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Fracture behavior of flax fibers reinforced earth concrete

1 KOUTA Nathalie, SALIBA Jacqueline, SATYOURI Nadia

3 Université de Bordeaux, UMR 5295, Institut de Mécanique et d’Ingénierie (I2M), CNRS, Esplanade

4 des Arts et Métiers, 33405 Talence, France

5

6 Abstract. The mechanical behavior of earth concrete for sustainable construction has been
7 studied in this paper. The effect of flax fibers on the fracture behavior has been monitored using
8 digital image correlation (DIC) and acoustic emission (AE) techniques to better understand the
9 fracture process and damage mechanism. Three-point bending tests have been conducted on

10 prismatic specimens with different percentages (0%, 0.3% and 0.6%) and lengths (12 mm, 24

11 mm, 50 mm) of flax fibers. The AE activity and fracture energy increased with the percentage and
12 length of fibers. Moreover, the AE signal parameters varied with the loading rate and different
13 damage mechanisms have been distinguished. Crack opening resistance also increased due to the

14 bridging effect of fibers along developed cracks. Those results show the benefits of adding flax

15 fibers to enhance the ductility of earth concrete.
16
17 Keywords: Earth concrete, Flax fibers, Damage, Digital Image Correlation, Acoustic Emission

18 technique.

19
20 1. Introduction
21 The continuous increase of energy consumption, greenhouse gas emissions and natural

22 resources depletion has created many problems that need to be addressed during the upcoming
23 years [1].The construction field is responsible for 50% of the annual global carbon-dioxide
24 emissions [2]. Thus, the need for an alternative material that is eco-friendly and sustainable has
25  become essential to reduce environmental impacts [3-8]. The use of earth concrete can be an
26  alternative to standard concrete in the construction of elements not requiring high mechanical

27  performance. Earth concrete is constituted of soil stabilized with lime and cement and can be

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
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poured similar to classic concrete. It has a low energy consumption, especially during the
production process, since it is constituted of local and natural raw material and presents good
hygrothermal properties [9].

Natural fibers are widely used in earth construction. Using natural/vegetal fibers instead of
artificial fibers can reduce the weight, cost and energy consumption of earth concrete [10].
Furthermore, these biodegradable and nontoxic fibers are known by their good thermal and
acoustic insulation properties [10-13]. The use of natural fibers can also improve the mechanical
behavior and reduce the plastic shrinkage cracking of concrete. The presence of clay in earth
concrete makes it sensitive to early age shrinkage cracking, hence adding fibers to the mixture can
be beneficial [14]. In addition, the brittle rupture and low mechanical performance of earth concrete
subjected to tensile stress are the reasons behind the necessity of using fibers. The addition of fibers
can lead to a higher tensile and flexural strength and significantly improve the ductility of concrete
as the stress is transferred between the matrix and fibers during loading [15]. The fracture process
in fiber reinforced concrete presents different failure mechanisms such as the fracture of the mortar,
the plastic deformation induced by the interface debonding between the matrix and the fibers due to
fiber pull out and fiber rupture [16,17]. The fibers lead to bridge the crack sides and increase the
crack opening resistance[15,16]. However, one of the main disadvantages of using natural fibers is
their degradation in alkaline environment due to the degradation of the main chemical component
of these fibers, cellulose, by depolymerization known as the peeling off reaction [18,19]. Therefore,
their mechanical properties and their effectiveness can be reduced [20]. The comparison between
different types of natural fibers and their impact on the mechanical behavior of earth concrete is
difficult to quantify due to the large variety of natural fibers that could be sorted by type,
properties, shape, length, strength, cohesion and water absorption in addition to their percentage
and concrete mixtures [21-23]. In this study, flax fibers have been used. Flax fibers are natural,
ecological with no harmful effect on the environment even after their degradation and have an
economic benefit compared to synthetic fibers. They are flexible due to the high length/diameter

