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Abstract

Tensile components are present in soil-based fibers that are dispersed randomly and are used to support tensile stress. The stabiliza-
tion and shear strength of soil is increased through the application of fiber reinforcement, which imitates the reaction of tree roots.
Human has used reinforced soil for the construction of various structures for a long time. Today, soil reinforcement is an effective
and reliable means of increasing the strength and stability of soil masses. Previous studies were mainly focused on the behavior of
soils reinforced with synthetic fibers and few studies were conducted on soils reinforced with natural fibers. Since natural fibers are
abundant in nature, they seem to be economic options if their behavior can be stabilized. The present study investigated the behavior
of soil reinforced with hemp fibers. Several static triaxial tests were carried out in this research to assess the resistive behavior of
Babolsar sand reinforced with randomly distributed hemp fibers. Hemp fibers were mixed into the soil in amounts of 0.3, 0.6, and
0.9% by dry weight and with lengths of 6, 10, and 14 mm. Static triaxial tests were performed at confining pressure of 50, 100, and
200 kPa. Test results indicated that there was a considerable effect on the behavior of sand due to the presence of fibers. Moreover,
the results of the examinations of hemp-reinforced sand revealed that fibers improved the shear strength parameters, peak strength,
yield strain, and stiffness of the sand. Regarding the outcomes, adding 6 mm fibers to soil results in increases in peak strength rang-
ing from 331% in the greatest condition (fiber weight ratio of 0.9% and 50 kPa confining pressure) to 21% in the lowest state (fiber
weight ratio of 0.3% and 200 kPa confining pressure). The maximum and minimum strength increase ratios for 10 mm and 14 mm
fibers occur under the same circumstances as for 6 mm fibers. Thus, the highest and minimum strength gains for 10 mm fibers are
499% and 39%, respectively. For 14 mm long fiber, these figures are 845% and 49%, respectively. It is worth mentioning that the
internal friction angle in the case of unreinforced soil is equal to 43°. This value is equal to 49° for reinforced soil containing 0.3%
of fiber with a length of 6 mm and in most cases reaches 57° for reinforced soil containing 0.9% of fiber with a length of 10 mm.
The amount of cohesion of reinforced soil containing 0.3% of fiber with a length of 6 mm is equal to 65 kPa and in most cases for
the sample of reinforced soil containing 0.9% of fiber and a length of 14 mm is 385 kPa.
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Introduction

Reinforcement of weak and unsuitable soils by adding ele-
ments such as fibers that strengthen tensile strength, to be
used in slopes, roadbeds, and dams to create soil configura-
tion with the desired engineering properties is called soil
reinforcement. Fiber reinforcement on the one hand involves
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the direct use of fibers at random in a matrix such as soil and
on the other hand, involves the use of fibers with a specific
arrangement, such as the family of geosynthetics (Htut et al.
2019; Bascetin et al. 2020; Eker and Bascetin 2022; Yuxai
et al. 2021; Zhang and Russell 2021).

Fiber-reinforced soil applications
in geotechnical engineering
Improving soil behavioral properties should be consistent

with functional aspects (Vafaei et al. 2022). In this sec-
tion, practical aspects and practical examples of reinforced
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soils are presented. A review of research on reinforced soil
shows that the use of fibers in geotechnical engineering can
be divided into five categories: pavement, retaining walls,
stability of the slope, foundation, and earthquake.

Pavement layers

In 1991, a team of US military engineers demonstrated the
performance of fibers in improving stabilized soil layers in
pavements. They found that the section containing 30 cm
of fiber-reinforced silty sand increased the traffic volume
by 33% compared to the unreinforced section. And in 2008,
an example of the use of in situ soil mixed with hot-rolled
cement and polypropylene fibers as a taxiway was also
reported in Australia (Cabalar and Karabash 2015; Choob-
basti et al. 2015; Consoli et al. 2017).

Retaining walls and stability of the slope

The use of reinforced soils with discrete fibers is considered
a suitable solution for the reconstruction of failed soil slopes.
Also, on slopes that have a high potential for erosion, the use
of these materials reduces the rate of degradation. The use of
reinforced soil on slopes as well as in the foreheads of walls
reinforced with plate reinforcements reduces the possibility
of failure and surface instability and thus reduces mainte-
nance costs. On the other hand, reducing the slope angle
reduces the volume of soil and space occupied. This idea is
realized by adding fibers to the soil. For example, for a slope
with a length of 1 km and a height of 10 m, increasing the
slope angle from 20 to 30° reduces the volume of soil by
50,000 m? and the width of the slope by 10 m. Therefore, the
use of these fibers saves cost and time and reduces environ-
mental impact. Bahardavj and Mendel showed the positive
effect of polypropylene fibers on the discussion of earthen
roofing (Ghadakpour et al. 2021; Kutanaei et al. 2022).

Foundation engineering

One of the important applications of reinforced soils is
related to the discussion of foundations on lands with inad-
equate bearing capacity. If the necessary financial resources
are not available for the implementation of deep foundations,
the discrete fibers are a good way to achieve bearing capac-
ity. Also, in cases where the foundation suffers from asym-
metric subsidence due to asymmetric loading or differences
in soil properties, the use of fibers reduces the risk of failure.
An example of the use of fiber-reinforced sand in founda-
tion construction has been reported in Brazil. The method
of deep mixing of soil with cement (cement soil column) is
one of the common methods to increase the bearing capacity
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of soils in construction projects. In Thailand and Bangkok,
for example, the use of deep-mixing cement has been con-
sidered by geotechnical engineers for decades. Although
cementitious soil has considerable compressive strength,
it does not have good tensile and flexural strength. When
concrete columns are exposed to horizontal (lateral) load-
ing (large embankments and lateral expansion phenomenon),
weakness in flexural strength causes failure. For this pur-
pose, engineers recommended the use of fibers in improved
projects with a deep mixing method that has the possibility
of horizontal loading (Choobbasti et al. 2018; Tang et al.
2016; Shen et al. 2021).

Earthquake engineering

Ductile behavior and high energy absorption of fiber-rein-
forced soils have made these materials useful materials for
the construction of earthquake-resistant soil structures. The
use of fibers in the construction of earthquake-resistant
earthen structures in Japan has been reported by Makuuchi
and Mines. Successful use of fibers in the construction of
earth structures has also been reported by Leflive (Hejazi
et al. 2012; Sahin et al. 2021; Zhao et al. 2020).

