided by the sesquioxide coating, which have
dimensions similar to natural sands and occur in the field when the lateritic soil is present,
does not translate into a dilatant behavior that would be expected from sands with similar
particle sizes. This factor may be related to the relatively high fines content (Fc) values
of 0.648 and 0.314 (Table 1), considering tests with and without the use of a dispersing
agent (DA), respectively, which could have inhibited the dilatant behavior of this soil type.
Moreover, this behavior aligns with the plasticity exhibited by LS, with wL and wP values
of 0.39 and 0.28, respectively, contrary to the other soils used in the study.

In terms of the practical applications of LS in earthworks, it should be noted that
previous investigations described in the technical literature have indicated that this material
performs well as a compacted base and sub-base in road structures [30,34]. However, this
behavior, which is considered adequate for pavement applications, did not result in a
favorable performance in terms of MSE walls reinforced with strips, as LS was unable to
mobilize pullout resistance compatible with those of non-cohesive fill materials. This result
is consistent with a previous study that employed polymeric strips embedded in sand–silt
mixtures [5].

In order to conduct a more in-depth analysis, the present study developed the fol-
lowing analytical approach to precisely illustrate the non-linear correlation between Pmax
and σv,0:

Pmax = m×
√

σv,0 × pa × A2
r (5)

where m represents a dimensionless model coefficient; pa denotes the atmospheric pressure,
which has a constant value of 101 kPa; and Ar represents the reinforcement surface area of
a single side, which can be calculated as the product between the length (Lr) and width
(Wr) of the reinforcement.

Equation (5) was developed using mathematical modeling software, which enabled the
establishment of the best approach for correlating the variables Pmax and σv,0. The inclusion
of the values pa and Ar in the model was necessary to adjust the units of measurement, as
the coefficient m is dimensionless. The values obtained using Equation (5) are applicable for
a range of 0 < σv,0 ≤ 50 kPa, with a high level of statistical agreement (R2 > 0.94) observed
for each set of data points. Table 4 summarizes the values of the dimensionless model
coefficient, along with other analytical parameters assessed in this study.
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Table 4. Analytical approximations and corresponding fitted variables used to represent experimen-
tal results.

Equation y = Function (x) x Valid Domain Fill Soil Fitted Coefficients R2 (-)

(5) Pmax (kN) σv,0 (kPa) 0 < σv,0 ≤ 50 kPa RG m, 3.9181 0.9958
(5) Pmax (kN) σv,0 (kPa) 0 < σv,0 ≤ 50 kPa RS m, 2.8576 0.9855
(5) Pmax (kN) σv,0 (kPa) 0 < σv,0 ≤ 50 kPa AS m, 3.1204 0.9918
(5) Pmax (kN) σv,0 (kPa) 0 < σv,0 ≤ 50 kPa NS m, 2.9466 0.9947
(5) Pmax (kN) σv,0 (kPa) 0 < σv,0 ≤ 50 kPa LS m, 0.6905 0.9457
(4) Pn (-) δn (-) 0 < δn ≤ 1 RG n1, 0.1406; n2, 0.8115 0.9881
(4) Pn (-) δn (-) 0 < δn ≤ 1 RS n1, 0.1356; n2, 0.7998 0.9220
(4) Pn (-) δn (-) 0 < δn ≤ 1 AS n1, 0.1069; n2, 0.8480 0.9355
(4) Pn (-) δn (-) 0 < δn ≤ 1 NS n1, 0.1410; n2, 0.8214 0.9740
(4) Pn (-) δn (-) 0 < δn ≤ 1 LS n1, 0.0271; n2, 1.0163 0.9356

In Table 4, y denotes the independent variables [i.e., y = function (x)] while x represents the dependent variables.
The symbols indicated in Table 4 are the following: maximum pullout force (Pmax), normalized pullout force
(Pn), initial vertical stress (σv ,0), coefficient used in Equation (5) (m), coefficients used in Equation (4) (n1, n2), and
normalized head displacement (δn).

The results of the nonlinear fitting between the normalized pullout force (Pn) and
the normalized head displacement (δn) are presented in Table 4, following the calculation
procedures based on Equation (4). By restricting the range to 0 < δn ≤ 1, a strong statistical
agreement (R2 > 0.90) with the experimental data was achieved.

Figure 7 provides a graphical representation of the analytical results, with Figure 7a
depicting the pullout force variation with initial vertical stress and Figure 7b illustrating
the pullout force mobilization prior to reaching the peak conditions.
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function describing the progressive mobilization of reinforcement in terms of loads and displacements
in the pre-peak segment.