ratio and have good tensile strength and bond properties with concrete [7].
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The AE technique is a non-destructive technique widely used recently for damage monitoring
[24]. Tt offers a high sensitivity for damage detection and allows us to understand the fracture
behavior of concrete [24-30]. It results from the creation of transient elastic waves due to the
release of energy by different sources in the material as friction and micro-cracking. Elastic waves
propagate from the source inside the material to the surface where they could be detected by
piezoelectric sensors. The sensors record the response and convert the vibration into an electrical
signal. The obtained signals are then amplified in order to be analyzed correctly. The AE
parameters (amplitude, energy, average frequency...) can be correlated to the source, intensity and
type of fracture [31-33]. The relationship between the average frequency (AF) and the RA value
(the rise time over the maximum amplitude of the waveform) can be also used to classify the
tensile and shear rupture modes [34,35]. The fracture behavior of fiber reinforced concrete using
the AE technique have been evaluated in the literature [31,36—42]. The results show that the
addition of fibers leads to an increase of the AE activity [31]. However, no previous investigation
studied the effect of fibers on the mechanical behavior of earth concrete.

The DIC technique has been highly employed for crack monitoring due to its simplicity and
high resolution [43,44]. The displacement field of the specimen surface can be deduced due to the
tracking of the speckle pattern applied on the surface. Based on the displacement field and using
the finite element shape functions, the strain field can be calculated [45—47]. This method has been
also used in this study to investigate the cracking propagation [46,48-50].

The main objective of this paper is to study the effect of different lengths and percentages of
non-treated flax fibers on the fracture behavior of earth concrete during flexural tests. These tests
were monitored in parallel with the DIC and the AE techniques. The materials and experimental
techniques are first presented. Then, the AE and DIC results are exposed and the effect of fibers is

analyzed.
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2. Experimental program

2.1.Materials

Artificial soil has been used to overcome the discrepancies of natural soil. It is composed of
30% of clayey soil (which mineralogical composition is 75% of smectite, 15% of illite, 10% of
Kaolinite) and 70% of sand. The clay is sourced from Lafaure and has a liquid and plastic limit of
84.6% and 29.2% respectively. The soil has been stabilized with two types of hydraulic binders: the
natural hydraulic lime NHL5 in accordance with the European standard EN 459-1 and the cement
CEM 1, 52.5 N PM-CP2 according to NF EN197-1 standard. The mixture composition of lime and
cement is respectively 3% and 8% of the overall quantity of clay / sand mixture. These percentages
have been set according to different studies concerning the effect of the percentage of stabilizer on
the properties of earth concrete [51-54].

The mixture has been realized by first mixing clay and sand to ensure a certain homogeneity.
Then, lime and cement have been added to the dry mixture before the addition of water and
superplasticizer (Tempo 10).

Natural flax fibers, cut at constant lengths of 12, 24 and 50 mm with diameters equal to 14.66
um £2.95, are used [55]. These fibers are rich in cellulose and have good tensile strength properties
[7]. However, all natural fibers are hydrophilic which may affect the workability and the behavior
of earth concrete [56,57]. The coefficient of absorption of fibers is (105 + 5%). Additional

information about the constituents and mixtures properties at early age can be found in [14].

2.2.Mixtures composition

Seven mixtures have been tested by varying the percentage (0; 0.3 and 0.6%) and length (12; 24
and 50 mm) of fibers. These mixtures are named following this method: [SA (%fibers) F (length)].
Table 1 presents the composition of these mixtures. The quantity of added fibers is subtracted from

the artificial soil mass to maintain a constant solid mass. The effective water to binder ratio has



105
106
107
108

109
110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

been kept constant and equal to 0.45. Additional water has been added to account for the water

absorbed by flax fibers.
Table 1. Mixtures composition
Components | . 1 4| Bentonite | Cement |Lime | ective Tou|Super- |y x fiber
(kg/m?) a ehtonite) Leme ¢ water water plasticizer| a crs
SAOQOF0 931 |405 152 342 |83.8 367 1.6 0
SA03F12/24/50 1929 1401 152 342 838 370 1.6 5.7
SA06F12/24/50 |925 |399 152 342 |83.8 375 1.6 114

2.3. Three-point bending test

Flexural tests have been performed on prismatic specimens of 7 x 7 x 28 cm® (Figure 1).