For the construction of stabilized pavement bases, canal
linings, and support layers for shallow foundations, the
enhancement of local soils with fibers and cement offers
significant economic and environmental benefits, eliminat-
ing the need for a spoil area and the need to borrow materials
from somewhere else. Previous studies have examined the
shear strength of artificially cemented sandy soil (Choob-
basti et al. 2014; Kutanaei and Choobbasti 2019). The addi-
tion of cement, according to the literature, increases dilata-
tion and maximum shear strength. Additionally, by raising
the confining pressure, soil cement’s brittle nature is trans-
formed into a more flexible one. (Choobbasti et al. 2015,
2018; Qu and Zhao 2016). With various forms of material,
such as cemented sand, randomly distributed fibers are sim-
ply inserted. Improved isotropic strength is produced by
randomly placed fibers (Jamei et al. 2013; Pino and Baudet
2015).

The behavior of reinforced soil has been studied by many
researchers in recent decades. Applications of reinforced soil
include embankment construction, reduction of cracks due
to shrinkage and swelling in clay soils, and reinforcement of
the substrate (Noorzad and Mirmoradi 2010; Noorzad and
Fardad Amini 2014; Turk and Nehdi 2021). The use of dis-
crete fibers to improve the engineering properties of soils has
attracted the attention of many scientists around the world.
The application of these methods in geotechnical work and
further understanding of the benefits and limitations of these
methods require further study. Many researchers performed
several triaxial, unconfined, CBR, direct shear, flexural, and,
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tensile strength tests on reinforced soil samples. The results
of these experiments showed that the addition of discrete
fibers with random distribution improves the soil strength
characteristics and changes the soil behavior from brittle
to a more flexible state (Noorzad and Fardad Amini 2014,
Malidarreh et al. 2018, Karimzadeh et al. 2022). In the fol-
lowing, some laboratory studies in this field are presented.

Gray and Ohashi (1983) based on the results of direct
shear experiments, showed that reinforcement of the soil
with discrete fibers increased the peak shear strength and
limited the drop-in strength after the peak strength. Factors
affecting the increase in strength are the amount, length, and
modulus of fibers. In their study, no increase in the stiffness
of the soil-fiber mixture was observed. Gray and Al-Refeai
(1986) reported from triaxial experiments on reinforced sand
that discrete fibers with random distribution increase the
ultimate strength, but at small strains (less than 1%) cause
a decrease in compressive stiffness. They also showed that
fiber reinforcement increases the failure axial strain and, in
most cases, reduces the drop in residual strength. Kumar
et al. (2006) investigated the relationship between soil grain
size and fiber strength. They found that finer sands had much
higher fiber bond strengths, so they were less likely to fail
due to slip conditions than coarser sands. Also, based on the
triaxial experiment and static analysis, Yetimoglu and Salbas
(2003) concluded that the presence of fibers increases the
shear strength and decreases the drop in residual strength.
Nataraj and McManis (1997) performed direct shear experi-
ments on clay soils and sands reinforced with polypropylene
fibers and found that the addition of fibers increased the
angle of friction and cohesion and that the shear strength
envelope of reinforced clay was slightly nonlinear. In addi-
tion, they found that the equivalent friction angle is slightly
greater at low confining pressures than at higher confining
pressures.

According to these investigations, the inclusion of fib-
ers enhances the maximum shear strength of the sand and
results in a more ductile behavior. The effects of effective
stress (30, 60, 100, and 200 kPa), fiber (polypropylene)
content, and fiber length on the mechanical behavior of
fiber-reinforced soil were investigated by Diambra et al.
(2010) using consolidate drained triaxial compression and
extension. They concluded that as confining pressure, fiber
content, and length increase and behavior becomes more
ductile, so does the strain at failure. For the samples with
0.3%, 0.6%, and 0.9% of fiber, the relative improvement in
internal friction angle was 9%, 18%, and 30%. In undrained
ring shear experiments, Liu et al. (2011) looked into the
static liquefaction resistance of saturated sand reinforced
with polypropylene fibers. The findings demonstrated that
the liquefaction potential was greatly decreased by the addi-
tion of fibers. The loose sample’s residual shear strength sig-
nificantly increases when fiber is added (72%, 100%, 71%,

and 70% for 0.2%, 0.4%, 0.6%, and 0.8% of fiber). Gao and
Zhao (2013) investigated how fiber orientations affected the
behavior of fiber-reinforced sand. The findings demonstrated
that in the triaxial test, fibers oriented in the horizontal
direction greatly increased the shear strength parameters.
By performing a series of ring shear tests at various normal
stresses, Shao et al. (2014) evaluated the shear strength of
Mississippi sands reinforced with polypropylene fiber. They
claimed that the sand’s shear strength metrics were signifi-
cantly impacted by fiber inclusion. Cohesion and internal
friction angle both rose by 700% and 32%, respectively. On
fiber-reinforced cemented soil, Maher and Gray (1990) con-
ducted static and dynamic triaxial compression and exten-
sion experiments. According to their findings, the inclusion
of fibers increased the material’s shear strength and energy
absorption. Peak shear strength increases by 100 and 200%,
respectively, for fiber contents of 0.2% and 3%. Polypropyl-
ene (PP) and polyester (PE) fibers’ effects on the mechanical
characteristics of soils stabilized with cement were stud-
ied by Consoli et al. in 2004. They discovered that while
the deviatoric stresses at failure marginally decreased, the
addition of Polypropylene fiber greatly enhanced the brittle
behavior of cement-stabilized soils. In addition, whereas the
presence of PP fiber significantly reduced the initial stiff-
ness of samples, the inclusion of PE fiber only marginally
altered it. Triaxial compression tests were performed by
Consoli et al. (2010) to investigate the impact of fiber rein-
forcement (polypropylene fiber) on the mechanical charac-
teristics of sand. Based on the percentage of fiber, cement
content, and confining stress, they suggested polynomial
equations to calculate residual and peak strength. To give
an empirical equation for the prediction of the mechanical
behavior of polypropylene fiber-reinforced cemented sandy
soil, Kutanaei and Choobbasti (2015) conducted several
unconfined compression experiments. Unconfined com-
pression tests were performed by Yaghoubi et al. (2018) to
examine the effects of cement and waste tire fiber addition
on the mechanical properties of sand. They discovered that
increasing cemented sand with 3% waste tire fiber boosted
the unconfined compression strength by more than 25%.
The idea of using natural fibers as reinforcement elements
has drawn a lot of attention due to the tensile strength of
these materials, the availability of large quantities of these
materials in regions where the fibers are produced from
indigenous plants, as well as the environmental advantages
of replacing natural materials with synthetic materials (Tang
et al. 2012). Annual kenaf plants can reach heights of 1.5 to
3.5 m. Kenaf has a stem that is 1-2 cm in diameter with a
woody base. Iran is one of several places in the globe where
kenaf is grown. The manufacture of biodegradable polymers,
textiles, paper, building materials, and biofuels are just a few
of the businesses that employ kenaf fibers. For a full year,
kenaf fiber was exposed to a natural weathering environment

@ Springer



1679 Page 4 of 19

Arab J Geosci (2022) 15:1679

(Akil et al. 2011). According to Akil et al. (2011), the fol-
lowing are the key benefits of employing Kenaf fibers over
other types of fibers: low cost, low energy consumption,
the most durable of all-natural fibers, and biodegradability.

