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This paper presents an experimental and analytical investigation of the influence of variables related to
soil weathering on the geomechanical performance of sand-silt mixtures containing lateritic soils, i.e.
intensely weathered tropical soils with the influence of interparticle bonding. The sand-silt mixtures
containing different relative proportions between uniform sand and lateritic soil were produced, and
geomechanical soil characterization tests were performed. Based on the results, a transition from a
primarily coarse-to a fine-grained prevailing soil structure was found to cause considerable impact on
the geomechanical performance of these soils, as evidenced by design variables related to soil miner-
alogy and size distribution characteristics. Specifically, fines contents of both individual soil particles and
soil aggregations were found to correlate with experimental results, while the relative proportion be-
tween sesquioxides (aluminum, and iron oxides), and silica, i.e. sesquioxide-silica ratios (SSR�1), facili-
tated estimates concerning changes in geomechanical performance. Finally, the application of the sand-
silt mixtures containing lateritic soil on soil walls reinforced with polymeric strips was also evaluated,
further emphasizing the potential advantages of adopting variables related to soil weathering on design
guidelines concerning tropical soils.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Granular aggregates, such as clean uniform sands and gravels,
have often been the preferred source of construction materials for
use as structural fills in reinforced soil walls due to the overall
adequate range of internal shear strength, compressibility, and
drainage capabilities presented by these materials (e.g. Elias et al.,
2001; BS EN 14475, 2006; NF P94-270, 2009; EBGEO, 2011),
which can also translate into enhanced soil-reinforcement inter-
actionmechanisms (e.g. Schlosser and Bastick,1991; Lajevardi et al.,
2013; Abdi andMirzaeifar, 2017; Pierozan et al., 2022). Nonetheless,
in recent decades, concerns related to the exploitation of natural
aggregates, prospects of limited availability, and correlated costs,
have prompted geotechnical engineers to investigate feasible
Pierozan).
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alternative construction materials, such as fine-grained cohesive
soils (e.g. Abd and Utili, 2017; Chen et al., 2018; Altay et al., 2019).

Lateritic soils are a category of fine-grained residual soils typi-
cally found in humid tropical and subtropical regions, such as
sizeable areas of Latin America, Africa, Asia, and Oceania, in which
year-round intense climate conditions are prone to develop (e.g.
Catt, 1990; Benatti andMiguel, 2013; Tran et al., 2019). For instance,
typical features of such climate conditions include the occurrence
of rainy seasons followed by intense droughts, large precipitation
events, intense solar heating, and large daily and seasonal tem-
perature oscillations, which favor the continued degradation of
parent materials by oxidation reactions and chemical leaching
processes. These conditions may lead to the accumulation of hy-
drated iron and aluminum oxides (sesquioxides) between the
particles formed by the more stable minerals, such as quartz, which
ultimately lead to the development of water-stable micro-aggre-
gations (e.g. Leroueil and Vaughan, 1990; Mahalinga-Iyer and
Williams, 1994; Morandini and Leite, 2015; Ng et al., 2019).
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Fig. 1. Tested soils and relevant mineral and chemical characteristics: (a) Schematic representation of the studied sand-silt mixtures, (b) Results associated with the host sand
(S100:L0), and (c) Results associated with the lateritic soil (S0:L100).
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Given the particularities inherent to the formation of lateritic
soils, a distinct geomechanical behavior, relative to their counter-
parts found in temperate regions, is expected (Gidigasu, 1972).
Specifically, the sesquioxides coating may reduce the susceptibility
of the clay mineral to absorb water, causing a decrease in plasticity,
compared to the fine-grained soils found in temperate regions (e.g.
Townsend et al., 1971; Mohamed and Paleologos, 2018). However, it
can provide an additional component of internal shear strength, i.e.
the interparticle bonding, comparing with conventional fine-
grained soils. These characteristics have favored the development
of pavement (e.g. Carvalho et al., 2015; Mengue et al., 2018; Freitas
et al., 2020; Lima et al., 2021) and railway (e.g. Guimarães et al.,
2021) structures on a broad range of lateritic soil foundations.

Variables related to the soil weathering are often disregarded as
input arguments in design guidelines, despite the influence of the
mineral composition on the geomechanical responses of lateritic
soils. For instance, only few investigations may be found in the
technical literature concerning the improvement of lateritic soils
for use as structural fills (e.g. Okagbue and Onyeobi, 1999; Latifi
et al., 2016, 2017; Anggraini et al., 2017; Araujo et al., 2021), lead-
ing to potential design difficulties and misconceptions when
dealing with tropical soils.

This investigation focuses on evaluating the influence of the
variables that are deemed to better represent the geomechanical
behavior of the sand-silt mixtures containing lateritic soils, such as
the sesquioxide-silica ratios (SSR�1), and the contents of soil ag-
gregations (FCaggreg), which could be implemented into analytical
tools to predict the geomechanical behavior of these unconven-
tional fill materials. The experimental component of this research
included a wide range of soil geomechanical characterization tests
on the sand-silt mixtures with varying lateritic soil contents.
Finally, based on the insight provided by this survey, variables
related to soil weathering were also evaluated from the perspective
of reinforced soil structures, following pullout tests on polymeric
strips.

2. Tested soils

Natural sand, extracted from a fluvial deposit at Rio das Almas
(State of Goias, Brazil), and an intensely weathered tropical soil
(lateritic soil, as in Santos et al., 2013), collected at the Experimental
Field of the University of Brasilia Geotechnical Engineering Grad-
uate Program (Federal District, Brazil), were employed in this
research. Sample preparation followed the procedures in ASTM
D421-85 (2007), with particular attention to the removal of parti-
cles with dimensions smaller than 0.075mm from the natural sand,
and the removal of particles larger than 2 mm from both soils.

A schematic representation of the mass fractions relative to the
clean uniform sand and the lateritic soil used to prepare the sand-
silt mixtures is shown in Fig. 1a, with the adopted nomenclature
indicated as S(cS):L(cL), i.e. acronyms S and L refer to host sand and
lateritic soil, respectively; and cS and cL indicate their respective
mass fractions:

cS ¼ mS

mS þmL
(1)

cL ¼ 1� cS (2)

where mS and mL are the dry masses of S and L, respectively.
Based on Fig. 1a, lateritic soil mass fractions (cL) ranging from

0 (S100:L0) to 1 (S0:L100) were evaluated in this research,
encompassing eight mass fractions. It should be noted that the total
range of cL was divided into four quarters, i.e. ranging from 0 to 0.25
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(S75:L25), 0.25 to 0.5 (S50:L50), 0.5 to 0.75 (S25:L75), and 0.75 to 1,
with additional data points established in the 0 < cL < 0.25 range
(i.e. 0.025 (S97.5:L2.5), 0.05 (S95:L5), and 0.1 (S90:L10)). This is
because identifying the transition from a primarily coarse-to a fine-
grained prevailing soil structure was one of the main objectives of
this work, which usually develops under relatively low cohesive
soil mass fractions.

A summary of the values attributed to geomechanical fill
properties is presented in Table 1. Details on testing procedures and
data analysis are as follows.
2.1. Mineral and chemical composition

The X-ray diffraction (XRD) technique was employed to provide
insight into themineral composition of the tested soils, while the X-
ray fluorescent spectrometry (XRF) technique facilitated the eval-
uation of the chemical components. Results are shown in Fig. 1b
and c considering the host sand (S100:L0) and the lateritic soil
(S0:L100), respectively. In terms of minerals, quartz was a primary
component of both soils (with equivalent mass fractions of 82.3%
and 35.3% for the host sand (S100:L0) and lateritic soil (S0:L100),
respectively), while the lateritic soil (S0:L100) also presented a
significant share of gibbsite (35.3%), kaolinite (16.2%), and hematite
(6.8%). It should be noted that kaolinite was the prevalent clay
mineral found in the lateritic soil (S0:L100), while the relatively
large share of gibbsite and hematite could be attributed to the
sesquioxide coating that was a characteristic of intensely weath-
ered soils (e.g. Araujo et al., 2009; Rezende et al., 2015; Mohamed
and Paleologos, 2018).

Overall, based on Fig. 1b and c, chemical testing results agreed
with the mineralogical components. Specifically, silica (81.2%) was
the major chemical component of the host sand (S100:L0), thus
qualifying this material as silica sand (e.g. Klein and Hurlbut, 1993).
On the other hand, the major components attributed to the lateritic
soil (S0:100) included a considerable share of sesquioxides
(alumina (38.8%) and iron oxide (15.7%)), besides silica (23%). It
Table 1
Geomechanical soil characteristics evaluated in this research.

