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Abstract. The cracks caused by desiccation induce rapid failures as rapid shallow landslides in stiff and
fragile clayey soils. Several environmental structures such as landfill liners and road embankments are
often constructed by compaction of a series of soil layers. These works suffered in many cases of disorders
due to desiccation. One of the potential valuable techniques to reduce these disorders is the short fibers
reinforcement. Fibers reduce the cracks propagation and the geometric cracks characteristics such as the
length, depth and opening. The paper presents an experimental characterization of the crack pattern
observed in compacted samples at optimum water content (OMC) with and without fibers reinforcement.
2D Image Analysis has been used to investigate the characteristics of the geometric cracks. Alfa natural
short fibers used to assure the reinforcement, reduced the carks' propagation by stopping the propagation
and reducing their 3D opening (surface opening and depth growth). The role of fibers to improve the tensile
strength and reduce the growth of the crack has been well-highlighted. At this stage, a simple model was
calibrated to predict the tensile strength for reinforced soil specimens with short fibers considering various
fibers contents and fiber's geometrical characteristics.

1. Introduction

The unsaturated soil mechanics offers a convenient framework for understanding several disorders
due to the collapse, swelling, and shrinkage by saturation changes. This paper focuses on the constrained
shrinkage role in developing cracks in soils. In order to reduce the developed cracks, micro-reinforcement
is often helpful. So, the use of short fibers is one of the recommended techniques. This paper investigates
this role and presents experimental evidence to prove fibers' role. It also presents a simple model to predict
the tensile strength as a key parameter governing the cracks' appearance and propagation.

Otherwise, several engineering works suffer from the disorders caused by the wetting-drying
environmental cycles. The long drying path affected the geotechnical works built in fine soils as
embankments, slopes, shallow foundations, and landfill liner cover, which causes cracks development.
Cracks reduce mechanical properties such as stiffness, cohesion, and shear resistance. It significantly
increases permeability, which permits a high seepage and infiltration of rainwater. Many disorders were
previously studied concerning seepage and cracks [1-3]. For example, in the case of landfill liners, [4]
affirmed that cracks deteriorate the liner containment function leading to accentuated leachate migration
into surrounding soils and groundwater. On the other hand, several researchers were concerned by the
behavior of compacted intact unsaturated clay samples and highlighted the role of the fabric on the
macroscopic behavior (see, for instance, [5]). For example, it was shown that the tensile resistance
depended on the fabric structure, which was conditioned by the compaction path. Depending on the fabric
structure, this behavior is responsible for the cracks pattern type and cracks growth. Moreover, the effect
of the wetting-drying cycles after compaction is crucial in the crack's development and cracks pattern
characteristics evolution [6]. The paper [7] has shown that the crack intensity factor for wet-dry cycles was
higher than those obtained for the compaction-dry cycle (samples were dried immediately after compaction
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and then submitted to wetting-dry cycles). Studying the impact of wetting-drying cycles on the crack's
development [6] showed that the growth of the cracks significantly affects both the unsaturated permeability
of the studied fine soil and the water retention property. Well recently, [8] provided an overview of the
desiccation process of fine soils, summarizing the experimental development in the laboratories and the
field to investigate and characterize the cracks and the main models proposed to follow the development
and propagation of the crack. The authors concluded that, although cracks in soils have been widely
studied, there are still some aspects, principally: the establishment of reliable relationships between the
cracking parameters and macroscopic engineering parameters; the investigation of the relation between
the microstructure of fine soils and cracking parameters and particularly with its dynamic process. The
engineering field's expectations of studying the geotechnical's stability investigate the cracked soils under
desiccation process considering the effect of wetting-drying cycles.

On the other hand, few studies were interested in using the micro-reinforcement technigue to improve
the desiccated clays submitted to wetting-drying cycles (see, for instance, [9]). However, the use of short
fibers for intact soils to reinforce the shear strength was more studied [10, 11]. In addition, fibers
reinforcement concrete was well studied (see non-exhaustive works [12—-14])

This paper presents the tensile feature and cracks development during the drying path of a typical
fine soil characterized by a high percentage of fines based on experimental tests using a new tensile device
with suction control. The data was required during the experience, and many sequential photos were taken
at a fixed time interval. These photos have been exploited separately by the image analysis. Added to this
first series of tests, samples were prepared by mixing the soil with natural Alfa short fibers. The mixing was
conducted in a completely dry state, and the water was added progressively until reaching the optimum
water content of the composite. In this paper, the role of the fibers on the cracks growing is investigated.
Since the tensile strength is the main resistance material that governs the development of the cracks, this
research determined water content variation by using a controlled-displacement direct tensile. A simple
analytical model was calibrated to predict the tensile strength. Predicting the growth and propagation of
cracks and the fiber's role in reducing and delaying the cracks is a challenge of this study.