Silveira et al. (2022) evaluated the effect of silica and pol-
ymer on the mechanical behavior of sand matrix reinforced
with mentioned fibers. The result of their study indicated
that both naturally occurring and surface-treated sisal fibers
produced shear strength characteristics that were superior
to those of unreinforced soil, promoting their long-term use
in engineering projects like temporary landfills. Zhou et al.
(2022) examined the liquefaction strength of calcareous
sands reinforced with polypropylene fibers. The findings
showed that calcareous sands’ liquefaction resistance was
increased along with their deformation and pore pressure
accumulation rates by increasing fiber content and fiber
length. When the fiber concentration was more than 0.8%,
the risk of soil liquefaction might also be greatly decreased.
Zhang et al. (2021) investigated the pore water pressure
accumulation laws in sand reinforced with randomly dis-
tributed fibers through cyclic triaxial compression tests. The
impacts of relative density, the ratio of cyclic stresses, fiber
content, and fiber length were examined. The test findings
demonstrated that adding fibers at random locations to the
sand effectively delayed the buildup of pore water pressure
and considerably boosted liquefaction resistance. In the
study of Vakili et al. (2022) lignosulfonate was used as a
binder and polypropylene (PP) fiber was used as a reinforc-
ing material to protect the features of marl soils from the
negative effects of freeze—thaw (F-T) cycles. The outcome
has shown that freeze—thaw weathering changed the sam-
ples’ stress—strain pattern from strain-softening to harden-
ing behavior while also enhancing ductility behavior. It was
found that applying lignosulfonate and PP fibers at the same
time completely bonded soil particles and created interlock-
ing zones around the fiber strands, which strengthened parti-
cle bonding. The Fourier transform infrared (FTIR) test find-
ings also confirmed the creation of ionic bonds as a result of
the presence of lignosulfonate in the marl soil and the space
between the soil’s mineral layers.

Considering all the cases discussed here, it is remarkable
and very valuable to say that natural fibers such as hemp
fiber have received very little attention; therefore, the present
paper comprehensively deals with the behavior of reinforced
soil with hemp fiber. It should be worth mentioning that
particular, this study examines the various fiber content and
different fiber lengths as well. Another significant point is
that due to the availability and wide accessibility of hemp
fibers, a comprehensive study of the behavior of sand rein-
forced with this type of fiber is very necessary. For example,
the foundation of buildings in the village can be reinforced
according to the mentioned characteristics of this type of
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fiber and also the lower price of the mentioned fiber com-
pared to synthetic fibers.

The main objective of this study is to investigate the effect
of reinforcement on stress—strain behavior, volumetric behav-
ior, peak strength, stiffness of samples, and shear strength
parameters. Studies have been done on fiber-reinforced
sand thus far, although natural fibers and hemp fiber have
received less attention. The mechanical behavior of Babolsar
sand reinforced with hemp fiber is therefore the subject of
a very thorough and comprehensive experimental research
presented in this study. The innovation and novelty of this
study is the examination of natural fiber by conducting very
extensive experimental tests. In particular, in this study, the
impact of the expressed parameters, especially the volumetric
strain for natural fiber such as hemp fiber with static triaxial
test has been observed. The findings and observations in this
comprehensive study will be very useful and practical for
civil-geotechnical engineers in various filed such as foun-
dation, dam, slope, earthquake engineering, and pavements.

Experimental program

Numerous consolidated drained triaxial experiments were

performed to evaluate the mechanical behavior of Babolsar

sand reinforced with discrete randomly distributed hemp fib-

ers. The various parameters of the experiments performed

are as follows:

- Three different weight ratios of hemp fibers (0.3, 0.6,
and 0.9%)

- Three different lengths of hemp fibers (6, 10, and
14 mm)

- Three different confining pressures (50, 100, and
200 kPa)

Materials
Babolsar sand

The sand used with the name Babolsar sand is taken from
the shores of Babolsar city. The color of this type of sand
is dark and its granulation is presented in Fig. 1. This type
of sand is classified according to the Unified classification
as part of the poorly-grained sand (SP) group. It should be
noted that all experiments in this study were carried out
according to the standard provided by the American Materi-
als and Testing Association (ASTM). Accordingly, the siev-
ing granulation test was performed according to the ASTM
D422 standard and the soil classification test was performed
according to the ASTM D2487 standard. The particles of
this sand are semi-circular to semi-angular. The specific
gravity of Babolsar sand is 2.78. ASTM D854 standard was
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Fig. 1 Particle size distribution is related to the studied soil

used to determine the density of solid soil aggregates. A
relative compaction test was used to determine the compac-
tion characteristics of Babolsar sand. ASTM D4253 standard
was used to determine the maximum specific gravity (cor-
responding to the minimum void ratio) and ASTM D4254
standard was used to determine the minimum specific grav-
ity (corresponding to the maximum void ratio). All physical
characteristics of Babolsar sand are presented in Table 1.

Hemp fiber

These fibers are widely cultivated in northern Iran and the
Fars province. Hemp fiber needs a warm and humid cli-
mate to grow. The most important uses of hemp are in the
production of products such as hemp and sackcloth, and
its other applications are in horticulture, agriculture, and
freight industries, especially to cover other objects, produc-
tion of carpets, and rugs, home appliances, clothing, and
shoes. New applications include the use of composites and
even the form of geotextiles to prevent soil erosion and land-
slides. Hemp contains 17% lignin, 48 to 52% cellulose, and
7 to 10% water. The tensile strength of hemp is about 60 to
70 MPa, which is low compared to synthetic fibers (Akil
et al. 2011). Figure 2 shows the hemp fibers used in this
study. Hemp fibers are first cut to the desired lengths and
then completely separated from each other. These fibers

Table 1 The physical

o . Characteristics Value
characteristic of the base soil
}Jsed in this study (the soil name Vamin 22 14.92
is SP) s
Y max(K%) 17.64
€pnax 0.81
€pin 0.53
Gs 2.78
Cu 2.13
Cc 1.32

Fig.2 The hemp fiber is used in this study

were mixed with 0.3%, 0.6%, and 0.9% by weight dry weight
of the soil and with a length of 6, 10, and 14 mm in the soil.