Geotechnical properties S100:L0 S97.5:L2.5 S95:L5

gd,max (kN/m3) (Proctor test) 15.7 16.41
gd,max (kN/m3) (Vibratory table) 16.43 16.6 16.75
gd,min (kN/m3) (Funnel test) 14.17 14.3 14.39
gb,target (kN/m3) 16.34 16.53 16.71
gd,target (kN/m3) 16.3 16.47 16.61
Cc 1 � 10�5

cL 0 0.025 0.05
Cr 1 � 10�5

cS 1 0.975 0.95
Csw 1 � 10�5

emax (Funnel test) 0.829 0.813 0.802
emin (Proctor test) 0.652 0.581
emin (Vibratory table) 0.578 0.562 0.549
etarget 0.591 0.574 0.561
FCparticles 0 0.023 0.044
FCaggreg 0
Gs 2.643 2.644 2.644
k20�C (m/s) 3.1 � 10�4

PI
Sa (m2/g) 0.055 0.114 0.56
SSR 14.966 13.273 11.88
SSR�1 0.067 0.075 0.084
USCS SP SP SP
whig 2.5 � 10�3 3.5 � 10�3 5.8 � 10�3

wL

wopt (Proctor test) 0.015 0.045
wP

wtarget 0.003 0.004 0.006
should be emphasized that, when it comes to the lateritic soil
(S0:100), the presence of silica could be attributed to a fraction of
the lateritic soil which had been previously subjected to early
stages of weathering (i.e. a coarse-grained soil skeleton).
Conversely, the relatively large share of sesquioxides soil fractions
is indicative of intense weathering conditions, which could ulti-
mately influence the overall geomechanical behavior of the soil.

The variables related to the mineralogical composition are not
frequently considered as the input arguments in analytical models
to predict geomechanical responses (Zhang et al., 2020), even
though their influence could be particularly relevant when dealing
with intensely weathered tropical soils, i.e. the lateritic soil
employed in this research. Previous investigations have considered
establishing a silica-sesquioxide ratio (SSR) to distinguish tropical
soils based on major chemical components (Catt, 1990):

SSR ¼
cSiO2
60

cAl2O3
102 þ cFe2O3

160

(3)

where SSR denotes the silica-sesquioxides ratio; and cSiO2
, cAl2O3

and cFe2O3
represent the percentages of chemical components silica,

alumina and iron oxide, respectively.
Based on Eq. (3), SSR values ranging from 14.97 (S100:L0) to 0.8

(S0:L100) were attributed to the soils investigated in this research,
as summarized in Table 1. Specifically, the SSR value attributed to
the lateritic soil (S0:L100), i.e. 14.97, agrees with intensely weath-
ered soils, as in the soil classification proposed by Catt (1990).

Despite the usefulness of SSR when it comes to clustering
tropical soils into different categories (e.g. Gidigasu, 1972; Catt,
1990), it should be underlined that the values assumed by SSR are
inversely related to a number of variables related to the geo-
mechanical behavior of soils. For instance, soil parameters associ-
ated with water percolation, compressibility, and plasticity are
inversely proportional to SSR. Since the focus of the paper is to
evaluate the impact of the lateritic soil on the geomechanical per-
formance of fill materials, the consideration of sesquioxides-silica
S90:L10 S75:L25 S50:L50 S25:L75 S0:L100

17.72 18.25 17.76 16.28 15.7
16.91
14.54
18.27 19.41 19.57 18.64 18.19
16.84 17.33 16.87 15.47 14.91

1.7 � 10�4 2 � 10�4 2.3 � 10�4

0.1 0.25 0.5 0.75 1
2.3 � 10�4 4.1 � 10�4 9.8 � 10�4

0.9 0.75 0.5 0.25 0
2.2 � 10�5 2.6 � 10�5 2.9 � 10�5

0.785
0.464 0.425 0.468 0.605 0.671
0.535
0.542 0.5 0.546 0.69 0.759
0.076 0.162 0.319 0.484 0.648

0.101 0.178 0.256 0.313
2.646 2.65 2.658 2.665 2.673

1 � 10�7 7 � 10�9 4 � 10�9

0.01 0.04 0.07 0.11
0.811 1.812 4.055 6.652 7.115
9.721 5.926 3.052 1.64 0.801
0.103 0.169 0.328 0.61 1.248
SP/SM SM SM SM ML
9.6 � 10�3 1.4 � 10�2 2.6 � 10�2 2.9 � 10�2 3.4 � 10�2

0.21 0.27 0.33 0.39
0.085 0.12 0.16 0.205 0.22

0.2 0.23 0.26 0.28
0.085 0.12 0.16 0.205 0.22



Table 2
Analytical approximations between variables obtained experimentally and fitting
coefficients.
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ratios (SSR�1, i.e. the reciprocal of SSR), is used in the current
research to facilitate further correlations with soil properties.
Line y ¼ f(x) x Equation
No.

Valid domain Fitted
coefficient

R2

(%)

i Gs cL (4) 0 � cL � 1 a1 ¼ 2.6428,
a2 ¼ 0.0301

99.9

ii FCparticles cL (4) 0 � cL � 1 a1 ¼ 0,
a2 ¼ 0.647

99.9

iii FCaggreg cL (4) 0 � cL � 1 a1 ¼ 0,
a2 ¼ 0.3308

99.6

iv SSR�1 cL (5) 0 � cL � 1 b1 ¼ 0.0736,
b2 ¼ 2.8669

99.9

v FCparticles SSR�1 (6) 0.07 � SSR�1 � 1.25 c1 ¼ 0.5857,
c2 ¼ 0.2218

99.5

vi FCaggreg SSR�1 (6) 0.07 � SSR�1 � 1.25 c1 ¼ 0.2986,
c2 ¼ 0.1096

99.6

vii SSR�1 FCparticles (5) 0 � FCparticles � 0.65 b1 ¼ 0.0716,
b2 ¼ 4.4874

99.9

viii SSR�1 FCaggreg (5) 0 � FCaggreg � 0.31 b1 ¼ 0.0659,
b2 ¼ 9.0912

98.7

ix FCparticles FCaggreg (4) 0 � FCaggreg � 0.31 a1 ¼ 0,
a2 ¼ 1.944

99.5

x FCaggreg FCparticles (4) 0 � FCparticles � 0.65 a1 ¼ 0,
a2 ¼ 0.512

99.5

xi eE1 cL (11) 0 � cL � cL,opt d1 ¼ �0.347 97.2
xii eE2 cL (12) cL,opt � cL � 1.00 d2 ¼ 0.3682 96.3
xiii Sa SSR�1 (6) 0.07 � SSR�1 � 1.25 c1 ¼ 7.0411,