2. Materials and Methods
2.1. Solil Properties

The selected soil was classified using Standard ASTM classification (USCS) as silty-clay soil with
high plasticity. The physical properties are summarized in Table 1. Moreover, the soil exhibits high
shrinkage potential [15]. The tested soils' physical and chemical propertiess are summarized in Table 1.

Table 1. Main physical characteristics of the studied soil.

Bulk Density LL (%) PL (%) Pl (%) SL (%) VBS
(grlcm3)
2.65 60 35 25 13 7

The activity of the studied soil is defined by equation (1):

Pl 25
A: 0 - =
0gof fines<2um 325

=0.77 o)

The activity of used soil is classified as normal, and it appears in the range of the Illite clays.
However, as is shown in Figure 2, the smectite fraction is more dominant. A standard Proctor test
have been performed, which gave the compaction curve. The maximum dry density was

1.52 gr/cm?, and the optimum water content was 25 % (Figurel).
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Figure 1. Compaction curve of the used soil (Sr= degree of saturation).

The grain size distribution (GSD) as provided by the laser technique is also summarized in Table 2.
Since fine-grained soils are more susceptible to crack due to small pores [7], the compaction at the OMC
is more convenient to investigate the crack pattern growth and its consequences on the fundamental
hydromechanical properties of shear resistance and permeability. Figure 2 shows the XRD distribution,
which indicates the dominant smectite component (see table 2, in which the clay fractions are summarized).
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Figure 2. XRD results for the undistributed sample.
Table2. Grain Size and XRD Analysis.

Fraction of soil

Sand (15%) _Silt (50%)

Clay (35%)

Mineral component

Smectite (62 %) lllite (22 %)

Kaolinite (16%)

In the unsaturated state, the water retention curves linking the water content (or saturation degree)
to the suction are fundamental property. So, in this study, the water retention curves have been determined
(Figure 3) using different techniques as the osmotic technique, the salt solutions, and the psychrometer
[16]. The principal water retention curves were obtained for different paths. The first was obtained from
slurry samples submitted to the drying path (D) and the compacted drying path (CD). The compacted
samples are prepared at OMC state. A humidification path was applied from OMC to the saturation water
content of 30%. A drying path was applied from 30% (CD) water content. According to the experimental
results, the van-Genuchten model [17] was used to fit the experimental results (Eq. 2). As shown in Figure
3, the effect of the initial state of the soil has an essential effect on the water retention curve (WRC), where
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the WRC of slurry and dried soil is entirely different from WRC compacted and dried. This happened due
to the microstructure change by mechanical compaction compared to the evolution of the slurry one, which
is influenced by the only hydraulic drying path. It is evident that such hydraulic retention behavior affects
both the tensile strength and soil microstructure (see for instance [5]) and consequently the cracks network
growth and development.
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Figure 3. Principle Drying Water retention curves for compacted-drying (CD) and
slurry-drying (D) samples.

2.2. Fibers Properties

Alfa fibers were selected as natural fibers to assure the micro-improvement of tensile strength of soil
and then delay the rise and the growth of cracks and even affect their orientation and opening. Natural Alfa
fibers were selected due to their abundance in Tunisia (especially in the west). In this study, Alfa fibers
were treated using Sodium hydroxide. This chemical treatment was used to facilitate the extraction of fibers
from the plants' branches and was developed to have a less aggressive extraction. It consists of degrading
the non-cellulosic constituents of the plant, taking into account adequacy, rapidity, and preservation of the
properties of the fibers, and respecting environmental requirements, of course [9]. This extraction was
carried out by Alfa rods soaking in beakers with a soda solution (2N) and at a temperature of 100 °C. After
the time determined for soaking (2h), the fibers were removed from the beakers and rinsed several times
with distilled water to remove any trace of NaOH solution from the fibers. Figure 4 gives real and MEB
photos of Alfa fibers.

Regarding international research [10, 18-20], some studies have been conducted using different
natural fibers for tens of years. Among them, sisal fibers have equivalent physical, chemical, and
mechanical properties. Table 3 summarizes the properties of Alfa fibers compared to those of Sisal fibers
as also vegetal fibers mainly produced in Brazil and in some countries in the South of America.
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Table 3. Physical and mechanical properties of Alfa and Sisal fibers.