Figure 7a reveals that the type of backfill material significantly impacts the mobi-
lization of pullout resistance. For instance, RG displayed relatively superior behavior
compared to the other samples, while similar results were observed for the sands (RS, AS,
and NS) due to the similarity in their particle size distributions. In contrast, the envelope
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corresponding to LS indicates considerably lower values than the other materials, consistent
with the previous discussion.

The results presented in Figure 7b demonstrate that a significant portion of Pmax
is mobilized with relatively small increases in head displacement, as evidenced by the
curves relating Pn and δn deviating significantly from the 1:1 reference line representing
proportional mobilization. Minor variations were observed among different materials.
Overall, these findings indicate that the presence of ribs in the metal strips results in a
considerable portion of the maximum load being mobilized early in the pullout process.
This differs from synthetic elements, as discussed in [5,61], where a delayed mobilization
of pullout forces was observed.

Figure 8 provides a comparison between δface,max and Pmax at failure conditions for
different backfill materials to better understand their impact on pullout responses. Specif-
ically, Figure 8a presents the results in terms of δface,max, while Figure 8b displays the
corresponding Pmax values.

Sustainability 2023, 15, x FOR PEER REVIEW 14 of 22 
 

 

function describing the progressive mobilization of reinforcement in terms of loads and displace-
ments in the pre-peak segment. 

Figure 7a reveals that the type of backfill material significantly impacts the mobiliza-
tion of pullout resistance. For instance, RG displayed relatively superior behavior com-
pared to the other samples, while similar results were observed for the sands (RS, AS, and 
NS) due to the similarity in their particle size distributions. In contrast, the envelope cor-
responding to LS indicates considerably lower values than the other materials, consistent 
with the previous discussion. 

The results presented in Figure 7b demonstrate that a significant portion of Pmax is 
mobilized with relatively small increases in head displacement, as evidenced by the 
curves relating Pn and δn deviating significantly from the 1:1 reference line representing 
proportional mobilization. Minor variations were observed among different materials. 
Overall, these findings indicate that the presence of ribs in the metal strips results in a 
considerable portion of the maximum load being mobilized early in the pullout process. 
This differs from synthetic elements, as discussed in [5,61], where a delayed mobilization 
of pullout forces was observed. 

Figure 8 provides a comparison between δface,max and Pmax at failure conditions for dif-
ferent backfill materials to better understand their impact on pullout responses. Specifi-
cally, Figure 8a presents the results in terms of δface,max, while Figure 8b displays the corre-
sponding Pmax values. 

 
Figure 8. Comparison of pullout responses at failure conditions: (a) head displacements at maxi-
mum pullout forces (δface,max), and (b) maximum pullout forces (Pmax). 

Regarding δface,max [Figure 8a], it is clear that RG exhibited lower displacement levels 
than the other tested materials, which was expected as gravelly fills tend to mobilize 
greater resistance at early stages of pullout than materials with smaller particle sizes. NS 
mobilized larger face displacements than RG but smaller than the other sands (AS and 
RS), which behaved similarly. Finally, LS exhibited the worst performance in terms of the 
level of displacement required to reach maximum loading, raising concerns about the ef-
fectiveness of using this material as backfill in MSE walls due to the possibility of greater 
external wall displacements. 

When analyzing Pmax [Figure 8b], it is evident that LS mobilized the lowest pullout 
forces compared to the other soils, once again indicating that the presence of aggregates 
with particle sizes similar to sands did not provide it with a performance comparable to 
that of sands under field conditions. The sands (RS, NS, and AS) exhibited similar behav-
ior, with a slight trend of higher force mobilization in the case of NS and AS, respectively, 
compared to RS. Finally, RG showed higher pullout resistances compared to the other 

Figure 8. Comparison of pullout responses at failure conditions: (a) head displacements at maximum
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Regarding δface,max [Figure 8a], it is clear that RG exhibited lower displacement levels
than the other tested materials, which was expected as gravelly fills tend to mobilize greater
resistance at early stages of pullout than materials with smaller particle sizes. NS mobilized
larger face displacements than RG but smaller than the other sands (AS and RS), which
behaved similarly. Finally, LS exhibited the worst performance in terms of the level of
displacement required to reach maximum loading, raising concerns about the effectiveness
of using this material as backfill in MSE walls due to the possibility of greater external
wall displacements.

When analyzing Pmax [Figure 8b], it is evident that LS mobilized the lowest pullout
forces compared to the other soils, once again indicating that the presence of aggregates
with particle sizes similar to sands did not provide it with a performance comparable to
that of sands under field conditions. The sands (RS, NS, and AS) exhibited similar behavior,
with a slight trend of higher force mobilization in the case of NS and AS, respectively,
compared to RS. Finally, RG showed higher pullout resistances compared to the other
materials, which is consistent with the larger sizes of these aggregates and their enhanced
geomechanical properties compared to those of the other soils.