Specimens have been removed from molds 24 hours after casting and stored at a relative humidity

of 90% and a temperature of 20°C. Flexural tests have been conducted at the age of 28 days using

an electromechanical machine with a capacity of 100 kN. The three-point bending test has been

controlled with a constant loading displacement rate of 0.15 mm/min.

i N\

Figure 1: Flexural test setup

2.4. Digital image correlation technique

Flexural tests have been monitored with the DIC technique, which is a direct and simple method

for fracture examination. This technique requires the surface preparation of earth concrete

specimens prior to the test by using a white and black speckle (white paint at the bottom with small
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black dots above). The displacement of the tested surface is obtained by the analysis of the random
speckle at different times based on the pictures taken during the test. The photos of the specimen’s
surface have been captured using a digital camera with a resolution of 2452 x 2056 pixels. To
improve the photo brightness, two lamps have been used in parallel. Images have been taken at a
rate of one image per second during the test and stored directly. Image processing treatment has
been realized using the commercial Vic 2D software with a resolution of 0.05 mm per pixel.
However, this technique does not give enough information about the microstructure damage as
the obtained results remain at the surface of the specimen and cannot show damage volume

evolution. Thus, the AE technique has been also used.

2.5.Acoustic emission technique

The used AE system consists of an eight channel AEWIN system with a general- purpose
interface bus and a system for data storage analysis. A 3D localization algorithm has been used for
the localization of AE events. 6 R15a piezoelectric sensors were used (Figure 2) with a frequency
range between 50 and 200 kHz and a resonance frequency of 150 kHz. The sensors were placed on
two opposite sides of the specimen using a thin layer of silicone grease expelled from air to ensure
a good coupling between the specimen and the sensors. The transducers were placed around the
cracking propagation area. The detected signals were amplified with a 40 dB gain differential
amplifier. One of the main disadvantages of this technique is the lack of reproducibility due to the
nature of the source signals (random cracks) and the presence of surrounding environment noise.
The detection threshold is set at 35 dB to avoid the background noise. The acquisition system was
calibrated before each test using a pencil lead break procedure. The location accuracy is estimated

to be =5 mm.
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Figure 2: 3D AE transducers position (black sensors-face 1, grey sensors-face 2)

3. Results and discussion

3.1. Effect of the percentage and the length of fibers on the fracture behavior

Three specimens have been tested for each mixture under three-point bending test to evaluate
the repeatability. Figure 3 presents the load versus the mid span deflection at the neutral axis for
mixtures with three percentages and three lengths of flax fibers. The failure of earth concrete
without fibers is brittle with an elastic phase followed by a high strength loss after reaching the
peak indicating a fast propagation of the crack. For mixtures with fibers, an elastic phase has been
also observed at the beginning. Then, the load drops after the peak due to the cracking of the
matrix. This drop stops when the fibers, perpendicular to the crack path, are stretched and start to
act in tension. This induces a resumption of stress and a nonlinear behavior is observed untill the
second peak load. Note that, the load drop rate and strength recovery are highly dependent on the
fibers distribution, orientation, length and quantity in earth concrete. The load recovery increases
with the fiber’s length and percentage. For SAO3F50, SA06F24 and SAO6F50, the strength drop is
less important and specimens reached a second peak higher than the first one. This may be due to
the efficiency of longer fibers to bridge the crack in comparison to the shorter ones that can be
easily pulled out from earth concrete. Thus, long fibers allow the concrete to sustain higher loads
and delay crack propagation in the specimen due to a higher anchor length. In addition, as the
percentage of fibers increases, the probability of fibers presence at the crack level will increase
which may also increase the fracture resistance due to a better stress redistribution and transfer

between the matrix and the fibers.
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In the softening part of specimens with flax fibers, the loss of stiffness is due to fibers being pull
out from earth concrete and to micro cracking of concrete surrounding the initial crack and at the
interface zone between the fibers and the matrix. This is responsible for the ductile failure and the
high residual strength in the post peak region showing a good toughness and a post-crack
resistance. In fact, the presence of flax fibers creates a bridge in the formed cracks and prevents any

