Effects of Different Carbon Nanomaterials on the Shear Strength and
Penetration Resistance of a Sandy Loam Soil under Different Soil
Moisture Conditions

ABSTRACT

In recent years, using carbon nanomaterials as soil amendments has increased owing to their
unique properties. However, the effects of carbon nanomaterials on soil properties,
particularly soil shear strength and penetration resistance, remain limited. Therefore, we
evaluated the effects of 0, 50, and 100 mg kg! of graphene, graphene oxide, reduced
graphene oxide, multi-walled carbon nanotubes, and multi-walled carbon nanotubes-OH on
the shear strength and penetration resistance of a sandy loam soil under 100, 75, and 50%
field capacity (FC) moisture conditions in a six-month experiment. The ef of the
different nanomaterials on shear strength and penetration resistancg were rent.
Specifically, graphene and multi-walled carbon nanotubes-OH had no sigijcant effict on
shear strength, whereas 100 mg kg™ of them increased penetration resy 31 4% and
22.4%, respectively, compared to the control. However,
oxide, and multi-walled carbon nanotubes increased both p@agtration resi e and shear
strength, with this effect increasing with increasing appli
interaction effect of different moisture conditions and the ap ioh leve#€on shear strength
was statistically significant only at 50% FC and¥h the g
in a reduction in shear strength. In contra i
15% in reduced graphene oxide and multi-
Findings indicated that the type, application nd physicochemical properties of
nanomaterials play decisive roles in the man hich these nanomaterials modify soil,
and that the targeted application of these mateflials can be an effective approach for
improving soil quality.
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EXTENDED ABSTRACT
Introduction

Soil is th
requirements of

edium for crop production. In addition to supplying the nutritional
ts, it must also possess appropriate physical and mechanical properties
to wit age caused by tillage operations, agricultural machinery traffic, and
enviro@l factors. Two important properties in this regard are soil shear strength and
soil penetration resistance, which play decisive roles in soil structural stability, root
development, and ultimately crop yield. Numerous materials have been proposed for soil
amendment and enhancing its strength; however, in recent years, carbon nanomaterials have
attracted considerable attention owing to their unique physical and chemical properties.
Carbon nanomaterials are carbon-based materials, the most important of which are carbon
nanotubes and graphene-based materials. In addition to affecting soil penetration resistance
and shear strength, these materials also influence other soil properties and can be used as
soil amendments. On the other hand, soil moisture content is one of the most important
factors that can affect soil penetration resistance and shear strength. Therefore, investigating
the combined effects of carbon nanomaterials and different soil moisture conditions provides
valuable information on soil management under different conditions. Consequently, the goal
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of this study was to compare the effects of five different nanomaterials on soil penetration
resistance and shear strength under different soil moisture conditions in a sandy loam soil.
Materials and Method

This study was conducted as a factorial experiment based on a completely randomized
design with three replicates. The experimental treatments consisted of different carbon
nanomaterials (multiwalled carbon nanotubes, multiwalled carbon nanotubes-OH, graphene,
graphene oxide, and reduced graphene oxide), each applied at three levels (0, 50, and 100
mg kg™), under three different soil moisture levels (100, 75, and 50% of field capacity).
Before the application of the treatments, the physical and chemical properties of the soil
were determined using standard methods. After the application of the nanomaterial
treatments, the moisture content of the samples was adjusted to the predetermined levels,
and after six months, soil shear strength and soil penetration resistance were me
shear strength was measured using a vane shear tester, whereas soil penetratio
was measured using a handheld penetrometer. Finally, the obtained datamgere statis@cally
analyzed through ANOVA and Duncan's multiple range mean c i
probability level of 5%.
Results and Discussion

Results showed that the response of soil shear strength penetrati
carbon nanomaterials was highly dependent on the type, mor
characteristics, as well as the application ratggof the n
nanomaterials can be expected to exhibit similgh begavidu
among the nanomaterials investigated, gra
greatest effects on soil shear strength, wherea:
soil penetration resistance. Furthermore, the n of 100 mg kg! of graphene oxide,
reduced graphene oxide, and carbon nanotubes siggificantly enhanced the soil shear strength
by 74.3, 90.1, and 53.3%, respectivedy. Likewise J8oil penetration resistance increased by
25.7, 22.4, and 63.5%, respectively§’ compared yth the control treatment. Overall, the
nanomaterials increased both soil and penetration resistance, with these
properties increasing significantl aterial concentration increased.
Conclusions  _

Overall, the ggsglts sh that t of carbon nanomaterials with high specific surface
area can be empigyedwgs proach to increase soil shear strength and soil penetration

resistance to
I, and physical

factors in
considering tha se nanomaterials are used in various fields, including agriculture and
engineegil ¥ of these nanomaterials can be utilized according to the intended objective.
Moreove ce environmental stresses, including drought stress, constitute a major issue
worldwide, Including in Iran, nanomaterials can be used to improve soil properties under
specific environmental constraints. Based on the findings of this study, it is recommended
that the effects of different concentrations of carbon nanomaterials be investigated over a
wider range of soil moisture conditions to determine the optimum nanomaterial
concentration. It is also recommended that the effects of these nanomaterials be evaluated in
soils with different textures, organic matter contents, and other properties to clarify the role
of the intrinsic soil properties in the performance of these nanomaterials.
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