4.2. Conventional Methods for Pullout Resistance Prediction

The purpose of this section is to evaluate the adequacy of conventional methods
for predicting the design variables of MSE walls reinforced with ribbed strips, namely,
the apparent pullout friction coefficients (f *), and to propose an alternative method for
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incorporating variables related to the specific characteristics of the soils studied in this
research into f * prediction procedures.

The first design approach evaluated in this research was the one proposed by the
American Association of State Highway and Transportation Officials (AASHTO) [62], which
suggests that the value of f * can be estimated using the following bilinear function:

f ∗ = f0 ×
(

1− z
z0

)
+ f1 ×

(
z
z0

)
, for z ≤ z0, (6)

f ∗ = f1, for z > z0, (7)

where z represents the installation depth, which was calculated as σv,0/γb,target in this study;
z0 denotes the break-point depth assumed to be 6 m; and f 0 and f 1 are, respectively, the
maximum and minimum values of f * allowed in the design.

The design approach proposed by [62] suggests that, in the absence of less conservative
data, f 0 can be estimated using the relationship 1.2 + log Cu, with this value limited to
2.0, while f 1 can be calculated as tan φs, where φs is the soil friction angle. Alternatively,
values proposed by [63,64], which are valid for sandy fill soils, and values proposed by [65],
which encompasses gravelly fill soils, were also considered. It should be noted that the
values suggested by the last three authors were established based on a statistical analysis
considering several pullout tests conducted on ribbed metallic strips. Figure 9 presents
comparisons between the experimental and predicted results as a function of the depth in a
hypothetical MSE wall, with z equal to the ratio between vertical stress and soil unit weight.
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Figure 9. Comparison of laboratory-obtained apparent friction coefficients (f *) with analytical
predictions from different sources, including sandy fill soils [63,64], gravelly fill soils [65], and a
combination of both [62].

Based on the results presented in Figure 9, it can be observed that the predicted
f * values, according to [62], are considerably lower than the experimentally obtained
results for RG, RS, AS, and NS, while the estimated results for LS greatly exceeded the
experimental values of f *. It is important to note that the AASHTO formulation [62] was
designed considering a wide range of soils and different testing conditions, to which a
statistical envelope was implemented to represent several situations. Therefore, when
considering high-quality fill materials, the results found may be considered conservative.
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On the other hand, in the case of low-quality soils (such as the LS used in this study), the
assumed values of f * may be overestimated, posing a safety risk.

According to Figure 9, the methods proposed by [63,64] were able to predict the
experimental f * values for sands (RS, AS, and NS) with reasonable accuracy. Specifically,
when comparing the actual and predicted values of f * for the tested depths, R2 values
higher than 0.95 were obtained for the method proposed by [63], while this value was
higher than 0.80 for the method proposed by [64]. The difference is due to the better
fit between the experimental results and the method proposed by [63] when it comes to
shallow depths. It is important to note that, despite the distinct origins of the sands used
in the study and the small performance differences between different types of sands, the
particle size distribution of these soils was a conditioning factor in mobilizing forces during
reinforcement pullout.

Morever, considering the data presented in Figure 9, the f * values proposed by [65],
considering gravelly materials as fill in MSE walls, overestimate the experimental results
for RG. This could be due to the breakage of larger aggregates [25,43,44] during pullout,
as the stresses mobilized may exceed the stresses initially applied to the reinforcement, as
schematically shown in Figure 5c. This behavior may be more pronounced due to the use
of CDW aggregate and the relatively large dimensions of the gravelly fill, which exacerbate
stress concentrations at the contacts between the gravel particles. Moreover, it should be
noted that the CDW recycled aggregates (namely, RG and RS) have a considerable portion
of calcite (12.9%) in their mineralogical composition [Figure 1b], which may facilitate grain
breakage along cleavage planes. Further investigations should be carried out to quantify
the potential effect of particle breakage on the reduction of pullout resistance in gravelly
fills in MSE walls. Nevertheless, it is observed that the larger dimensions of the gravely fill
led to higher f * values compared to sands.