c2 ¼ 2.6614
97.5

xiv Sa FCparticles (4) 0 � FCparticles � 0.65 a1 ¼ 0.055,
a2 ¼ 11.902

97.9

xv Sa FCaggreg (4) 0 � FCaggreg � 0.31 a1 ¼ 0.055,
a2 ¼ 23.273

98

xvi wL SSR�1 (6) 0.17 � SSR�1 � 1.25 c1 ¼ 0.3717,
c2 ¼ 0.0905

99.9

xvii wP SSR�1 (6) 0.17 � SSR�1 � 1.25 c1 ¼ 0.2747,
c2 ¼ 0.0406

98.7

xviii wL FCparticles (6) 0.16 � FCparticles � 0.65 c1 ¼ 0.4304,
c2 ¼ 0.1265

96.5

xix wP FCparticles (6) 0.16 � FCparticles � 0.65 c1 ¼ 0.302,
c2 ¼ 0.0577

98.5

xx wL FCaggreg (6) 0.1 � FCaggreg � 0.31 c1 ¼ 0.5491,
c2 ¼ 0.1525

95.4

xxi wP FCaggreg (6) 0.1 � FCaggreg � 0.31 c1 ¼ 0.3566,
c2 ¼ 0.0698

98

xxii k20 �C

(m/s)
SSR�1 (14) 0.07 � SSR�1 � 1.25 g1 ¼

�20.7268,
g2 ¼ 0.8366

98.7

xxiii k20 �C

(m/s)
FCparticles (14) 0 � FCparticles � 0.65 g1 ¼

�20.3424,
g2 ¼ 0,6211

99.6

xxiv k20 �C

(m/s)
FCaggreg (14) 0 � FCaggreg � 0.31 g1 ¼

�22.3166,
g2 ¼ 0.6996

98.4

xxv Cc SSR�1 (15) 0.07 � SSR�1 � 1.25 h1 ¼ 0.1031,
h2 ¼ �0.0063

99.8

xxvi Cr SSR�1 (15) 0.07 � SSR�1 � 1.25 h1 ¼ 0.0269,
h2 ¼ �0.0015

94.7

xxvii Csw SSR�1 (15) 0.07 � SSR�1 � 1.25 h1 ¼ 0.01,
h2 ¼ �0.0006

98.8

xxviii Cc FCparticles (16) 0 � FCparticles � 0.65 i1 ¼
�3.45 � 10�5,
i2 ¼ 0.0119

99.9

xxix Cr FCparticles (16) 0 � FCparticles � 0.65 i1 ¼
�3.43 � 10�5,
i2 ¼ 0.0009

93.4

xxx Csw FCparticles (16) 0 � FCparticles � 0.65 i1 ¼ 2.68 � 10
�6, i2 ¼ 0.0001

98.9
2.2. Dimensions of particles and aggregations

Limited literature is currently available on statistical correla-
tions between the geomechanical fill properties and the variables
deemed representative of the behavior of lateritic soils. Specifically,
the silica-sesquioxides ratio (SSR) is often employed for soil clas-
sification purposes as it considers soil mineralogical composition.
In this context, a more extensive investigation of the statistical
correlation between the geomechanical fill performance and the
variables deemed as representative of these soils is discussed,
based on analytical approximations developed, to better represent
the experimental behavior. Specifically, the followingmathematical
expressions were used:

y ¼ a1 þ a2x (4)

y ¼ b1e
b2x (5)

y ¼ c1 þ c2 ln x (6)

where y is the dependent variable under consideration, i.e. y ¼ f(x);
x represents the independent variable; e is the Euler’s constant; and
a1, a2, b1, b2, c1, and c2 are the dimensionless fitted coefficients.

A summary of the analytical approximations employed in this
research is listed in Table 2, along with their respective coefficients
of determination (R2).

The specific gravity of soils (Gs) was determined according to
ASTM D845-14 (2014), with results ranging from 2.64 (S100:L0) to
2.67 (S0:L100), as summarized in Table 1. A linear approximation
(Eq. (4)) was adopted to represent Gs as a function of cL, as shown in
Table 2 (line i).

Conventional testing procedures were employed to determine
the dimensions of individual soil particles (ASTM D422-63e2,
2007), i.e. with the use of a dispersing agent (DA) and solution
stirring. Nonetheless, the double hydrometer test (ASTM D4221-18,
2018), which employs neither DA nor solution stirring, was also
carried out to further evaluate the dimensions of water-stable soil
aggregations. The resulting granulometric curves are shown in
Fig. 2a, indicating considerable changes due to different testing
procedures. It should be noted that the formation of water-stable
soils aggregations was previously expected for the lateritic soil
(S0:L100) (e.g. Mahalinga-Iyer and Williams, 1994; Ng et al., 2019;
Araujo et al., 2021), due to the interparticle bonding capabilities of
the sesquioxides. However, such behavior could also be attributed
to the sand-silt mixtures containing lateritic soil (i.e. S75:L25,
S50:L50, and S25:L75).

Given the potential impact of water-stable soil aggregation on
the geomechanical behavior of soils, a comparison between the
different granulometric curves and the sesquioxides-silica ratio
(SSR�1) was carried out, as presented in Fig. 2b. Specifically, cubic
spline interpolation was used to provide a tridimensional
perspective of the resulting granulometric surfaces, which evi-
denced the impact of mineralogy with increasing SSR�1.

It should be noted that the fines content conventionally refers to
the mass fraction associated with individual particles with a
diameter smaller than 0.075mm, following tests with the use of DA
(ASTM D422-63e2, 2007). In this work, this variable is named fines
content relative to individual soil particles (FCparticles). Nonetheless,
this work also investigated the fines content relative to water-
stable soil aggregations (FCaggreg), which corresponded to the
mass fraction relative to soil aggregation with diameters smaller
than 0.075 mm, following tests that employed neither DA nor so-
lution stirring. Thus, the fines content relative to individual soil
particles (FCparticles) and soil aggregations (FCaggreg) could be
established based on the size distribution curves, as shown in
Fig. 2a. Overall, based on the results, the existing gap between
FCparticles and FCaggreg denoted a larger susceptibility to the



Fig. 2. Soil arrangement and sizes: (a) Granulometric curves showing particle (or aggregations) diameters, (b) Granulometric surfaces relative to individual particles and soil
aggregations, and (c) Correlations between variables. Note: The variables shown are the fines content of individual soil particles (FCparticles), fines contents of soil aggregations
(FCaggreg), and sesquioxides-silica ratio (SSR�1).
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formation of water-stable soil aggregations as SSR�1 increased.
Additionally, the formation of water-stable soil aggregations could
also be attributed to the continued increase in SSR�1. A comparison
between variables (i.e. FCparticles, FCaggreg, SSR�1, and cL) is shown in
Fig. 2c, and the fitted coefficients are presented in Table 2 (lines ii-
x).

Based on these results, it should be pointed out that the small
increments in the lateritic soil mass fraction (cL) are associated with
the large increases in SSR�1, as an exponential relationship was
employed to determine SSR�1 as a function of cL (as in line iv,
Table 2). On the other hand, the fines content relative to the indi-
vidual soil particles (FCparticles), which is conventionally employed
as a design variable when addressing the effect of fine-grained soil
particles on the geomechanical responses of the sand-silt mixtures,
varied linearly with increases in cL (as in line ii, Table 2). Thus, when
it comes to delimiting the transitional behavior from a sand-
dominant soil structure to a silt-dominant one, variable SSR�1

could be adequately employed to draw assumptions on the geo-
mechanical performance of the sand-silt mixtures containing
lateritic soils. This last statement is particularly valid when
considering a limited share of cL, in which the influence of the
sesquioxides coating on the geomechanical behavior of the host
sand is even more noticeable, due to the non-linear relationship
between SSR�1 and cL.
3. Aspects related to soil compaction

There is a general agreement that compaction plays an impor-
tant role in the geomechanical performance of lateritic soils (e.g. Al
Haj and Standing, 2016; Silva et al., 2021) since the plastic, textural,
and overall engineering characteristics of these soils can be largely
impacted by soil remolding (Townsend et al., 1971).

A series of laboratory tests was performed to investigate the
performance of the compacted sand-silt mixtures containing
lateritic soil. Standard Proctor compaction tests (ASTM D698-12,
2021) were carried out considering the mixtures (i.e. S97.5:L2.5,
S95:L5, S90:L10, S75:L25, S50:L50, and S25:L75) and lateritic soil
(S0:L100). The testing results are summarized in Tables 1 and i.e.
maximum dry unit weights (gd,max) and optimum water contents
(wopt), and a representation of these parameters is shown in Fig. 3a
concerning SSR�1, FCparticles, and FCaggreg.



Fig. 3. Soil compaction properties: (a) Standard effort proctor compaction, i.e. maximum dry unit weights (gd,max) and optimumwater contents (wopt); and (b) Soil dry unit weights
(gd) associated with maximum and minimum compaction (gd,max and gd,min, respectively).

Fig. 4. Adopted soil compaction properties, i.e. soil unit weight (g) relative to bulk
(gb,target) and dry (gd,target) conditions, and water content (wtarget).
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Based on the results, as the share of lateritic soil contained in the
mixtures increases, which is also translated into an increase in the
sesquioxides content relative to silica (SSR�1) and the additional
fines contents (FCparticles and FCaggreg), additional water is required
to achieve proper compaction. Nonetheless, a clear maximumvalue
of dry unit weight could be attributed to the mixture S75:L25.

The host sand (S100:L0) and mixtures S97.5:L2.5, S95:L5, and
S90:L10 were subjected to vibratory table tests (ASTM D4253-16e1,
2016) and funnel tests (ASTM D4254-16, 2016) to investigate the
range of mixtures that could reach a more considerable range of
compaction under vibration rather than with mechanical
compaction. Samples containing hygroscopic water contents (whig)
were subjected to vibratory table tests and funnel tests. Accord-
ingly, the test results are summarized in Table 1, and a comparison
between the maximum dry unit weights obtained through stan-
dard Proctor tests and vibratory table tests is shown in Fig. 3b, along
with the minimum dry unit weights associated with funnel tests.
Based on the results, vibratory table tests were the most adequate
test procedure to achieve greater compaction of samples S100:L0,
S97.5:L2.5, and S95:L5 (group 1, i.e. sandy soils), while standard
Proctor compaction tests could lead to greater compaction for
S90:L10, S75:L25, S50:L50, S25:L75, and S0:L100 (group 2, i.e. silty
soils).