brittle rupture by redistributing the loads.
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Figure 3: Load - mid span deflection curves for SAOF (a) SAO3F and (b) SAOGF with different flax

fibers lengths

Figure 4 presents the flexural peak strength and the deflection at the highest peak for mixtures
with different percentages and lengths of fibers. The net bending stress fier at maximum loading is

calculated using the following equation

_ 6(Fmax+(5)

net = 2Dh2 Equation 1

where b is the thickness of the beam, h the height of the ligament, m is the weight of the
specimen, | the span and Fu.x the maximum strength.

The flexural strength and the deflection at the peak load increase with mixtures containing a
higher percentage of fibers with longer length. In fact, earth concrete becomes less rigid with an

additional nonlinear phase before the second peak due to stress redistribution between the fibers

and the matrix. Moreover, longer fibers provide sufficient length for an adequate bonding surface
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with earth concrete matrix considering their position along the crack. A high variability has been
observed for mixtures containing flax fibers with a length of 24 and 50 mm. This may be related to
the random fiber distribution and orientation, to boundary effects, to the flexibility of flax fibers
considering the shape and dimensions of earth concrete specimens, in addition to the possible

segregation of fibers during mixing.
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Figure 4: Tensile strength and deflection at the peak for specimens with different lengths and

percentages of flax fibers

The elastic modulus and the fracture energy for the seven mixtures are also presented in Figure
5. The fracture energy (Gr [N.m']) has been calculated according to Hillerborg [58] using the load-
deflection curve. It is defined as the energy required to create a unit area of cracking surface and is
equal to:

_ (wo+mgd,)
Gp = ———
Ajig

Equation 2
where W, [N.m] is the area under the load-deflection curve, m [kg]= m;+ 2m, with m; being the
weight of the part of the specimen between the supports and m, the weight of the used loading

arrangement, g [m/s?] the acceleration due to gravity, 8, the deformation at the final failure point and

Aiig [m?] the area of the ligament.
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Young's modulus (E) has been calculated using the load-deflection (A) curve according to
the following formula:

F maxL? .
E = W Equatlon 3

The elastic modulus decreases slightly with the percentage of flax fibers; however, the fiber’s
length has no significant influence. The presence of fibers alters the pore distribution and total
porosity of earth concrete as has been shown by mercury intrusion porosimetry, where the total
porosity is equal to 35% for SAOF, 36% for the SAO3F24 and 40% for the SAO6F24 [14]. The
fracture energy is equal to 65 N.m! for SAOF and increases significantly with the percentage and
length of flax fibers to reach a value of 770 N.m™ for SAO6F50 (approximately 10 times higher).
This indicates a higher energy absorption and a higher ductility due to different softening

mechanisms induced by fibers.
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Figure 5: Elastic modulus and fracture energy for specimens with different lengths and

percentages of flax fibers

To have a better understanding of the effect of fibers on the fracture process, the AE activity and

the strain fields have been also analyzed for different loading levels.
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3.2.AE activity analysis

Figure 6 presents the correlation between the load, amplitude and cumulative number of AE
hits during the flexural tests for SAOF, SA03F24 and SAO06F24. For SAOF, the AE activity is very
low in the elastic phase. The detected signals may be due to the crushing of earth concrete at the
contact with the press. The rate of the AE activity increases quickly at the peak with signals of high
amplitudes due to the unstable propagation of the macro crack.

For mixtures with 0.3% and 0.6% of fibers, the evolution of the cumulative number of AE
hits in correlation with the loading level can be sorted into four phases. During the elastic phase, the
acoustic activity is low. Then, from the first peak and till the nonlinear phase of the second peak, the
AE activity begins to increase slightly indicating the development of micro cracking. The generated
signals have low amplitude and energy. The rate of the AE activity increases quickly after the peak
indicating the propagation of a macro-crack. In the last phase, the rate of the AE activity decreases
indicating a stable propagation of the crack. The signals generated during last phase present higher
energy and amplitude. This may be due to additional damage mechanisms such as crack bridging,
tearing and friction at the fiber/matrix interface due to fibers pullout [59]. Note that, the cumulative

number of AE hits increases with the percentage of fibers.
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Figure 6: Correlation between the load, the amplitude and the cumulative number of AE hits for