Sample preparation

It should be considered that in most previous studies, the
percentage of fiber used for soil reinforcement varied
between 1 and 3%. The addition of fibers to the sand mixture
decreases homogeneity. Adding a high percentage of fiber
causes difficulty in the mixing process. Therefore, in this
study, the fiber contents were 0.0%, 0.3%, 0.6%, and 0.9%
by weight of the dry sand (Tang et al. 2007; Consoli et al.
2013; Consoli 2014).

One of the most important phases of experimental study
is sample preparation. According to Ladd’s (1978) proce-
dure, samples for this investigation were prepared using
the compaction technique. Dry sand and fiber cannot be
combined because segregation occurs. To create samples of
hemp fiber-reinforced sand, the necessary quantity of sand
was first combined with 5% water, and then hemp fibers
were added. An electric mixer was used for the mixing. The
wet materials were placed in an oven to dry since all stud-
ies were conducted in a dry state. A tiny spoon was used to
carefully pour the samples into a split mold.

It should be mentioned that in sandy soils, mixing was
easier than in clayey soils. For this purpose, first water was
mixed with soil, then fibers were added and mixed. The
experiments of this study were performed in the dry state,
the reason for adding water to the sand was that in granular
soils due to lack of cohesion, the dry state, the fiber did not
interact with the sand and separation occurred during mix-
ing. Therefore, the first 5% of the dry weight of sand was
added to that water, and then the fibers were gradually added
to the soil and mixed. The reason for choosing a moisture
content of 5% for the mixing operation was that in this per-
centage of moisture, there was the highest surface tension
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and the apparent cohesion resulting from this surface tension
caused more sand and fibers to be involved and better mixing
took place. A mixer was used for mixing. The materials were
mixed with a mixer for 15 min until the resulting mixture
was completely homogeneous.

As the specimen volume was identified, the weight of
soil, water, and fibers was attained based on the specific
dry weight considered for the soil and similarly the desired
moisture content. The weight of the mixture ingredients was
divided into 5 layers and the weight of each layer was deter-
mined. Reinforced specimens with a diameter of 52 mm and
a height of 104 mm were organized. Specimens were com-
pleted with a specific dry weight of 80% of standard density.
The quantity of mixture requisite for each layer was poured
into a mold and then the specimen in each layer was com-
pacted through static compaction. To avoid weak plates and
appropriate joining between the layers, grooves up to 10%
of the layer thickness were formed on the surface of the first
and second layers. After that, because all experiments in this
study were performed in a completely dry state, the samples
were placed in an oven at 105° C for 24 h and then tested.
This process was offered by Hamidi and Hooresfand (2013).
At that time, the dimensions of the sample were precisely
measured by a numerical caliper before the test. In calculat-
ing the average diameter of the specimen, the location of
each quarter of the specimen diameter, and in calculating
the height, the average of the specimen was three heights
in location 120° of the specimen height was done. Figure 3
shows the various steps of specimen preparation.

Fiber is a flexible and ductile material. Ang and Loehr
(2003), examined the size effect and found that for fibers
with a length of 10, 15, 20, and 52 mm, no effect size effects
were observed for the sample with a diameter of 70 mm
(Ang and Loehr 2003). Consoli et al. in 2009, performed
triaxial experiments with a fiber length of 23 and a sam-
ple of 50 mm-ratio of sample diameter to fiber length 2.1-
(Consoli et al. 2009). Malidarreh et al. in 2018, carried out

triaxial experiments with a fiber length of 15 and a sample
of 38 mm-ratio of sample diameter to fiber length 2.2- (Mali-
darreh et al. 2018). Noorzad and Zarinkolaei (2015), per-
formed triaxial experiments with a fiber length of 18 and a
sample of 38 mm-ratio of sample diameter to fiber length
2.1- (Noorzad and Zarinkolaei 2015). All samples were pre-
pared at a constant relative density of 80% because fiber-
reinforced soil is used in high densities (pavement, slope,
foundation) (Choobbasti and Kutanaei 2017; Haeri et al.
2000, 2005; Hamidi and Hooresfand 2013). Triaxial tests
were carried out at confining pressures of 50 kPa (which
simulated a low depth, such as pavement), 100 kPa (which
simulated a medium depth, such as a foundation), and
200 kPa (simulating high depth: deep mixing). The range
of pressures that we evaluated is that which typically hap-
pens in the majority of geotechnical structures. The confin-
ing pressure was determined following the practical loading
conditions (Hamidi and Hooresfand 2013; Haeri et al. 2000,
2005).

Test equipment and procedure

The equipment used in this research to carry out the experi-
ments is displayed in Fig. 4. Strain-controlled static triaxial
tests were carried out using a triaxial scheme prepared by
HEICO Company. The axial load on the sample was meas-
ured using a ring type of load cell. The essential parts of
the organization were the actuator and load frame, water/
air bladder, distribution panel, IMACS controller, triaxial
cell, automatic volume change apparatus, and servo reservoir
assembly. In this research, a triaxial device was equipped
with a data control association. All data was transported
with sensors to the control association. The control associa-
tion transferred them to the software in the form of num-
bers. The axial displacement with the variety of 50 mm was
measured with a displacement transducer and the load cell
was applied to the axial load. The cylinder of the load cell

Fig.3 Steps to prepare a specimen for experimental testing. a Compacting a layer of the specimen with a standard percussion. b Scratching the
surface of the layer before pouring the next layer. ¢ Static specimen made by suction
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sustained pressure up to 1500 kPa and was experienced up
to 2000 kPa. Axial load was controlled using a load cell with
a size of 15 KN. The bladder IMACS controller delivered
the required cell pressure, records data, and communication
from transducers to the computer for exploring them. Sev-
eral static triaxial tests were conducted in this study accord-
ing to ASTM D7181. Strain-controlled consolidated drained
triaxial tests were carried out with a strain rate of 0.02%.

L.

Results and discussion

The results of these experiments are presented in the form of
strength characteristics, i.e., peak strength, residual strength,
failure axial strain, strength increase ratio, brittle index,
and volumetric strain (Tables 2, 3, 4, and 5). The strength
increase ratio is the ratio of the peak strength of reinforced
specimens to unreinforced specimens. The brittle index is
the ratio of the difference between peak strength and residual
strength to peak strength, which indicates the ductility of the
sample. The sample behavior is more ductile the closer this
index is to zero.