The target values of unit weights (g), i.e. bulk (gb,target) and dry
(gd,target) unit weights, were established, along with the corre-
sponding water contents (wtarget). It should be noted that the
relative densities associated with group 1 refer to the vibratory
table and funnel tests, while relative compactions of group 2
consider standard Proctor test results, leading to the following
compaction requirements (Berg et al., 2009): (1) a relative density
of 95% for soils belonging to group 1, with a tolerance of �3%
gd,target; and (2) relative compaction of 95%, with tolerances of �3%
gd,target and �2%wtarget, for soils belonging to group 2. Adopted
values are summarized in Table 1, and an illustration of compaction
variables relative to different domains is shown in Fig. 4, denoting a
major influence of the lateritic soil on the results.
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3.1. Optimum soil packing

Fine-grained soil particles often exhibit a considerably distinct
geomechanical behavior relative to the coarse-grain soil skeleton
(e.g. Xenaki and Athanasopoulos, 2003; Yin et al., 2014; 2016; Yang
et al., 2006), which could lead to relevant technical implications
when employing the sand-silt mixtures as structural fills. In this
context, engineers have investigated means to categorize the sand-
silt mixtures into broader soil categories, which could share simi-
larities in their geotechnical performance.

This research employs the concept of a dominant particle
network (e.g. Chang and Yin, 2011; Chang et al., 2015), based on
which the sand-silt mixtures could be categorized into one of the
following soil groups: (1) sand-dominant soils, which are largely
impacted by the coarse-grain soil skeleton; and (2) silt-dominant
soils, which could relate to a more significant influence of fine-
grained soil particles. Soil compaction tests served as a reference
for delimiting these major soils groups, i.e. by providing insight into
the relationship between soil void ratios (e) and lateritic soil mass
fraction (cL), as shown in Fig. 5a, with the void ratios (e) associated
with target compaction requirements (Table 1).

It should be noted that, as shown in Fig. 5a, limiting boundaries
could be attributed to the feasible mixture proportions (Chang
et al., 2015), i.e. one upper limit boundary (B1) and two lower
Fig. 5. Internal soil structure: (a) Representation of void ratios and volume fractions in te
limit boundaries B2 and B3. Also, lower boundary B2 may assume
negative values for void ratios as it considers the theoretical
development proposed by Chang et al. (2015), even though it rep-
resents an unfeasible set of mixture contents.

Based on the results shown in Fig. 5a and considering the con-
cepts presented by Chang et al. (2015), the following equations are
proposed to represent the experimental results in the current
research:

eB1 ¼ eS þ ðeL � eSÞcL (7)

eB2 ¼ eS þ ð�1� eSÞcL (8)

eB3 ¼ eLcL (9)

where eB1, eB2 and eB3 stand for the void ratios associated with the
theoretical limit boundaries B1, B2 and B3, respectively; and eS and
eL denote the void ratios of the host sand and lateritic soil,
respectively.

As shown in Chang et al. (2015), the intersection between lines
B2 and B3 determines the transition from a sand-dominant range to
a silt-dominant range. Specifically, considering model variables
used in this research (Fig. 5a), the sand-dominant rangewould have
the cL in the range of 0 � cL � cL,opt, while the silt-dominant range
rms of cL; and (b) Representation of void ratios relative to fines contents and SSR�1.



Fig. 6. Schematic representation of soil internal structure of the sand-silt mixtures
containing lateritic soil.
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would refer to cL,opt < cL � 1, with cL,opt being the optimum lateritic
soil mass ratio, i.e. the lateritic soil mass ratio that could lead to an
optimum soil packing. By assuming that eB2 (as in Eq. (8)) matches
eB3 (as in Eq. (9)) at the data point corresponding to the optimum
lateritic soil mass ratio (cL,opt), the following equation may be
established:

cL;opt ¼
eS

1þ eS þ eL
(10)

where eS and eL refer to the void ratios of the host sand and lateritic
soil, respectively.

The test results must, by definition, fall within the area
delimited by the boundaries B1, B2 and B3. Therefore, based on
these assumptions, a linear analytical approximationwas employed
to further represent test results in Fig. 5a, with E1 representing the
sand-dominant range, and E2 denoting the silt-dominant range.
The following equations were used in this regard:

eE1 ¼ eS þ d1cL (11)

eE2 ¼ eL þ d2ðcL �1Þ (12)

where eE1 and eE2 stand for the void ratios associated with exper-
imental results considering lines E1 and E2, respectively; and d1
and d2 are the fitted coefficients (see Table 2).

Based on Eqs. (11) and (12), the parameters d1 and d2 were equal
to �0.3470 and 0.3682, respectively, and are also summarized in
Table 2 (lines xi-xii). It should be emphasized that d1 and d2 are
dependent on the adopted compaction requirements (Chang et al.,
2015), i.e. type of testing, relative density, and relative compaction.
Nonetheless, it should also be observed that E1 intercepts E2 at the
optimum void ratio, calculated as

eopt ¼ d1d2 þ eSd2 � eLd1
d2 � d1

(13)

where cL,opt stands for the optimum lateritic soil mass ratio, and eopt
is the correlated optimum void ratio.

Fig. 5a shows a soil phases diagram, denoting the most relevant
mass and volume fractions, i.e. the volume fractions (v) of solids
(vsolids), water (wwater), and air (vair). A comparison of these vari-
ables concerning the lateritic soil mass ratios (cL) is also repre-
sented in Fig. 5a. Based on these results, it becomes more evident
that mixture S75:L25 relates to a denser soil packing in comparison
with other sand-silt mixtures, which is consistent with the
analytical evaluation based on the dominant particle network.

The void ratios (e) are presented in terms of the variables
FCparticles, FCaggreg and SSR�1 in Fig. 5b. When considering e as the
independent variable and FCparticles and FCaggreg as the domains of
the function y ¼ f(x), the resulting chart relates to that shown in
Fig. 5a, despite differences in the magnitude of considered vari-
ables. On the other hand, when the domain of the function referred
to SSR�1, it may be observed that themineralogy plays an important
role in soil packing attributes, i.e. slight differences in SSR�1 could
lead to considerable changes in particle arrangement, thereby
supporting further evaluation on such behavior.

To further investigate the variables related to soil packing, a
schematic representation of the soil phases is presented in Fig. 6.
Accordingly, the voids of the host sand (S100:L0) are progressively
filled as the lateritic soil fraction (cL) increases, up to its optimum
mass ratio (cL,opt, i.e. mixture S75:L25), which is associated with the
sand-silt mixture containing the greatest volume fraction of solids
(vsolids). It should also be noted that the minimum volume fraction
of air (vair) corresponded to the mixture S50:L50, which also
demanded a larger amount of water to reach adequate compaction,
resulting in an overall less dense soil structure relative to mixture
S75:L25.
3.2. Particle arrangement

Optical microscopy tests were employed to enable the visuali-
zation of the soil particles and major soil aggregations, i.e.
providing insight into macroscopic soil attributes, as shown in
Fig. 7a. When considering the host sand (S100:L0), quartz,
muscovite, kaolinite and rutile crystals could be visualized, which
agrees with mineral composition test results as previously shown
in Fig. 1b. Accordingly, when considering after-compaction
disturbed samples obtained from the lateritic soil (S0:L100), ma-
jor crystals corresponding to quartz, anatase, and rutile crystals
could be identified and remained bounded due to the influence of
the sesquioxide coating as previously shown in Fig. 1c. Fine-grained
soil fractions (i.e. gibbsite, hematite and kaolinite) could not be
further distinguished under optical microscopy tests, even though
the interparticle-bounding was evident.