Properties Sisal 2 AlfaP
Stiffness Ef (GPa) 118 13
Tensile Strength o, (MPa) 510 565
Breaking Deformation &f (%) 5.6 5.8
Density (gr/cm?) 0.94 0.89
Average Diameter (mm) 0.3 0.3
Acid and alkali resistance Very good
Dispersibility Normal

a[18], °[21].

(@) (b)
Figure 4. Alfa fibers (a) and the corresponding MEB observation (x150) (b).
Figure 5 gives the microscopic observation of Halfa fibers used as natural fibers to reduce the
propagation of desiccation cracks. The microscopic observation shows the adhesion between the soil and

the fibers, which contributes to developing more tensile deformation to composite soil during the developed
tensile by the constrained shrinkage.

Figure 5. MEB observation (x150) of the Alfa fiber embedded in the used
soil: a good adhesion between soil and fibers.

2.3. Tensile Experience

A new direct tensile device was developed based on the transformation of the shear box and using
a specific mold to prepare the sample for the tensile action (Figure 6). This required a specific methodology
to perform the compaction in the mold. In fact, firstly, the specimens were prepared by hand mixing to
assure the homogeneity of dry soil and distilled water content concerning the amount of water to reach the
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OMC value in each test. For the second set of reinforced specimens, a fixed volumetric rate (77, ) of fibers
to dry soil and distilled water was added for each test. A test campaign was carried out with 77, =0.1%; 77,
=0.3% and 77, =0.5%, as defined by Eq. 3.

mg¢

ne = 3)

b
Mgy

where M¢ and My, are respectively the masses of fibers and dry soil used to prepare the specimen.

Figure 6. Photo of direct tensile test used in this study

2.4. Desiccation tests

Several authors recently studied desiccation-induced cracks using image analysis [22, 23]. New test
setups and methodologies were developed, except that few have studied the 3D cracks growth [24].
According to a fixed time step, the crack patterns were quantitively determined by image analysis basing
on the surface photos token progressively during the drying process. Different authors have used several
parameters to characterize the crack pattern (see [25, 26]): crack spacing and depth and average crack
width opening. This study characterized the cracks pattern principally by the Crack Intensity Factor (CIF).
CIF is the area of cracks for the total area. The image analysis involved the conversion of the digital image
from the original RGB (red-green-blue) color to gray-scale and then to a binary black and white image
obtained by the principle of 'threshold gray-scale image.' After that, the binary image's black and white
pixels were quantified. The white pixels correspond to the undamaged zone, while the black pixels
correspond to the cracks. Each quantified number of pixels gave the corresponding density CIF [7, 25-27].

3. Results and Discussions
3.1. Tensile strength for nonreinforced soil: Effect of drying path

Figure 7 gives the tensile strength results against the compacted water content (more or less 6 tests
were conducted for each path: Standard Proctor compaction and compaction-drying paths). As shown in
this figure, the trend of the tensile strength against the water content depends on the followed path,
particularly the compaction trend of tensile strength-suction has a similar to the Proctor compaction one
[9-28]. The tensile strength of specimens prepared at a fixed initial water content of 80% OMC and dried
increases and reaches a constant value of 120 kPa for suction of 60MPa.
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Figure 7. Tensile strength against suction for different paths (C: Compacted; CD: compacted and
dried, M-CD modeled or fitted experimental results).
3.2. Experimental results of Tensile strength for reinforced soil

Figure 8 shows the typical tensile curves of specimens with different fibers rates (77, = 0.1 %;

n:=03% and 77,=0.5%. The length of all used Alfa fibers was 30 mm). The specimens were

compacted in the tensile box, where the dry density was fixed at 1.5 gr/cm3. As expected, the tensile
strength (the pick corresponding to the maximum of tensile stress) increases with fiber rate 77, and the

delayed cracks initiation. After the reached pick value, the tensile stress decreased suddenly. Probably, the
fibers played a weak role after they reached maximum tensile stress. Both phenomena were observed, the
fiber's slippage and breaking of the rest.
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Figure 8. Tensile stress evolution with axial deformation for different fibers contents.

Several authors identified that the crack initiation is linked to the fact that the tensile stress developed
by shrinkage (under drying) exceeded or equaled the tensile strength. Locally the failure was developed,
and the crack growth is happened due to the tensile energy concentration [29-30]. In addition, when the
fibers content increases, cracks initiation is more delayed. Appeared the first crack, with the same opening,

by direct tensile force, was observed for 3.7% of tensile deformation with 77, = 0.5 %. However, it appears

for 1.5 % of deformation for 77, = 0.1% (Figure 7). Consequently, the contribution of the fibers has been

mainly noted for both mechanical properties, the increase of tensile resistance, and the delay of the fissure
opening.