The effect of reinforcement on stress—strain
behavior

Stress—strain curves of unreinforced and reinforced sand
(hemp) of Babolsar are determined. The stress—strain curves
are plotted in Figs. 5, 6, and 7 for unreinforced and rein-
forced sand with various fiber contents of 0.3%, 0.6%, and
0.9%, various fiber lengths of 6 mm, 10 mm, and 14 mm,
and at various confining pressures of 50 kPa, 100 kPa, and
200 kPa. Examination of the results shows that the pres-
ence of fiber increases the peak strength and failure strain

Fig.4 Triaxial test equipment is used in this study

Table 2 Strength properties of reinforced and unreinforced sand (the length of hemp fiber is 6 mm)

Test no Weight ratio of  Confining pres- Failure Peak deviatoric ~ Residual Strength Brittle index ~ Volumetric
fibers (%) sure (kPa) strain (%) stress (kPa) strength (kPa) increase ratio strain (%)

1 0 50 3.6 252.74 173.95 1 0.31 9.8

2 0 100 4 528.19 350.42 1 0.33 8.7

3 0 200 4.2 1130.37 791.79 1 0.29 7.6

4 0.3 50 4.7 335.85 235.51 1.33 0.31 10.3

5 0.3 100 44 660.37 447.46 1.25 0.32 9.8

6 0.3 200 53 1365.84 849.91 1.21 0.38 8.8

7 0.6 50 52 710.57 414.82 2.84 0.42 9.5

8 0.6 100 52 1171.72 726.67 2.22 0.38 7.7

9 0.6 200 6.5 1817.22 1007.42 1.61 0.44 9.3

10 0.9 50 5.7 1088.12 540.21 4.32 0.51 9.1

11 0.9 100 5.7 1755.34 848.56 3.36 0.52 8.7

12 0.9 200 7.1 2573.22 1318.58 2.27 0.49 7.8
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Table 3 Strength properties of reinforced and unreinforced sand (the length of hemp fiber is 10 mm)

Test no Weight ratio of ~ Confining pres- Failure Peak deviatoric ~ Residual Strength Brittle index Volumetric
fibers (%) sure (kPa) strain (%) stress (kPa) Strength (Kpa) increase ratio strain (%)
1 0 50 3.6 252.74 173.95 1 0.31 9.8
2 0 100 4.1 528.19 350.42 1 0.33 8.7
3 0 200 42 1130.37 791.79 1 0.29 7.6
4 0.3 50 52 520.38 314.33 2.06 0.39 7.6
5 0.3 100 59 854.74 546.37 1.62 0.34 7.8
6 0.3 200 5.7 1570.73 997.53 1.39 0.36 72
7 0.6 50 6.1 921.03 528.05 3.61 0.43 79
8 0.6 100 6.2 1429.28 828.39 2.72 0.42 6.9
9 0.6 200 6.6 2089.88 1087.33 1.85 0.48 6.5
10 0.9 50 6.5 1510.88 718.45 6.12 0.52 6.8
11 0.9 100 6.4 2476.12 1150.18 4.69 0.53 6.5
12 0.9 200 72 3032.22 1488.61 2.71 0.51 59

Table 4 Strength properties of reinforced and unreinforced sand (the length of hemp fiber is 14 mm)

Test no Weight ratio of  Confining pres- Failure Peak deviatoric ~ Residual Strength Brittle index Volumetric
fibers (%) sure (kPa) strain (%) stress (kPa) strength (kPa) increase ratio strain (%)
1 0 50 3.6 252.74 173.95 1 0.31 9.8
2 0 100 4.1 528.19 350.42 1 0.33 8.7
3 0 200 4.2 1130.37 791.79 1 0.29 7.6
4 0.3 50 5.9 914.09 548.35 3.62 0.41 9.5
5 0.3 100 5.2 1168.95 720.71 221 0.38 9.3
6 0.3 200 54 1690.78 917.78 1.49 0.46 74
7 0.6 50 6.5 1536.83 786.94 6.11 0.49 8.1
8 0.6 100 6.1 2002.62 993.12 3.79 0.51 7.1
9 0.6 200 5.7 2333.82 1132.96 2.06 0.52 6.6
10 0.9 50 7.1 2383.97 1006.73 9.43 0.58 8.2
11 0.9 100 6.5 3164.88 1377.41 6.22 0.56 7.2
12 0.9 200 6.3 3345.51 1541.21 2.96 0.54 6.1

of the specimens. Also, the addition of hemp fibers, unlike
previous studies with synthetic fibers, does not reduce the
drop-in strength after peak strength. These results are similar
to the study conducted by Choobbeasti et al. (2019a). Choob-
basti et al. (2019b) performed triaxial experiments on clay
reinforced with carpet fibers and showed that the addition
of carpet fibers reduces the decrease in clay strength (resist-
ance drop).

The reason for this is the low tensile strength of hemp
fibers against synthetic fibers, so that failure in hemp-rein-
forced specimens occurs due to fibers failure and increases
the strength drop after peak strength. It can be seen in the
results that the presence of fibers increases the stiffness of
the reinforced specimens. Since the stiffness of sandy soils
is a function of confining pressure, this increase in confining

@ Springer

pressure due to the presence of fibers increases the stiffness
of the sample. This outcome is consistent with Choobbasti
et al. (2019a). Choobbasti et al. (2019b) carried out rein-
forced triaxial experiments on drained sand reinforced with
PVA fibers and showed that the stiffness of the reinforced
soil depends on the density, confining pressure, and fiber
contents.

Results show that the presence of fibers significantly
increases the peak strength. For example, for a reinforced
specimen with 6 mm long fibers under confining pressure of
100 kPa, the peak strength of the unreinforced specimen is
from 528 to 660 kPa for reinforced sand with a weight ratio
0f 0.3%, to 1171 kPa for reinforced sand with a weight ratio
of 0.6, and to 1775 kPa for reinforced sand with a weight
ratio of 0.9%. Moreover, for a reinforced specimen with
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Table5 Shear strength parameters are based on the results of the
static triaxial test on unreinforced sand and fiber-reinforced sand with
hemp fibers

Soil FC =fiber content, FL = fiber Friction = Cohesion (kPa)
length) angle

(deg)
Unreinforced 43 0
Reinforced (FC=0.3%, FL=6 mm) 49 9
Reinforced (FC=0.6%, FL=6 mm) 51 65
Reinforced (FC=0.9%, FL=6 mm) 56 100
Reinforced (FC=0.3%, FL=10 mm) 51 28
Reinforced (FC=0.6%, FL=10 mm) 52 95
Reinforced (FC=0.9%, FL =10 mm) 57 163
Reinforced (FC=0.3%, FL =14 mm) 46 129
Reinforced (FC=0.6%, FL =14 mm) 47 259
Reinforced (FC=0.9%, FL =14 mm) 50 385

10 mm long fibers under confining pressure of 100 kPa, the
peak strength of the unreinforced specimen is from 528 to
854 kPa for reinforced sand with a weight ratio of 0.3%,
and to 2476 kPa for reinforced sand with a weight ratio of
0.9%. In addition, the ratio of increasing resistance decreases
with increasing circumferential pressure. These results are
consistent with Kutanaei and Choobbasti’s research (2016).
Kutanaei and Choobbasti (2016) reported that the reduction
in dilation due to the increase in confining pressure reduces
the interaction of fibers and soil and thus reduces the effi-
ciency of fibers in increasing strength.