Scanning electron microscopy (SEM) analyses were performed
to provide an additional understanding of the microstructure of the
sand-silt mixtures containing lateritic soil, i.e. soil aggregations
obtained from the compacted samples were subject to testing. FEI
Quanta 450 microscope containing energy-dispersive X-ray spec-
troscopy (EDS) detector was used in this regard. This last device
(EDS coupling) enabled qualitative measurements of chemical
composition at pre-defined positions, i.e. P1, P2, P3 and P4, which
are represented in Fig. 7b along with test results. Overall, based on
the results, the following observations were drawn: (1) major
mineral crystals, such as quartz (P1) and anatase or rutile (P3) could
be identified; while (2) sesquioxides-coating, attributed to



Fig. 7. Arrangement of soil particles: (a) Optical microscopy visualization of host sand (S100:L0) and lateritic soil (S0:L100), (b) Schematic representation of macro- and micro-
structure relative to selected samples containing lateritic soil, and (c) SEM and EDS test results considering selected samples containing lateritic soil.

R.C. Pierozan et al. / Journal of Rock Mechanics and Geotechnical Engineering 15 (2023) 2423e2440 2431
positions P2 and P4, could provide an interparticle-bonding to
major soil particles.

A schematic representation of particle arrangement is indicated
in Fig. 7c, which is deemed representative of the sand-silt mixtures
and lateritic soil. From the macrostructure perspective, coarse-
grained soil fractions remained bounded by fine-grained soil frac-
tions, and the corresponding macropores could entail relevant
shares of capillarity water and air. Accordingly, from the micro-
structural point of view, fine-grained soil fractions could be asso-
ciated with the formation of micropores, which could either be
filled with air or water. This bimodal pore size, which is charac-
teristic of intensely weathered tropical soils, could also have a
significant impact on the overall geomechanical performance of the
sand-silt mixtures.
4. Geomechanical behavior

A summary of the geomechanical characteristics discussed in
this section is also presented in Table 1, and a representation of
these testing results is shown in Fig. 8. The following mathematical
expressions were also employed to better represent experimental
behavior, which is further discussed in this section of the paper:

y¼ eg1þ
g2
x (14)
y ¼ h1 þ
h2
x

(15)

y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i1 þ i2

ffiffiffi
x

pq
(16)

where g1, g2 h1, h2, i1 and i2 are the fitted coefficients.
4.1. Physical and geotechnical properties

The specific surface area (Sa) of individual soil particles was
evaluated using a Nova 2200e apparatus (Quantachrome In-
struments), given the potential influence of this feature on the
geomechanical behavior of fine-grained soils (Mitchell and Soga,
2005). Sample preparation and testing procedures followed the
specifications described in Arnepalli et al. (2008), with Nitrogen
(N2) being employed as an adsorbate during testing. The Brunauer-
Emmett-Teller (BET) theory (Brunauer et al., 1938) supported these
analyses. A schematic representation of the results is shown in
Fig. 8a in terms of sesquioxide-silica ratios (SSR�1), and fines con-
tents, i.e. individual soil particles (FCparticles) and soil aggregations
(FCaggreg) with a diameter smaller than 0.075 mm. As it concerns
the SSR�1 domain, a logarithmic relationship (Eq. (6)) was deemed
suitable to represent the experimental behavior (Table 2, line xii),
while a linear correspondence (Eq. (4)) could better describe Sa
with respect to FCparticles and FCaggreg (Table 2, lines xiv-xv).



Fig. 8. Soil properties and correlated variables: (a) Soil surface area, (b) Atterberg limits, (c) Saturated hydraulic conductivity, and (d) Water retention curves.
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Atterberg limits (ASTM D4318-17e1, 2017) were also deter-
mined. A summary of testing results is presented in Table 1, while a
schematic representation of findings associated with this behavior
(i.e. plastic limits (wP), liquid limits (wL), and their corresponding
ranges of plasticity indices (PI)) is shown in Fig. 8b, in terms of
SSR�1, FCparticles and FCaggreg. A logarithmic approximation (Eq. (6))
was implemented to represent wP and wL in the SSR�1 domain,
while a linear approximation (Eq. (4)) could be used in this regard
when considering the FCparticles, and FCaggreg domains. A summary
of fitted coefficients is presented in Table 2 (lines xvi-xxi). Based on
these results, the plastic behavior presented by sample S75:L25
(with PI of about 1%) could denote a transition from a coarse-
grained soil skeleton dominance to a fine-grained one.

Based on the soil properties such as the particle size distribu-
tion, the specific gravity of solids, and Atterberg limits, it was
possible to employ the unified soil classification system (USCS)
(ASTM D4287-17e1, 2017) to cluster the sand-silt mixtures into
different soil categories, as the results summarized in Table 1.
Specifically, samples S100:L0, S97.5:L2.5 and S95:L5 were classified
as poorly graded sands (SP), while sample S90:L10 could be better
represented by the poorly graded sand with silt group (SP/SM).
Samples S75:L25, S50:L50 and S25:L75 were categorized as silty
sands (SM), and the lateritic soil (S0:L100) fell into the lean silt (ML)
soil group.

Constant head (ASTM D2434-19, 2019) and falling head (ASTM
D5084-16a, 2016) hydraulic conductivities were also evaluated.
Specifically, the host sand (S100:L0) was subjected to constant head
tests, while samples S75:L25, S50:L50 and S0:L100 were subjected
to falling head tests. Results are summarized in Table 1A repre-
sentation of the hydraulic conductivity at 20 �C (k20 �C) in terms of
SSR�1 and fines contents (i.e. FCparticles and FCaggreg) is shown in
Fig. 8c. The analytical expression indicated in Eq. (14) was found
suitable to represent the relationship between these variables, with
fitted coefficients indicated in Table 2 (lines xxii-xxiv). Overall,
minor changes in both SSR�1, FCparticles, and FCaggreg, could lead to a
considerable decrease in hydraulic conductivity. Based on the
observed behavior, the hydraulic conductivity of the host sand
(S100:L0) could relate to free-draining sand, while other samples
better associated with clayey soils, as in the classification proposed
by Shackelford (2013).

When considering geosynthetic-reinforced soil walls, it should
be noted that matric suction may have a significant impact on the
loads transmitted through the system (Portelinha et al., 2021).
Nonetheless, previous authors have also identified matric suction
as a relevant factor of influence on the internal shear strength and
compressibility of lateritic soils (e.g. Riccio et al., 2014), which could
be attributed to the water-retention capabilities of the porous
micro-aggregations found in these materials (Townsend et al.,
1971). On top of these considerations, the sand-silt mixtures con-
taining lateritic soil could lack adequate drainage capabilities,
which could potentially lead to structural problems caused by
rainwater infiltration (e.g. Xiao et al., 2021).

In this context, the soil-water retention curves (SWRCs) were
determined to further investigate the potential implications of
employing the sand-silt mixtures as structural fills in reinforced soil
walls. A series of laboratory tests was performed to provide insight
into the volumetric water contents (qv) and their corresponding
matric suctions (ua�uw), where ua refers to air pressure and uw
denotes water pressure. Specifically, the following test methods
were employed: (1) pressure plate apparatus, considering ua�uw in
the range of 1 kPae17 kPa; (2) filter paper tests (ASTM D5298-16,
2016), considering ua�uw in the range of 17 kPae100 kPa; and (3)
dewpoint meter equipment (WP4C, manufactured by Decagon
Devices) for levels above 100 kPa of ua�uw.

The various SWRCs are shown in Fig. 8d, with an indication of
the air entry values (AEV) associated with macropores (AEVM) and
micropores (AEVm). Specifically, average values of 4 kPa and
7500 kPa could be attributed to AEVM and AEVm, respectively, based
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on the experimental results. The following relation was employed
to provide estimates of pore diameters (e.g. Zhang and Li, 2010):

ua� uw ¼ 4sw cos qw
Dp

(17)

where ua�uw is the matric suction, sw refers to the surface tension
of water (0.0728 N/m), qw is the water-solid contact angle (assumed
as 0�), and Dp is the pore diameter.

Considering Eq. (17), an average dimension of 70 mm could be
attributed to macropores, while an average dimension of 0.04 mm
could be related to micropores. It should be noted that this bimodal
soil structure, in which a transition from a macrostructure domain
to a microstructure domain occurs, was characteristic of the sand-
silt mixtures containing lateritic soil (S75:L25, S50:L50 and
S0:L100), while the host sand (S100:L0) was primarily governed by
macropores (unimodal soil structure). These results corroborate the
assumptions drawn in Fig. 7c, further evidencing the impact of
particle arrangement on the geomechanical behavior of these
marginal fills.