SAOF (a), SAO3F24 (b) and SAO6F24 (c)

The effect of the fiber’s length on the AE activity has been also evaluated. Figure 7 presents the
correlation between the load and the cumulative number of AE hits for mixtures with 0.3% and
0.6% of different flax fiber lengths. The same phases distinguished before are observed. However,
the total number of AE hits and the rate of AE activity increase with the fiber’s length. This may be
due to a larger fracture process zone (FPZ) as longer fibers may transfer load to a further distance

which is also responsible for the higher fracture energy.
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Figure 7: Correlation between the load and the cumulative number of AE hits for (a) SAO3F and

(b) SAO6F with different fiber lengths

The total number of AE hits and the generated absolute AE energy (Abs. energy) for the
seven mixtures increase with the fiber’s percentage and length (Figure 8) which may be due to
additional damage mechanisms, a larger FPZ and a greater energy absorption that limits crack
propagation [60]. Note that, a higher variability has been also observed for specimens with fibers of

higher length.
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Figure 8: Total number of AE hits and generated acoustic energy for specimens with different

lengths and percentages of flax fibers

Figure 9 presents the correlation between the absolute AE energy and the fracture energy. The
results show a good correlation between both types of energy in function of the percentage of
fibers. However, two different exponential relationships have been obtained for mixtures with
fibers of 24 and 50 mm. The least mean squares method has been used to minimize the error
between the proposed exponential function and the experimental measurements. The results show a
determination coefficient of about 0.95 and 0.92 for fibers of 24 and 50 mm respectively, indicating
a good correlation. Thus, the AE energy can provide valuable information about the fracture

properties of earth concrete.
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Figure 9: Correlation between the AE energy and the fracture energy for specimens with different

lengths and percentages of flax fibers

In order to better evaluate the dimension of the FPZ, the AE localization maps and the strain fields

have been also analyzed.

3.3. Correlation between AE and DIC results

A three-dimensional analysis is performed for the location of AE events representing the
damage sources. The 3D localization algorithm is based on the difference between the arrival times
at each transducer, the effective velocity, the geometry and the placement of sensors. For an AE

event to be located in 3D, at least 4 waves must be detected.

Figure 10 presents the localization maps of AE events projected in 2D (m) and the 2D strain
fields (mm/mm) along the X direction for SAOF, SAO3F24 and SAO06F24 at different loading
levels. Four ranges of energy have been considered for the classification of AE events according to

the rate of damage [61].

For SAOF, no AE events and no cracks have been detected before the peak. After the peak, the
strain field shows a quick propagation of the crack till the rupture. However, only few AE events
have been detected due to the brittle rupture of earth concrete. The detected AE events are due to
the rupture of earth concrete matrix and present a good correlation with the position of the macro

crack according to strain fields.

For mixtures with 0.3% and 0.6% of fibers, the crack initiated at the load drop. The DIC results
show a quick propagation of a macro crack. However, the number of the detected AE events is very
low due to the brittle rupture. The number of AE events started to increase slowly after the first
peak in the nonlinear phase when the load was recovered by the presence of fibers and till the

second peak. AE events are mainly located at the bottom of the beam where the stress is the most
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significant. The crack length increased slowly in the post peak region due to load transfer between
the matrix and flax fibers indicating good adhesion. The number of AE events increases with the
loading level along the height of the beam indicating a continuous bond through the macro crack
which is responsible for the slow crack propagation. This bond or fibers bridging prevented the

brittle rupture of earth concrete.