4.3. Improved Predictive Model

An alternative method is proposed herein for predicting the pullout responses of
ribbed metallic strips installed in soils with varying geotechnical properties based on the
particle size distribution, given the relevance of this parameter in the pullout responses, as
observed in the previous section. It is important to note that the proposed method consists
of a preliminary design approach that can facilitate decision making in early stages of the
project when there is limited knowledge about the soil–reinforcement interface behavior,
but the particle size distribution is known. The method relies on the nonlinear relationship
between Pmax and σv,0, as expressed in Equation (5), which is dependent on a dimensionless
coefficient, m. Several attempts were made to correlate m with the geotechnical properties
of the soil. It was observed that the best correlation was achieved in terms of particle size
distribution attributes. Specifically, the pre-dimensioning method assumes the calculation
of a dimensionless coefficient related to the soil size distribution, which can be established
as follows:

Cd =
Cu

Cc
=

D2
60

D2
30

, (8)

where Cd is the soil size distribution coefficient, Cu represents the non-uniformity coefficient,
Cc represents the curvature coefficient, and D30 and D60 represent the soil diameters
corresponding to 30% and 60% passing, respectively.

The implementation of the Cd parameter in the model was particularly interesting as
the Cu and Cc parameters can be easily determined based on the particle size distribution
curve. Regarding this last test, it is worth noting that, as stated in [48], it is necessary to
perform a hydrometer analysis for soils containing more than approximately 5% of fine-
grained material, where the fine fraction is defined as particles with diameters smaller than
0.075 mm. This consideration was maintained in this research. However, for the lateritic
soil subject to particle aggregation, the dimensions to be considered in the calculation of
the Cd parameter were those corresponding to the hydrometer test with no solution stirring
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and dispersing agent (DA), as per [49]. In other words, the dimensions of the aggregates
were considered instead of those of individual soil particles.

After estimating the Cd parameter for each soil, a linear regression was performed
between the experimentally obtained values of m (Table 4) and Cd. This allowed for the
empirical adjustment of the dimensionless coefficient m, corresponding to Equation (5),
based on the following experimentally obtained relationship:

m = 4.9307− 0.8154× Cd, (9)

where m is a dimensionless coefficient associated with the pullout of ribbed metallic strips
in soils with different particle dimensions.

By considering the calculated value for the parameter m, the maximum pullout loads
(Pmax) can be predicted using Equation (5). Subsequently, the parameter Pmax serves as an
input argument in the calculation of the variable f * using Equation (3). In summary, the
input variables of the model are Cu and Cc, which allow us to estimate a value for m, which,
in turn, estimates the values of Pmax and f * for different values of σv,0.

As an example of application, Figure 10 provides a comparison between experimental
values of Cd and m, and the analytical envelope implemented on the dataset, along with
corresponding lower and upper 95% confidence bounds [Figure 10a]. Next, the distribution
of the estimated values of f * along the depth is presented [Figure 10b], along with a
comparison between the values obtained from laboratory tests and those predicted using
the method described in this study [Figure 10c].
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(m), (b) predicted values of f * over depth, and (c) comparison between experimental and predicted
values of f *, considering σv,0 of 12.5, 25, and 50 kPa.

Based on Figure 10a, it can be observed that the predicted values of m (dashed line)
closely matched the experimental values for all soil types. Thus, it is considered that
the Cd parameter, used as an input variable in the model, effectively represented the
behavior of the different soil types employed in the study. Furthermore, the proposed
model was effective in providing insight into the values assumed by f * along the depth
[Figure 10b], which is particularly useful for the design of MSE walls reinforced with strips.
The proximity between the experimental and predicted values of f * [Figure 10c] for all soil
types is also an indication of the feasibility of using the proposed model.
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One of the main advantages of this method is its simplicity, as it relies on particle
dimension attributes (Cu and Cc) which are generally determined in the early stages of
the project and are used to calculate the parameter Cd. Additionally, the results showed
that the consideration of Cd in predicting f * was able to detect nuances in the behavior of
alternative fill materials used in the study, ranging from gravel to fine soils with lateritic be-
havior. Finally, the resulting nonlinear distribution of f * with depth is crucial for designing
mechanically stabilized earth (MSE) walls, however, is often not considered in traditional
design guidelines. Further research is necessary to expand the applicability of the proposed
method to other types of soils and reinforcements.

5. Conclusions

The aim of this study was to investigate the potential use of alternative fill materials in
mechanically stabilized earth (MSE) walls, by conducting large-scale pullout tests on ribbed
metallic strips embedded in various types of fill soils. These fill soils included gravelly
and sandy recycled aggregates from construction and demolition waste (CDW), as well as
sandy and silty materials obtained from natural deposits, and an artificial sand. The main
findings of the study are as follows:

� CDW aggregates can replace natural ones in constructing MSE walls. Recycled sand
(RS) from CDW has similar properties to natural and artificial sands (NS and AS,
respectively); however, additional research is needed to assess particle crushing
in recycled gravel (RG) during pullout tests, as well as potential environmental
contamination caused by CDW.