One-dimensional (1D) consolidation tests (ASTM D2435/
D2435M-11, 2020) were performed under the inundated testing
conditions. Specifically, the compacted soil specimens satisfied the
compaction requirements indicated in Table 1, with tolerances of
�3%gd,target and�2%wtarget for the dry unit weights and compaction
water contents, respectively. Effective vertical stresses (s0v) ranging
from 5 kPa to 400 kPa were employed during the loading and
unloading stages. The void ratios (e) obtained after each loading
stage are represented in terms of s0v in Fig. 9a, along with the
corresponding coefficients (Fig. 9b), i.e. compression indices (Cc),
recompression indices (Cr), and swelling indices (Csw). A summary
of the testing results is also presented in Table 1. Based on these
results, the analytical relation indicated in Eq. (15) was found
suitable to represent Cc, Cr and Csw in terms of SSR�1 (Table 2, lines
xxv-xxvi), while Eq. (16) could be employed to represent Cc, Cr and
Csw in terms of FCparticles (Table 2, lines xxviii-xxx).

Overall, based on the results discussed in this section, the
following aspects should be emphasized: (1) the variable SSR�1,
which is inherently associated with the mineral composition of the
sand-silt mixtures containing lateritic soil, could provide a reliable
tool to predict the geomechanical responses, while also facilitating
the delimitation of major coarse-grained and fine-grained ranges of
influence; and (2) the fines contents, i.e. individual soil particles
(FCparticles) and soil aggregations (FCaggreg) with a diameter smaller
than 0.075 mm, can further improve the predictive capabilities of
the studied methods for geotechnical behavior.
Fig. 9. 1D consolidation tests results: (a) Loading and unloadin
4.2. Soils internal shear resistance

Direct shear tests (ASTM D3080/D3080M-11, 2011) were per-
formed to provide insight into internal friction angles and cohesive
intercepts of compacted soils, and the testing results are shown in
Fig. 10. In this research, the following analytical expression was
employed to represent friction angles in terms of initial vertical
stresses in Fig. 10 (Pierozan et al., 2022):

y¼ e
j1þj2 ln

�
sv;0
pa

�
(18)

wheresv,0 represents the initial vertical stresses; j1 and j2 are the
fitted coefficients, as summarized in Table 3; and pa is the atmo-
spheric pressure (¼ 101 kPa).

Specifically, tested specimens met compaction requirements
indicated in Table 1, with tolerances of �3%gd,target and �2%wtarget
for dry unit weights and compaction water contents, respectively.
Consolidation and shear stages were conducted with the use of
specimens subjected to the following testing conditions: (1) inun-
dated, with after-test degrees of saturation ranging from 85% to
90%; and (2) non-inundated, with water contents remaining in the
range of �2%wtarget both before and after testing. A constant shear
displacement rate of 0.05 mm/min was adopted to avoid excess
pore pressure.

In light of the tests conducted under the inundated conditions, a
representation of internal shear resistance parameters is shown in
Fig. 10a. Specifically, the shear stresses (s) and vertical shear dis-
placements (dv) are plotted in terms of the horizontal shear dis-
placements (dh), while the maximum shear stresses (smax) and the
corresponding secant internal soil friction angles (øi,sec) are repre-
sented in terms of initial vertical stresses (sv,0), with subscript “i”
indicating tests conducted under the inundated conditions.
Accordingly, soil internal friction angles of 43�, 39�, 37� and 32�,
and the cohesive intercepts of 0 kPa, 5 kPa, 9 kPa and 10 kPa could
be attributed to soils S100:L0, S75:L25, S50:L50 and S0:L100, based
on their respective Mohr-Coulomb envelopes. Soil secant friction
angles (øi,sec) were determined based on the test results, with the
analytical expression denoted by Eq. (18) being employed to gain
insight into the relationship between øi,sec, and sv,0. A summary of
fitted coefficients (j1 and j2) is shown in Table 3.

A detailed description of results associated with non-inundated
specimens can be found in Pierozan et al. (2022), according to
which soil internal friction angles of 44�, 40�, 38� and 33�, and the
cohesive intercepts of 0 kPa, 11 kPa, 21 kPa and 30 kPa could be
attributed to soils S100:L0, S75:L25, S50:L50 and S0:L100, based on
g consolidation curves, and (b) Consolidation coefficients.



Fig. 10. Direct shear test results: (a) Internal shear resistance relative to inundated tests, (b) Comparison of internal shear resistance relative to inundated and non-inundated tests,
and (c) Dilation angles relative to non-inundated tests.
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their respective Mohr-Coulomb envelopes. The corresponding
secant internal soil friction angles (øni,sec) are shown in Fig. 10b in
terms of initial vertical stresses (sv,0). The subscript “ni” indicates
tests conducted in non-inundated (unsaturated) conditions.
Experimental results were also subjected to an analytical approach
(Eq. (18)), with the corresponding coefficients j1 and j2 summarized
in Table 3. Based on these results, the cohesive intercepts associated
with inundated tests had a considerably lower magnitude relative
to non-inundated tests (unsaturated), further denoting the influ-
ence of matric suction on internal shear resistance (as in Fig. 8d).
Conversely, the soil internal friction angles were not subjected to
substantial changes when comparing inundated and non-
inundated tests.

An alternative testing procedure was employed to evaluate the
dilation angles relative to the direct shear tests (e.g. Jewell, 1989;
Simoni and Houlsby, 2006), given that plane strain and axisym-
metric testing conditions may lead to similar angles of dilation
(Schanz and Vermeer, 1996). In this context, the upper frame of the
direct shear apparatus was attached to the piston at which the
normal load are applied, thus providing a uniform distribution of
vertical displacements on top of the tested soil specimens, as
shown in Fig. 10c. A detailed description of these tests is presented
in Pierozan et al. (2022), and an indication of testing results and
analytical approximation (Eq. (18)) is also presented in Fig. 10c,
with the corresponding coefficients j1 and j2 summarized in Table 3.
Overall, by comparing the different testing procedures discussed in
this paper, a dilatant behavior could be attributed to the samples
containing larger shares of coarse-grained soil particles, which also
impacted the corresponding soil internal friction angles.

5. Application as structural fills

The internal stability of reinforced soil structures relies on the
interfacial resistance mechanisms that develop between the
structural fill soil and the linear reinforcement inclusions within
this material (e.g. Schlosser and Bastick, 1991), i.e. soil-
reinforcement interface shear and bearing resistances. Theoret-
ical, numerical and experimental methods have been widely
employed to study and understand such resistance mechanisms
that develop under the field conditions, such as reinforcement
pullout in the anchorage zone. The use of polymeric strips may be
particularly advantageous when dealing with the sand-silt mix-
tures containing lateritic soil, given the corrosive potential of
metallic strips installed within humid environments.

A schematic representation of a reinforced soil structure using
polymeric strips is shown in Fig.11a, with an indication of how such



Table 3
Analytical approximations between direct shear test results and vertical stresses.

Testing condition y ¼ f(sv,0) Equation No. Valid domain Tested soil Fitted coefficient R2 (%)

Inundated øi,sec (�) (18) 12.5 kPa � sv,0 � 200 kPa S100:L0 j1 ¼ 3.662, j2 ¼ �0.1124 99.8
S75:L25 j1 ¼ 3.573, j2 ¼ �0.0657 99.2
S50:L50 j1 ¼ 3.513, j2 ¼ �0.0471 99.9
S0:L100 j1 ¼ 3.375, j2 ¼ �0.0209 97.6

Non-Inundated øni,sec (�) (18) S100:L0 j1 ¼ 3.685, j2 ¼ �0.1243 99
S75:L25 j1 ¼ 3.598, j2 ¼ �0.0813 98.6
S50:L50 j1 ¼ 3.536, j2 ¼ �0.0641 98.4
S0:L100 j1 ¼ 3.414, j2 ¼ �0.0372 94.7

J (�) (18) S100:L0 j1 ¼ 1.593, j2 ¼ �0.695 99.9
S75:L25 j1 ¼ 0.0939, j2 ¼ �0.8293 97
S50:L50 j1 ¼ �2.284, j2 ¼ �1.436 95.5
S0:L100 j1 ¼ �4.605, j2 ¼ 0.0003 99.9

sv,max (kPa) (21) 12.5 kPa � sv,0 � 50 kPa S100:L0 f*/f ¼ 2.0747 99.7
S75:L25 f*/f ¼ 1.5051 99
S50:L50 f*/f ¼ 1.2808 99.1
S0:L100 f*/f ¼ 1.1699 99.9

Pmax (kN) (23) S100:L0 k1 ¼ �0.8019, k2 ¼ 7.434 98.9
S75:L25 k1 ¼ 0.0427, k2 ¼ 4.34 99.7
S50:L50 k1 ¼ 0.1666, k2 ¼ 3.106 98.7
S0:L100 k1 ¼ 0.2, k2 ¼ 2.071 99.9

Note: Specimens used for direct shear tests met the following compaction criteria: initial water content of approximately 0.25%, and relative density of 95% � 3%, for sample
S100-L0; and initial water content of wtarget � 2%, and relative compaction of 95% � 3%, for samples S75-L25, S50-L50 and S0-L100. In light of non-inundated tests, water
contents remained in the range of �2%wtarget before and after testing.
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conditions could be simulated in a laboratory-controlled environ-
ment (e.g. Palmeira, 2004, 2009). Specifically, the apparatus as
shown in Fig. 11a was employed in the current research to gain
insight into reinforcement pullout resistances. A vertical cross-
section of the pullout testing equipment used in the experimental
component of this study is presented in Fig. 11b, with an overview
of the most relevant components of the device given in Fig. 11c.