The number of AE events increases with the percentage of flax fibers and reached 800 and 1000
events at 30% of the maximum strength in the post peak region for SAO3F24 and SAO06F24
respectively. This can be linked to the increase of the loaded contact points between flax fibers and

earth concrete matrix.
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Figure 10: AE events localization maps and strain fields for SAOF, SAO3F24 and SAO6F24

The same analysis has been conducted to study the effect of fiber’s length on the FPZ. Figure
11 presents the 2D localization maps of AE events classified by their energy level and the strain
fields for mixtures with 0.3% and 0.6% of fibers considering the three lengths at 30% of the
maximum strength in the post peak region. For short fibers, AE events with high energy (the red
points) are mainly located at the core of the FPZ. As the length of fibers increases, the width of AE

events localization zone increases. In addition, AE events of higher energy are not only present
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near the crack but also along the width of the FPZ due to friction between flax fibers and earth
concrete. For SAO6F50, the AE localization map showed an important concentration of energetic
events in the middle of the specimen. This may be related to the segregation of flax fibers at this
level as can be seen also with the strain field. Those energetic events can be associated to friction
during the pull out of fibers as it has been shown in [59]. The stress concentration and the higher
density of AE events at this level may be due to fiber segregation as can be seen at the fractured

surfaces (figure 12).
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Figure 11: 2D localization maps of AE events and strain fields for mixtures with 0.3% and 0.6% of

flax fibers with different lengths



338

339

340

341

342

343

344

345

346

347

348

349

Figure 12: Fracture surfaces of SAO6F50

Figure 13 presents the recorded number of AE events according to their energy for mixtures

with different percentages of flax fibers. For SAOF, the generated AE events presented low energy.

For specimens with fibers, the number of energetic events increased with the loading level and the

percentage of flax fibers indicating the advantage of using fibers for a better fracture resistance and

energy absorption.
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Figure 13: Number of AE events according to their energies for (a) SAOF, (b) SAO3F24 and (c)

SAO6F24 at different loading levels



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

3.4.Effect of the fibers percentage and length on the fracture process zone

The evolution of the crack opening along the height of the specimens has been also analysed at
different loading levels (Figure 14). It was obtained from the displacement across both sides of the
crack [48]. For SAOF, the crack opening started to increase after the peak and varied almost
linearly throughout the height of the specimen causing its brittle rupture. The crack developed
quickly along the height and reached an opening equal to 0.175 mm in its largest point at the
bottom of the specimen.

For SAO03F24, the crack started to propagate at the load drop where it reached a length of 40
mm and increased slowly in the nonlinear phase to reach 52 mm at the second peak. After the
second peak, the length of the crack continued to slightly increase to reach 64 mm along the height
of the specimen with a high crack opening. For SAO6F24, the crack also initiated at the load drop
and reached a length of 20 mm. The length of the crack continued to increase reaching 33 mm at
the second highest peak and 60 mm at 30% of the maximum strength in the post peak region. In the
post peak region, the crack opening increased significantly due mainly to flax fibers pull out from
earth concrete. The crack opening increased with the loading level and the percentage of fibers
reached 3 and 4.3 mm at the bottom of the beam for SAO3F24 and SA06F24 respectively at 30% of
the maximum load in the post peak region. Thus, the crack length at the load drop decreased with
the percentage of fibers while the deformation capacity and the crack propagation resistance

increased.
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Figure 14: Crack opening profile along the height of SAOF (a), SAO3F24 (b) and SAO6F24 (c) for

different loading level

Figure 15 presents the distribution of AE events along the X direction between 70 and 210 mm
resulting from AE events in Y and Z directions. The distribution of AE events shows a
concentration around the cracking zone and a gradual decrease on both sides of the crack. Based on
this distribution, the width of the FPZ is considered as the distance at the intersection between the

distribution of AE events and the line situated at 20% of the maximum value of AE events

distribution [24].
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Figure 15: Distribution of AE events in function of X for (a) SAOF, (b) SAO3F24 and (c) SAO6F24

Figure 16 presents the width of the FPZ for specimens with different percentages and lengths of
flax fibers. Due to the brittle failure of SAOF, the few AE events were distributed mainly where the
failure occurred indicating a small FPZ width. The width of the FPZ increased with the length of
fibers, however the effect of the percentage of fibers was found to be negligible. In fact, for long
fibers and due to their higher bonding surface, more micro-cracks appeared during the deboning of

fibers.