� The chemical and mineral composition of fill soils affects their geomechanical proper-
ties. The silica–sesquioxides ratio (SSR) parameter reflects the proportion of stable
minerals to weathering products. The lateritic soil (LS) had a lower SSR value than the
granular materials (RG, RS, AS, and NS), resulting in significant variations in pullout
responses compared to other samples.

� LS showed lower pullout resistance levels than the other tested materials, indicating
that the formation of aggregates provided by the sesquioxide coating does not translate
into a dilatant behavior that would be expected of sands with similar particle size.

� A new analytical approach has been proposed to accurately capture the pre-peak
behavior of reinforcement pullout, based on the non-linear correlation between the
apparent friction coefficients (f *) and depth. This approach was found to have a high
level of agreement with testing results and could offer an expedited alternative for
predicting pullout strength based on particle size for pre-design purposes.

The study results suggest that the use of alternative fill materials in MSE walls could
be a cost-effective and environmentally friendly solution. The findings of this study have
important implications for the design and performance assessment of MSE walls and
provide a useful tool for engineers and researchers working in this field. Specifically, this
study contributes to the design and construction of MSE walls reinforced with strips by
facilitating estimations of the behavior of poor fill soils based on the particle size distribution
of the material, particularly during the preliminary design stages. As a result, this study
contributes to sustainability by providing insights for engineers to consider the use of poor
backfill materials in construction projects. These materials can exhibit behavior comparable
to conventional aggregates while reducing the need for the extraction of the latter, thus
offering potential economic, social, and environmental benefits.

However, it is important to note that the unique characteristics of these poor backfill
materials have not been fully considered in the currently available design guidance, and
further investigation is required from a technical standpoint to identify potential incompat-
ibilities of these materials. Future research should consider assessing the geomechanical
behavior of soil mixtures by evaluating combinations of different soils. This would help in
enhancing their overall performance and characteristics.
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Abbreviations

AASHTO—American Association of State Highway and Transportation Officials; AS—Artificial
sand; BSI—British Standard Institution; CDW—Construction and demolition waste; DA—Dispersing
agent; FHWA—Federal Highway Administration; GP—Poorly graded gravel; LS—Lateritic soil;
ML—Low-plasticity silt; MSE—Mechanically stabilized earth; NCMA—National Concrete Masonry
Association; NS—Natural sand; RG—Recycled gravel; RS—Recycled sand; SEM—Scanning Electron
Microscopy; SP—Poorly graded sand; SM—Silty sand; USCS—Unified Soil Classification System;
XRD—X-Ray Diffraction; XRF—X-Ray Fluorescence. Symbols: γd:max—Maximum dry unit weight
(kN/m3); γb,target—Target bulk unit weight of soil (kN/m3); γd,target—Target dry unit weight of
soil (kN/m3); δface—Head displacement (mm); δface,max—Head displacement associated with the
maximum pullout force (mm); δn—Normalized head displacement; σv,0—Initial vertical stress (kPa);
φs—Soil friction angle (degrees); A—Value attributed to the %Al2O3/102 relation in Equation (1);
Ar—Reinforcement surface area of a single side (m2); Cc—Coefficient of curvature; Cd—Soil size
distribution coefficient; cs—Cohesion intercept of the soil shear resistance (kPa); Cu—Coefficient of
non-uniformity; D—Particle diameter (mm); D10—Diameter corresponding to 10% passing soil (mm);
D30—Diameter corresponding to 30% passing soil (mm); D50—Diameter corresponding to 50% pass-
ing soil (mm); D60—Diameter corresponding to 60% passing soil (mm); Dc—Degree of compaction;
emax—Maximum void ratio; emin—Minimum void ratio; etarget—Target void ratio of soil; f *—Apparent
friction coefficient; F—Value attributed to the %Fe2O3/160 relation in Equation (1); Fc—Fines content
(the mass fraction with a diameter smaller than 0.075 mm); Gs—Specific gravity of solids; Id—Relative
density; LA—Los Angeles abrasion index; Lr—Reinforcement length (m); m—Coefficient used in
Equation (5); n1, n2—Coefficients used in Equation (4); P—Pullout force (kN); pa—Atmospheric
pressure (kPa); PI—Plasticity index; Pmax—Maximum pullout force (kN); Pn—Normalized pullout
force; R2—Coefficient of determination; S—Value attributed to the %SiO2/60 relation in Equation (1);
SSR—Silica–sesquioxides ratio; wL—Liquid limit; wopt—Optimum water content; wP—Plastic limit;
Wr—Reinforcement width (m); wtarget—Target water content of soil.
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