The pullout box was originally designed by Palmeira (1996), and
subsequently enhanced by Pierozan (2018) with a series of com-
ponents, including a flexible hydraulic diaphragm-loading device,
horizontal and vertical reaction frames, enhanced geosynthetic
clamps, pullout actuator, and instrumentation. The double strap
arrangement (e.g. Miyata et al., 2019) was employed in this
research. In this reinforcement configuration, the polymeric strips
were installed in closely spaced pairs oriented perpendicular to the
facing unit (Fig. 11b and c).

The width of a single polymeric strip reinforcement was 50 mm,
which is denoted as bs in Fig. 11b. Accordingly, the distances be-
tween the external and internal boundaries of the strips are rep-
resented by be and bi, respectively, leading to a total reinforcement
width (Wg) of 100 mm. The reported tensile strength of each
polymeric strip was 50 kN, taking advantage of a high tenacity
polyester fiber (HTPET) reinforced core protected by a polyethylene
sheet encasement. The elastic moduli of each polymeric strip were
equal to 2.43 GPa and 2.27 GPa at 2% and 5% strain levels,
respectively.

A horizontal cross-section on the reinforcement installation
level is represented in Fig. 11c, indicating the following instru-
mentation devices: one load cell and two displacement trans-
ducers. A computer-controlled data acquisition system was
connected to the instrumentation devices. A series of pressure cells
was also implemented into the pullout box to provide insight into
stress distribution during testing, which is further detailed in
Pierozan et al. (2022). The internal surfaces of the pullout box were
covered with double layers of lubricant and polyethylene film to
reduce sidewall friction.

Pullout tests were conducted in non-inundated conditions. For
sample S100-L0, the initial water content was set to approximately
0.25% and the relative density was 95% � 3%. For samples S75-L25,
S50-L50, and S0-L100, the initial water content was set to �2%
wtarget and the relative compaction was 95% � 3%. Sand pluviation
and vibration techniques were employed to achieve the target
density for sample S100:L0, while compaction using a mechanical
hammer was performed on samples S75:L25, S50:L50 and S0:L100.
Initial vertical stresses (sv,0) of 12.5 kPa, 25 kPa and 50 kPa were
adopted for testing, considering the reinforcement level. The rate of
displacement was 1 mm/min, and the maximum displacement of
the external end of the strips was 100 mm. ASTM D6706-01 (2013)
served as a reference for the pullout tests.
5.1. Conceptualization

The initial vertical stress (sv,0) acting on the reinforcement plane
during pullout encompasses the surcharge stress, which is applied
by loading devices on the upper surface of the compacted soil, and
the vertical geostatic soil pressure on the reinforcement, which
depends on the confinement level attributed to the compacted soil.
Nonetheless, it should be noted that a local increase in vertical
stresses may develop on the soil-reinforcement interface during
pullout tests when dealing with compact and dilatant fills, such as
clean sands and gravels (e.g. Kido and Kimura, 2021). Specifically,
under failure conditions (peak shear stresses), the following
equation accounts for the real stresses acting on the reinforcement
level:

sv;max ¼ sv;0 þ Dsv;max (19)

where sv,max is the actual vertical stress acting on reinforcement
level under failure conditions, sv,0 is the initial vertical stress, and
Dsv,max refers to the local increase in vertical stress under failure
conditions.

Currently, available design procedures for geosynthetic rein-
forced earth walls often rely on estimates concerning friction co-
efficients based on soil geomechanical characteristics. Given the
different theoretical assumptions relative to vertical stresses acting
on reinforcement level, the maximum shear stresses (smax) asso-
ciated with pullout tests could be determined as in the following
equations (e.g. Schlosser and Bastick, 1991; Abdelouhab et al.,
2010):



Fig. 11. Interface pullout resistance: (a) Schematic representation of the reinforced soil under working conditions and the laboratory pullout testing apparatus; (b) Vertical cross-
section of pullout apparatus indicating strip geometry of installation; and (c) Top view of pullout apparatus on the reinforced horizontal plane. The dimensions are in mm.
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smax ¼ Pmax

2LgWg
¼ f *sv;0 ¼ fsv;max (20)

where Lg is the reinforcement length, and Wg is the total rein-
forcement width, f* is the apparent friction coefficient, and f is the
actual friction coefficient.

Variables expressed in Eq. (20) may be rearranged to further
evidence the relationship between sv,max, and sv,0:

sv;max ¼ f *

f
sv;0 (21)

where f*/f is assumed as a soil constant that facilitates correlations
between geomechanical soil properties and the real stress config-
uration during pullout tests (Pierozan et al., 2022).

Pullout testing procedures are commonly employed in
geotechnical engineering as they estimate design parameters,
particularly the maximum pullout resistance (Pmax). The following
equation could be employed to provide a continuous sense of the
values assumed by Pmax in terms of the initial vertical stresses (sv,0),
as it was developed and calibrated based on the experimental re-
sults (Pierozan et al., 2022):

Pmax ¼ k1 þ k2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sv;0LgWg

q
(22)
where k1 and k2 are the dimensionless fitted coefficients.
The apparent friction coefficients (f*) are often the preferred

design parameters as they do not rely on assumptions concerning
the actual stress configuration under failure conditions (sv,max). The
following relation is commonly utilized in this regard:

f * ¼ Pmax

2LgWgsv;0
(23)

It should be noted that the theoretical assumptions and sim-
plifications associated with f* are inherently linked with more
conservative designs, which could translate into low-cost effi-
ciency. The consideration of variables depending on the actual
stress configuration, such as when assuming f*/f as a constant
dependent on geomechanical soil properties and reinforcement
characteristics, could partially fill the existing demand for more
economic designs. Specifically, once the apparent friction co-
efficients (f*) are experimentally determined, and the soil-
reinforcement constant f*/f is estimated based on laboratory tests
or numerical analyses, the actual friction coefficients (f) may also be
determined:

f ¼ 1
f *
f

1
f *

(24)



Table 4
Summary of pullout test results.

Sample Property Test result

sv,0 ¼ 12.5 kPa sv,0 ¼ 25 kPa sv,0 ¼ 50 kPa

S100-L0 dface,max (m) 0.29 0.36 0.46
Pmax (kN) 7.73 11.49 18.43
sv,max (kPa) 30.8 55.5 100.7
Dsv,max (kPa) 18.3 30.5 50.7
f* 2.52 1.88 1.5
f 1.02 0.84 0.75

S50-L50 dface,max (m) 0.15 0.18 0.23
Pmax (kN) 4.37 5.88 7.48
sv,max (kPa) 21.4 35.4 61
Dsv,max (kPa) 8.9 10.4 11
f* 1.43 0.96 0.61
f 0.83 0.68 0.5

S75-L25 dface,max (m) 0.19 0.23 0.28
Pmax (kN) 5.7 7.77 10.55
sv,max (kPa) 24.9 42.7 71.2
Dsv,max (kPa) 12.4 17.7 21.2
f* 1.86 1.27 0.86
f 0.93 0.74 0.6

S0-L100 dface,max (m) 0.12 0.14 0.19
Pmax (kN) 2.58 3.57 5.07
sv,max (kPa) 15.7 31.1 57.3
Dsv,max (kPa) 3.2 6.1 7.3
f* 0.84 0.58 0.41
f 0.67 0.47 0.36

Note: The soil samples used for pullout tests met the following compaction criteria: initial water content of approximately 0.25%, and relative density of 95% � 3%, for sample
S100-L0; and initial water content ofwtarget � 2%, and relative compaction of 95% � 3%, for samples S75-L25, S50-L50 and S0-L100. Since pullout tests were conducted in non-
inundated conditions, water contents remained in the range of �2%wtarget before and after testing.
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5.2. Impact of geomechanical soil properties

This section provides a discussion on the impact of geo-
mechanical soil properties on variables used in the design of geo-
synthetic reinforced soil walls, i.e. f* and f. The pullout test results
that supported this evaluation are detailed in Pierozan et al. (2022),
and the most relevant findings are summarized in Table 4.