3.3. Modeling of the tensile strength of reinforced specimens

Because of the importance of developing modeling to predict the cracks, which first begins with
predicting the tensile strength, we propose a simple model that can be considered in this section. As follow

Jamei, M., Alassaf, Y., Ahmed, A., Mabrouk, A.
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the tensile strength oy (s) which depends on the suction (S) can be upper-estimated using the Coulomb
criterion (Eq.4):

oy (suction, 774 ) = oy (s,77¢ ) = cotan(e(s, 771 ))-C(s,7¢) )

where ¢(S,77¢) and C(S,77;) are respectively the friction angle and cohesion of the unreinforced soil,

depending on both the suction (S) and fibers content (775 ).

Then, using the water retention curve, corresponding to the compacted and dried path (CD), one
obtains the suction corresponding to the OMC (25 %), of 0.5MPa (Figure 3). Thus, the value of the
measured tensile strength corresponding to the suction of 0.5MPawas deduced from the results in Figure 7.
The tensile strength was of 8 kPa. However, from the direct compaction test (where) the compaction was
done in the tensile device followed by a tensile test gives a tensile strength of 14 kPa. This difference is
attributed to the compaction path with or without drying path. The 14 kPa value corresponds to the
compaction at Standard Optimum Proctor without drying, and the experimental strength value was obtained
from a direct test on the specimens at OMC (without a drying following the compaction).

Considering that determining the tensile strength using the model by equation (4) needs the triaxial
tests under suction control on reinforced specimens. Therefore, we propose a model based on the direct

tensile tests where the tensile strength oy (s, ns ) for reinforced specimen is given as follow (Eq. 5):

O (8,1 ) = o5 (S,17¢ =0)+ Aoy (S, 77¢) (5)

N
axD; ¥ (0(e1 (576))():)

where Aoy (S,m¢) = =1 y (6)
9
] 2(@0)
d -2 -
an o Py @)

where Dy is the diameter of the fiber, Jt(gf(s,nf)) is the tensile stress at the failure strain

(o (gf (S, )) which obviously depends on the suction and fibers content. A is the section of the interest

zone (20mmx30mm, see Figure 9). (Ia)i is the active length of fiber (i) under tensile. In general, it was

assumed that this active length is in the range between L/4 and L/2. It is fixed in this model at L/4 for all the
fibers in the zone's interest. Also, because only a part of the set of fibers is submitted to tension, a coefficient

() defining an effective zone (see Figure 9), where fibers are submitted in tension, is introduced and
defined by « (Eq. 7).

The number of fibers Ntis deduced from the volumetric fibers content given as follow (Eq. 8):

Figure 9. Shema of the interest of the specimen in tensile box.

N¢ =NV, (8)
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where V5| = volume of zone of interest =20 mmx30 mmx20 mm and N, is the number of fibers per unit

of volume. Ny, is given as follow (Eq. 9), as it was shown in [10]:

C
! where C; =7 rd 9)

N, =— "
Y@+ Cy)Lar? Vi

With y4 is the maximum dry density of soil (at OMC) and y¢ is the density of Alfa fibers (see Table

3). The term corresponds to a coefficient indicating the part of a set of fibers assumed to be submitted to
tensile. The fibers under tensile are elastically deformed, and the tensile stress developed by each fiber is
as follow:

Gt(gf (Svnf))zEf 5C(S’77f) (10)

where Ej is the stiffness of Alfa fiber (Table 3) and &.(S,77¢) is the strain at maximum tensile stress of

the reinforced specimen at given suction (S) and fiber content (nf ), (Figure 8).
Figure 9 gives the predicted tensile strength of the composite (reinforced soil) against measured

tensile strength. This figure highlights a good agreement between the model and the experience's results
(the correlation coefficient was 0.96).

Predicted Tensile

strength (kPa) P
y = 1.0084x- 1.5351
50 R =0.9655
40
30
20
10 Measured Tensile
strength (kPa)
0
10 20 30 40 50 60

Figure 9. Predicted Tensile strength against the measured tensile strength.