L0

0 T T T T T T

SAOF SAO3F12 SA03F24 SAO3F50 SA06F12 SA06F24 SA06F50
Mixture

Figure 16: Fracture process zone width for mixtures with different percentages and lengths of flax

fibers

3.5.Damage source identification by AE analysis

The shape of AE signals can be used to define the crack mode [62]. RA-AF association
diagram has been widely used to determine the shear and tensile failure modes [28,63,64]. The RA
parameter expressed in us/V is defined as the ration between the rise time and amplitude. The AF
in kHz is defined as the number of counts divided by the duration of the signal. The RA value of
shear cracks failure is higher than the one obtained during tensile crack failure while the average
frequency is lower [38,65,66].

Figure 17 presents the evolution of RA and AF during the loading process for SAOF,

SA03F24 and SA06F24. Each point of the curve represents the average parameter of 100 signals.
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For SAOF, only the elastic phase is considered as specimens failed suddenly after reaching the
peak. The results show a fluctuation of AF and RA due to the crushing of concrete at the press
contact generating shear cracks. For specimens with fibers, AF begins to increase as the force drops
while RA increases, indicating mainly a tensile mode failure attributed to matrix cracking and the
rupture of the chemical adhesion between the fibers and earth concrete. Then, a sharp decrease of
AF is observed in the nonlinear phase (while RA increases) indicating the slip of flax fibers and

remains low in the post peak region indicating shear cracks due to friction during fibers pull out.
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Figure 17: Evolution of AF and RA in correlation with the load for (a) SAOF, (b) SAO3F24 and (c)

SAO6F24.

Figure 18 presents the variation of RA-AF for SAOF, SA03F24 and SAO06F24. The
variation of RA and AF are studied according to the different phases described before: phase 1: till
the peak load; phase 2: the drop of the load and till the second peak; phase 3: the post peak region
with high rate of AE activity and phase 4: the softening region when the rate of the AE activity

starts to decrease. The variation of AF / RA can be divided in two zones that separate the signals
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generated by shear and tensile failure. The dotted line represents the boundary separating those
zones. This line depends on the properties of the tested material, the applied load, the dimension
and the geometry of specimens. For specimens with fibers, the number of AE hits with high RA
value and low frequency increased mainly in phases 3 and 4 indicating that damage is mainly due
to shear rupture as indicated in figure 17. In fact, stresses are mainly transferred in these phases
through flax fibers and cracking may be due to the friction at the interface between earth concrete
and flax fibers [31,34]. Tensile cracks have been also generated during those phases which may be
due to radial cracking in earth concrete generated during fibers pull out in addition to fibers
orientation. The same phases have been observed with the variation of the fiber length. However,
an increase of the number of signals with higher RA and lower AF has been observed as the fiber

length increases indicating a larger number of shear cracks.
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Figure 18: Evolution of AE in function of RA for (a) SAOF, (b) SAO3F24 and (c) SAO6F24.

4. Conclusions and perspectives

An experimental program has been conducted in this paper in order to study the effect of the
percentage and length of flax fibers on the fracture behavior of earth concrete. Flexural tests have
been monitored in parallel with the DIC and the AE techniques. Based on the obtained results, the
following conclusions can be listed:

*  Earth concrete presents a brittle failure and a low deformation capacity. The addition of
flax fibers allows to enhance the ductility of earth concrete due to load redistribution and bridging

effect of fibers.
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*  The fracture properties as the tensile strength, the deflection at the peak and the fracture
energy increased with the percentage and the length of flax fibers.

e The cumulative number of AE hits increased with the percentage and the length of flax
fibers due to additional damage mechanisms and a higher FPZ width.

e The DIC validated the results obtained with the AE technique concerning the crack
location and allowed to measure the crack opening that increased with the percentage of fibers.

* The AF-RA curves have been used to identify the shear and tensile failure modes during
rupture. Shear cracks increased with fibers addition due to friction during fibers pull out.

An additional study will be realized in the future in order to better classify the various damage
mechanisms based on a multivariable statistical analysis and evaluate the durability of the

reinforced earth concrete.
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