Results show that the ratio of increasing the strength of
a reinforced specimen with a weight ratio of 0.6% with a
fiber length of 6 mm under a confining pressure of 50 kPa is
2.8, under a pressure of 100 kPa is 2.2, and under a pressure
of 200 kPa is 1.6. Furthermore, the ratio of increasing the
strength of a reinforced specimen with a weight ratio of 0.6%
with a fiber length of 10 mm under a confining pressure of
50 kPa is 3.6, and under a pressure of 200 kPa is 1.85. These
results are derived from Figs. 5, 6, and 7 as well as Tables 2,
3, and 4. The reason for this is a decrease in the interaction
between the sand and the fibers with increasing confining
pressure. Because sand under low confining pressures tends
to increase in volume (dilation) due to shear, it will therefore
engage more with the fibers. These outcomes are similar to
the study performed by the published paper. (Choobbasti
et al. 2019a; Ghadakpour et al. 2021).

The effect of reinforcement on volumetric behavior

In this section, the volumetric behavior of reinforced speci-
mens with random distribution fiber is investigated. In the
following, the results obtained in this study are presented
about the volumetric behavior of the samples. According
to the results and examination of Fig. 8, it is observed that

during the initial shearing, the volume of reinforced and
unreinforced sand decreases slightly (a positive sign of vol-
umetric strain indicates an increase in volume or dilation).
With increasing shear stresses in the samples, this behavior
is reversed and they show an increase in volume. Increasing
the confining pressure has caused a decrease, an increase in
volume in unreinforced and reinforced sand samples with
different weight ratios and lengths of hemp fibers. The pres-
ence of hemp fibers reduces the expansion (volume increase)
in reinforced sand samples compared to unreinforced sam-
ples. As the weight ratio and string length increase, the
amount of dilation decreases, which is not a very specific
trend. The axial strain in terms of volumetric strain curves
is plotted in Fig. 8 for unreinforced and reinforced sand with
various fiber contents of 0.3%, 0.6%, and 0.9%, various fiber
lengths of 6 mm, 10 mm, and 14 mm, and at various confin-
ing pressures of 50 kPa, 100 kPa, and 200 kPa. Koutenaei
et al. (2021) reported similar results in reducing sandy soil
dilation due to the addition of Kenaf fibers.

The effect of reinforcement on peak strength

According to the results, it can be said that in all cases, the
peak strength of reinforced specimens compared to unre-
inforced specimens has increased. As the fibers’ length
and percentage increase, the peak strength increases dra-
matically. The following results have been observed with
a detailed examination of Figs. 9 and 10. Reinforcements
have two important characteristics, tensile strength and
shear strength of the contact surface. Tensile strength is
an important property. Because the reinforcer must be able
to withstand the tensile pressures transmitted by the soil.
But the most important parameter in the soil and reinforc-
ing mechanism is the shear strength of the contact surface,
which is responsible for transferring pressures from the soil
to the reinforcing. Failure in reinforced soil occurs due to
the gradual failure of reinforcing materials or the slipping
of reinforcing materials in the soil mass.

Due to the low tensile strength of hemp fibers and
their non-expandability compared to synthetic fibers, the
strain required for their failure is created within the strain
conditions of the test. Therefore, the peak tensile strength
(tensile strength at failure) of hemp fibers is one of the
main factors in increasing the peak strength of reinforced
soil compared to unreinforced. However, a comparison
of the increase in sample strength due to the addition of
hemp fibers with technical texts that used synthetic fibers
shows that hemp fibers had a relatively good increase in
strength compared to synthetic fibers if they have lower
tensile strength. Therefore, in this regard, another factor
that can determine the peak strength of reinforced speci-
mens due to the presence of hemp filaments is the angle
of friction between the sand and the fibers. Because

@ Springer
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the larger this angle, the greater the shear stresses cre-
ated between the sand and the fibers, and as a result the
greater the tensile force in the fibers. The greater the ten-
sile force generated in the fibers, the greater the strength
due to their presence in the specimens. Ghadakpour et al.
(2020) by conducting various experimental tests on kenaf
fiber-reinforced cement sand, reported that the addition
of hemp fiber increased compressive and tensile strength.
However, fiber tires are more than compressive strength
in improving tensile strength.

@ Springer

Axial strain (%)

It can be said that with increasing fibers percentage, the
process of increasing the peak strength is almost uniform
and slightly increasing. However, for 10- and 14-mm fibers
and fiber ratios of 0.9% compared to the reinforced sam-
ples with lower weight ratios, there is an increasing trend
in increasing its strength. In the laboratory, while making
the sample in a two-piece mold, it was observed that ham-
mering the reinforced specimens into strands with higher
lengths and a weight ratio of 0.9% is more difficult than all
other specimens. Much harder hammer blows were needed
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Fig.6 The stress—strain curve for unreinforced and reinforced sand at
various fiber contents of 0.3%, 0.6%, and 0.9%. a Unreinforced and
reinforced soil with confining pressure of 50 kPa and fiber length of
14 mm. b Unreinforced and reinforced soil with confining pressure
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Fig.8 The curve of axial strain in terms of volumetric strain for unre-
inforced and reinforced sand with the various fiber contents of 0.3%,
0.6%, and 0.9%, fiber lengths of 6 mm, 10 mm, and 14 mm, confining
pressures of 50 kPa, 100 kPa, and 200 kPa. a Unreinforced soil with
various confining pressures of 50 kPa, 100 kPa, and 200 kPa. b Rein-
forced soil with a fiber content of 0.6% and fiber length of 14 mm. ¢

to achieve the desired density. Thus, at the end of the fabri-
cation operation, in the resulting sample, which has hardly
reached the desired density, the soil particles are more
involved with the fiber body and a very strong and cohesive
mass is in hand. In this specimen, the performance of the
fiber increases significantly. This may be the reason for this
increasing trend of peak strength in the mentioned samples.
It can be concluded that by increasing the confining pres-
sure, the effect of increasing the weight ratio and fiber length
on increasing the peak strength decreases.