3.4. Role of fibers in Cracks development

The Cracks Influence Factor (CIF) has been defined as the following (Eq. 11). CIF has been
considered the main parameter to measure the cracks propagation by measuring the surface opening
considered as the area of total cracks captured by the vertical camera that took the images sequentially.
Figures 10.a, 10.b and 10.c give respectively the images of cracks patterns in three-time sequences

(t=48h, t=60h and t=72h), for non-reinforced and reinforced specimens (17 = 0.3% and 77 =
0.5 %).
Fissure's Area

CIF (%) = _ (12)
Total Area of the specimen

As shown in Figure 10.a, the opening of primary cracks reached its final state at 60 hours. However,
secondary cracks continue to appear without a significant effect on the value of the area of the total fissure.

Jamei, M., Alassaf, Y., Ahmed, A., Mabrouk, A.
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t=48h t=60h t=72h

Figure 10. a cracks pattern evolution by drying (nonreinforced specimen).

t=48h t=60h t=72h

Figure 10. b cracks pattern evolution by drying (reinforced specimen 77 = 0.3 %)

t=48h t=60h t=42h
Figure 10.c cracks pattern evolution by drying (reinforced specimen 77¢ = 0.5 %)

The formation and the morphology were well affected by the fibers. The same conclusion was given
by [31]. Without fibers (nonreinforced clay), the cells tend to be more significant. Large opening and
orthogonal and non-orthogonal carks have been observed. The orthogonal cracks were well-identified for
the nonreinforced specimen. However, the fiber affects either the crack intensity by reducing the opening
and the length of cracks and the morphology of patterns, which were developed with discontinues aspect
and not necessarily perpendicular.

Figure 11 gives the variation of CIF during drying. Although the effect of fibers in cracks opening is
well-demonstrated, where the role of fibers was to stop the opening, their growth was also well affected.
The first fissure was happened at 2hours and was well larger for the nonreinforced specimen. However,
with significantly smaller dimensions (width and length), the first one was better for the reinforced specimen

(ﬂf = 0.5 %).
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Figure 11. CIF evolution during drying time: Effect of fibers content.

The CIF was reduced from 26 % (non-reinforced clay) to 14 %, 12 % and 6 % for respectively
ng =0.1%, n; =03 % and 775 =0.5 %. The fibers not only influenced the intensity factor, but also the

formation and morphology of the cracks.

From the literature, the governing mechanism of desiccation of unreinforced soils (mainly silty soils)
has been analyzed based on the experiments and image analysis [32—36]. As stated, the cracks birth
arrived when strained shrinkage develops tensile stress that exceeds the tensile resistance of the material.
Now regarding the role of fibers to globally increases the tensile strength and locally to develop a tensile
force that opposes the forces developed by strained shrinkage, the fibers reduce the cracks growing and
development and modify their orientation.

4. Conclusions

In this paper, the cracking patterns and morphology have been studied in the laboratory using
rectangular specimens of plastic clayey-silty soil. The Digital Image Correlation (DIC) was used to quantify
the cracks patterns (Length and Opening) parameters. The CIF parameter as a dimensionless parameter
was retained in this study to quantify the cracks growing and development during the drying process. This
study leads to the following results:

1. The tensile strength and its relation with the suction were obtained for this soil using direct tensile
tests. The trends of tensile strength-suction were: (a) the same as the Proctor-compaction curve for the
compacted specimens. However, for the compacted and dried specimens (b), the tensile strength against
suction had a completely different trend. This indicated a monotonic increase of tensile strength with an
increase of suction.

2. From DIC, the morphology of the pattern of the cracks was well-investigated. For nonreinforced
specimens, the cells were large, and the opening of cracks was also significant. However, the cells vanished
progressively with the increase of fibers content. The morphology of the crack pattern was significantly
affected by the fibers. The presence of fibers omitted the perpendicular morphology.

3. Because the fibers improved the tensile strength, the cracks intensity (measured by CIF) was
significantly decreased by adding the fibers.

4. From an environmental point of view, the use of natural short fibers seems to be a promising
alternative for geotechnical works which suffer from desiccation by drying. In arid regions, such technical
solutions will be envisaged and encouraged.

5. Although experimental results have been obtained for many soils by research, mainly in
laboratories, the reinforced soils by fibers are still few studied. Some aspects still need more attention: (a)
The quantitative relations between the fibers content, the fibers length, the fibers sections, and separately
the tensile strength for soils with initial water contents and dry densities. (b) the same relations are still
needed with the cracks parameters characteristics. (c) the modeling of each relation helps to obtain an
efficiency model to predict the role of fibers by delaying the inevitable cracks and eventually stopping them
from growth, which should be paid more attention.
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