The relationship between maximum pullout resistances (Pmax)
and initial vertical stresses (sv,0) is shown in Fig. 12a, along with the
analytical approximation (Eq. (22)) that was employed in the range
of 12.5e50 kPa to account for non-linearity between pullout
resistance and vertical stresses. Tested values were also extrapo-
lated for values of sv,0 in the range of 50e120 kPa. The values
assumed by fitted coefficients k1 and k2 (Eq. (22)) are summarized
in Table 3, alongwith additional relevant information. The apparent
friction coefficients (f*), as also represented in Fig. 12a, were
determined based on data points according to pullout tests and
considering the analytical approximation in the range of 12.5e
120 kPa.

Detailed analysis of how the average values associated with
vertical stresses acting on the reinforcements at failure conditions
(sv,max) were determined is presented in Pierozan et al. (2022), and
a summary of such variables are indicated in Table 4. Given the
experimental results, Fig. 12b represents the relationship between
sv,max, and sv,0. Once the apparent friction coefficients (f*) were
calculated (Eq. (23)) in the range of 12.5e120 kPa, and considering
the soil-reinforcement constants f*/f (Table 3), it was possible to
determine the actual friction coefficients (f) using Eq. (24). Pa-
rameters f* and f are represented in terms of depth (z) and variables
related to mineralogy and individual particles dimensions, i.e.
SSR�1 and FCparticles, respectively, as shown in Fig. 12c.

Overall, based on the results shown in Fig. 12c, variables related
to mineral composition (i.e. SSR�1) and dimensions of individual
soil particles (i.e. FCparticles) are directly correlated with pullout
testing results. Differences between the surfaces representing
parameters f* and f (Fig. 12c) are indicative of considerable changes
in stress distribution in the soil-reinforcement interface. Accord-
ingly, these results suggest that variables such as SSR�1 and FCaggreg
could be implemented into design procedures of geosynthetic-
reinforced soil walls to better capture the nuances of the geotech-
nical behavior, particularly when dealing with the sand-silt mix-
tures containing lateritic soils.
6. Conclusions

This paper investigated how the geomechanical performance of
the sand-silt mixtures containing a lateritic soil, i.e. an intensely
weathered tropical soil with the influence of interparticle bonding,
is impacted by variables related to lateritic soil weathering. None-
theless, the application of such non-conventional materials as
structural fills in reinforced earth walls was also evaluated. The
following conclusions can be drawn:

(1) The sesquioxide-silica ratio (SSR�1) and the fines content
relative to the individual particles (FCparticles) and the ag-
gregations (FCaggreg) directly correlated the soil geo-
mechanical properties of the sand-silt mixtures containing
lateritic soil, facilitating the delimitation of changes in geo-
mechanical behavior due to the non-linearity observed be-
tween the variables.

(2) The sand-silt mixtures containing lateritic soil were consid-
erably impacted by the changes in their internal structure as
the relative proportion of fine-grained soil particles
increased, i.e. from macro- and microstructural particle
arrangement perspectives. Specifically, the bonding provided
by the sesquioxides coating caused a significant decrease in
the friction angles due to the decreasedmobility of larger soil
particles. Nonetheless, the fine-grained soil particles corre-
lated with increased matric suction and restrained hydraulic
conductivity capabilities relative to the coarser soil fractions.



Fig. 12. Variables related to pullout tests: (a) Maximum pullout forces and corresponding apparent friction coefficients (f*), (b) Relation between initial stress conditions (sv,0) and
actual vertical stresses under failure conditions (sv,max), and (c) Impact of selected variables on the apparent and real friction coefficients (f* and f, respectively).
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(3) Soil packing was a factor of major relevance on the geo-
mechanical behavior as it supported the delineation of
boundaries associated with coarse- and fine-grained soil
major influence, which could ultimately relate to the geo-
mechanical responses presented in the sand-silt mixtures
containing lateritic soils.

(4) The level of stresses mobilized on the soil-reinforcement
interface during pullout tests could ultimately be associ-
ated with variables related to soil weathering, such as SSR�1

and FCaggreg.

Overall, based on the results presented, it was observed that
variables that denote the particularities of tropical soils, such as the
sesquioxides-silica ratio (SSR�1), and the fines content relative to
the soil aggregations (FCaggreg), could be implemented into design
guidelines to further assist in anticipating the geomechanical
behavior of silt-sand mixtures containing lateritic soils.
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List of symbols

g Unit weight of soil (kN/m3)
gd Dry unit weight of soil (kN/m3)
gd,max Maximum dry unit weight of soil (kN/m3)
gd,min Minimum dry unit weight of soil (kN/m3)
gb Bulk unit weight of soil (kN/m3)
gb,target Target bulk unit weight of soil (kN/m3)
gd,target Target dry unit weight of soil (kN/m3)
gn,target Target unit weight of soil in their natural state (kN/m3)
dface,max Face displacement under peak conditions (m)
dh Horizontal shear displacement (m)
dv Vertical shear displacement (m)
Dsv,max Local stress increase under peak conditions (kPa)
qv Volumetric water content
s0v Effective vertical stress (kPa)
sv,0 Initial vertical stress (kPa)
sv,max Vertical stress under peak conditions (kPa)
sw Surface tension of water (N/m)
s Shear stress (kPa)
smax Shear stress under peak conditions (kPa)
øi,sec Secant internal soil friction angle (inundated conditions)
øni,sec Secant internal soil friction angle (non-inundated

conditions)
J Angle of dilation (�)
a1, a2 Coefficients used in Eq. (4)
b1, b2 Coefficients used in Eq. (5)
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be Distance between external boundaries of the strips (m)
bi Distance between internal boundaries of the strips (m)
bs Width of a single strip (m)
c1, c2 Coefficients used in Eq. (6)
cAl2O3

Percentage of alumina
Cc Compression index
cFe2O3

Percentage of iron oxide
cL Lateritic soil mass fraction
cL,opt Optimum lateritic soil mass fraction
Cr Recompression index
cSiO2

Percentage of silica
Csw Swelling index
cS Host sand mass fraction
D Particle (or aggregation) dimension (m)
Dp Micro- or macro-pore diameter (m)
d1, d2 Coefficients used in Eqs. 11e13
e Void ratio
eB1, eB2, eB3 Void ratios referring to limit boundaries B1, B2 and B3,

respectively
eL Void ratio of the lateritic soil
eopt Optimum void ratio
eS Void ratio of the host sand
f Actual friction coefficient
f* Apparent friction coefficient
FCparticles Fines content relative to individual soil particles
FCaggreg Fines content relative to water-stable soil aggregations
g1, g2 Coefficients used in Eq. (14)
Gs Specific gravity
h1, h2 Coefficients used in Eq. (15)
i1, i2 Coefficients used in Eq. (16)
j1, j2 Coefficients used in Eq. (18)
k20 �C Hydraulic conductivity at 20 �C (m/s)
Lg Geosynthetic embedment (m)
mL Dry mass of the lateritic soil (g)
mS Dry mass of the host sand (g)
pa Atmospheric pressure (kPa)
PI Plasticity index (dimensionless)
Pmax Pullout resistance under peak conditions (kN)
Psolids Weight of solids (kN)
Ptotal Total weight of soil (kN)
Pwater Weight of water (kN)
R2 Coefficient of determination
Sa Specific surface area (m2/g)
SSR Silica-sesquioxide ratio
SSR�1 Sesquioxide-silica ratio
ua Pore-air pressure (kPa)
uw Pore-water pressure (kPa)
v Volume fraction
vair Volume fraction of air
vsolids Volume fraction of solids
vwater Volume fraction of water
Vtotal Total volume of soil (m3)
Vair Volume of air (m3)
Vsolids Volume of solids (m3)
Vwater Volume of water (m3)
w Water content
Wg Geosynthetic width considering a pair of strips (m)
wL Liquid limit
wtarget Target water content
whig Hygroscopic water content
wopt Optimum water content
wP Plastic limit
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