As the length of the fibers increases, the peak strength
increases, which has a relatively uniform process of increas-
ing strength. Here, the rate of increase for the fiber length
is 14 mm. According to the results, it can be stated that
with increasing the confining pressure, the peak strength
increases, which is the amount of this increase in strength
in the steps of increasing the confining pressure, decreases.
Figure 10 shows the normalized strength (the ratio of the

@ Springer

Unreinforced and reinforced soil with confining pressure of 100 kPa
and fiber length of 10 mm. d Unreinforced and reinforced soil with
confining pressure of 200 kPa and fiber length of 14 mm. e Unrein-
forced and reinforced soil with confining pressure of 100 kPa and
fiber content of 0.6%

peak strength at the desired confining pressure to the peak
strength at the confining pressure of 50 kPa). The point to be
noted is that the slope of the normalized strength diagram is
steeper as the confining pressure increases for smaller fiber
lengths. This shows that with increasing pressure, the effect
of increasing the length on increasing the maximum resist-
ance decreases.

It can be seen from the results that at a constant fiber
length and ratio, the strength increase ratio decreases with
increasing confining pressure. The reason for this is that at
high pressures, the unreinforced soil itself has high strength,
and the addition of fibers to this soil increases the strength
lesser than the soil, which is under less confining pressure
and has lower strength. Another factor that can be effective
in this case is that with increasing pressure, the tendency to
dilation decreases and, as a result, the involvement of sand
and fibers due to the increase in sand volume, which is one
of the positive factors in the interlocking of soil grains and
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Fig.9 The curve of peak strength for unreinforced and reinforced
sand with the various fiber contents of 0.3%, 0.6%, and 0.9%, fiber
lengths of 6 mm, 10 mm, and 14 mm, confining pressures of 50 kPa,
100 kPa, and 200 kPa. a Reinforced soil with confining pressure of
50 kPa in terms of various fiber content. b Reinforced soil with con-

fibers, is reduced. It can be seen that the addition of 6-mm
fibers to the soil, in the highest case (fiber weight ratio of
0.9% and 50 kPa confining pressure) causes a 331% increase
in peak strength and the lowest state (fiber weight ratio of
0.3% and 200 kPa confining pressure) increases the peak
strength by 21%. For 10- and 14-mm fibers, the maximum

fining pressure of 100 kPa in terms of various fiber content. ¢ Rein-
forced soil with confining pressure of 200 kPa in terms of various
fiber content. d Reinforced soil with confining pressure of 50 kPa in
terms of various fiber lengths. e Unreinforced and reinforced soil with
various confining pressures

and minimum strength increase ratios occur in the men-
tioned conditions for 6-mm fibers. Thus, for 10-mm fibers,
the maximum and minimum strength increases are 499%
and 39%, respectively. These values are 845% and 49% for
14-mm-long fiber, respectively. These results were obtained
from a detailed study of Figs. 9 and 10. These outcomes
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Fig. 10 The curve of normalized strength for reinforced sand with
a fiber content of 0.6% and various confining pressures of 50 kPa,
100 kPa, and 200 kPa and fiber lengths of 6 mm, 10 mm, and 14 mm

agreed with the study performed by the published paper
(Choobbasti et al. 2019b).

The effect of reinforcement on failure strain

Due to the low tensile strength of hemp fibers and their
non-expandability compared to synthetic fibers, the strain
required for their failure occurs within the test strain condi-
tions. Therefore, the peak tensile strength (tensile strength
at failure) of hemp fibers is one of the main factors in
increasing the peak strength of reinforced soil compared
to unreinforced. Therefore, the tensile strength of hemp
fibers has been a determining factor in the failure of speci-
mens. In this study, the addition of hemp fibers caused an
increase in failure strain compared to unreinforced sam-
ples. However, this increase in failure strain is less than the
increase in failure strain due to the addition of synthetic
fibers because synthetic fibers have better tensile properties
than hemp fibers.

According to Fig. 11, it can be seen that the addition of
fibers to the soil increases the failure strain. It seems that
the flexibility of hemp fibers in comparison with sand grain
materials is effective on the flexibility of sand reinforced
with hemp fiber and increases the axial strain in its failure
compared to that of unreinforced sand. Also, with increas-
ing the weight ratio of the fiber, the failure strain contin-
ues with a relatively decreasing trend. However, at 100 and
200 kPa pressures, the failure strain of fiber length by 14 mm
is reduced in all string weight ratios, compared to the fiber
length of 10 mm. For example, the failure strain for a sample
with a weight ratio of 0.9% of hemp fiber with a length of
10 mm at a confining pressure of 200 kPa is equal to 7.2%,
which is a 71% increase compared to the failure strain of
unreinforced sand by 4.2%. These results are similar to the
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Fig. 11 The curve of failure strain for reinforced sand with the vari-
ous fiber contents of 0.3%, 0.6%, and 0.9%, fiber lengths of 6 mm,
10 mm, and 14 mm, confining pressures of 50 kPa, and 100 kPa. a
Configure pressure of 50 kPa. b Configure pressure of 100 kPa

study performed by other researchers (Ghadakpour et al.
2021).

The effect of reinforcement on residual strength

Residual strength is the resistance that the soil shows after
failure, and usually, a strain resistance of 15% is considered a
residual strength. The lower the strength drop after the peak
strength, the soil retains much of its strength after failure and
deformation, and the less damage is done to the structure
built on it. According to the technical texts, adding fibers to
the reinforced soil reduces the drop-in strength after peak
strength. This behavior shows that the presence of fibers
causes more flexibility in the behavior of reinforced samples
compared to unreinforced samples. The reason for this is that
the presence of fiber prevents the creation of a shear band
in the samples. The formation of the shear band is the cause
of strength drop after peak strength in unreinforced sand
samples. The reason for this can also be explained by the
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fact that when the specimens are loaded, the fibers act like
bridges, and this action of theirs increases the soil strength to
high deformation. However, the results of the present study
on hemp fibers show that after peak strength, a sudden drop
in the stress—strain curve occurred. The reason for this is
the low failure strain in hemp fibers. In other words, due to
the low tensile strength of hemp fibers, the strain required
for their failure is created within the strain conditions of the
experiment, and a sharp drop in the stress—strain curve of
reinforced specimens is seen. This point is one of the main
weaknesses of hemp fibers against synthetic fibers with high
tensile strength.

It is clear that with increasing the weight ratio and the
length of the fiber, the residual strength increases, but the
rate of decrease in strength also increases with increasing the
weight ratio and the length of the fiber. For this reason, the
brittle index was previously defined as an indicator to show
the degree of soil ductility. This index is the ratio of the dif-
ference between the peak strength and the residual strength
to the peak strength. The closer this index is to zero, the
more ductility the sample behavior is. According to Fig. 12,
it is clear that with increasing the weight ratio and fiber
length, the value of the brittle index increases and causes the
behavior of the reinforced sample to be more brittle than the
unreinforced sample. Ghadakpour et al. (2019) testified that
the rate of decrease in cementitious soil strength decreases
dramatically with the increasing percentage of PVA fibers.

The effect of reinforcement on stiffness

Stiffness is one of the factors affecting the behavior of soils
that controls the rate of deformation and settlement under
loading.

As shown in the stress—strain diagrams, the addition
of hemp fibers to the sand has increased the stiffness of
the reinforced specimens. According to Fig. 13, it is clear
that by increasing the weight ratio and the length of the
hemp fiber, the stiffness (sequence modulus) correspond-
ing to the pear deviatoric stress (linear slope that in the
deviatoric stress diagram in terms of axial strain, connects
the origin of the coordinates to the point corresponding
to the peak deviatoric stress) increases, which is almost
increasing in stiffness. Results also show that with increas-
ing confining pressure, the stiffness corresponding to the
peak deviatoric stress increases. Kutanaei and Choob-
basti (2017) stated that a decrease in the tendency of lat-
eral deformations due to the addition of fibers caused an
increase in soil stiffness.

The effect of reinforcement on the failure envelope

In this section, by presenting the failure envelope, the
effect of discrete fibers with random distribution on soil
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Fig. 12 The curve of the brittle index for reinforced sand with vari-
ous fiber contents of 0.3%, 0.6%, and 0.9%, fiber lengths of 6 mm,
10 mm, and 14 mm, confining pressures of 50 kPa, and 100 kPa. a
Configure pressure of 50 kPa. b Configure pressure of 100 kPa

strength parameters (¢ and C) is investigated (Table 5). It
should be noted here that the cohesion created by the act
of reinforcement in non-cohesive materials was defined as
“apparent cohesion.” In general, the improvement of soil
strength properties or shear strength due to reinforcement
in the failure envelope is obvious. As shown in Fig. 14
and also according to the results, by adding the fibers to
the sand, the failure envelope moves up and to the right.
This upward trend continues with the increase in fiber
content. Results also show that the strength properties
increase with the addition of fibers to unreinforced sand.
This upward trend continues with the increase in fiber
content. Koutenaei et al. (2021) stated similar conse-
quences regarding soil strength parameters according to
the addition of Kenaf fibers in sandy soils. It is note-
worthy that in this study, only one type of soil and only
Babolsar sand were studied. Different types of soil can be
used in future projects, and the effect of durability can be
studied and investigated for reinforced soil as well.
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Fig. 13 The curve of stiffness in peak strength for unreinforced and
reinforced sand with the various fiber contents of 0.3%, 0.6%, and
0.9%, fiber lengths of 6 mm, 10 mm, and 14 mm, confining pressures
of 50 kPa, 100 kPa, and 200 kPa. a Configure pressure of 50 kPa. b
Configure pressure of 200 kPa. ¢ Fiber length of 14 mm

Conclusion
In this study, several triaxial experiments were performed

on Babolsar sand reinforced with natural fibers to inves-
tigate the stress—strain properties and how various factors
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Fig. 14 The failure envelope for unreinforced and reinforced sand
with various fiber contents of 0.3%, 0.6%, and 0.9%, fiber lengths of
6 mm, 10 mm, and 14 mm. a The fiber length of 6 mm. b The fiber
length of 10 mm. ¢ The fiber length of 14 mm

affect the behavior of materials. Enhancing soil behav-
ior should be aligned with functional considerations and
real-world instances. The usage of fibers in geotechni-
cal engineering can be applied in the five categories of
pavement, retaining walls, slope stability, foundations,
and earthquake, according to a thorough analysis of this
research on reinforced soil. So far, no extensive study has
been done on the behavior of sand reinforced with hemp
fiber, and the results of this research will be of great help
to civil and geotechnical engineers.
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The resistive behavior of Babolsar sand reinforced with
randomly distributed hemp fibers was examined in this study
using several static triaxial tests. Hemp fibers with lengths
of 6, 10, and 14 mm were incorporated into the soil at per-
centages of 0.3, 0.6, and 0.9% by dry weight. At confining
pressures of 50, 100, and 200 kPa, static triaxial tests were
conducted.

The summary of the results is as follows:

The results show that adding 6-mm fibers to soil enhances
peak strength by 331% under the best conditions (fiber
weight ratio of 0.9% and 50 kPa confining pressure) and by
just 21% under the lowest conditions (fiber weight ratio of
0.3% and 200 kPa confining pressure). The optimal content
of fiber is around 0.9%.

For 10-mm and 14-mm fibers, the maximum and mini-
mum strength increase ratios occur under the same condi-
tions as for 6-mm fibers. Thus, for 10-mm fibers, the maxi-
mum and minimum strength improvements are 499% and
39%, respectively. These percentages are 845% and 49%,
respectively, for fiber that is 14 mm long. The optimal length
of fibers is around 14 mm.

It is important to note that unreinforced soil has an inter-
nal friction angle of 43°. For reinforced soil containing 0.3%
fiber with a length of 6 mm, this value is equal to 49°, and
for reinforced soil including 0.9% fiber with a length of
10 mm, it often reaches 57°. A sample of reinforced soil with
0.3% fiber and a length of 6 mm has a cohesion of 65 kPa,
whereas a sample with 0.9% fiber and a length of 14 mm
typically has a cohesion of 385 kPa.

In every instance, the peak strength is increased by mix-
ing hemp fibers with sand. Peak strength considerably rises
as the fibers’ length-to-weight ratio increases. Peak resist-
ance rises along with the confining pressure as it rises, and
as the confining pressure rises, it decreases.

The effect of increasing the weight ratio and length of the
fiber on enhancing the peak strength decreases as the confin-
ing pressure is raised in sand samples reinforced with hemp
fibers. The dilatation can be reduced by mixing hemp fibers
with unreinforced sand, but it is unclear how this reduction
is achieved.

Hemp fibers are added to unreinforced sand, increasing
the failure strain. Additionally, the failure strain rises as the
weight ratio does as well. However, compared to synthetic
fibers with high tensile strength, the increase in failure strain
brought on by the inclusion of hemp fibers is less. Since
hemp fibers have low tensile strength and their failure strain
occurs under the experiment’s strain settings.

Due to their low tensile strength, hemp fibers have some
disadvantages over synthetic fibers, including the ten-
dency to fail under strain under experimental conditions.
Due to this flaw, the sample’s strength abruptly decreased
after reaching peak strength, and the brittleness index of

reinforced samples increased in comparison to unreinforced
sand.

The stiffness has been improved by mixing hemp fibers
with unreinforced sand. With more confining pressure, stiff-
ness also gets stiffer. The failure envelope shifts up and to
the right as the fibers are added to the sand. With a rise in the
weight ratio of the fiber, this rising trend continues.

Data availability All data, models, and code generated or used during
the study appear in the submitted article.
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