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Abstract 

Nowadays, raw earth construction is an area of growing interest, both for its eco-friendly 

characteristics and very interesting thermo-hygroscopic properties. Nevertheless, this type of 

construction exhibits a weakness related to cracking due to the shrinkage strains caused by 

desiccation. In this context, this paper presents an experimental study of restrained drying-

shrinkage, carried out on a fine clayey soil. Several amounts of soil reinforcement with 

orderly layout patterns using vegetal flax fibers have been investigated in order to enhance 

soil properties. The new feature of this work is the analyzing of crack initiation and 

propagation by coupling the Digital Image Correlation (DIC) method with the Clay-Ring-Test 

(CRT) technique, using an innovative device called DIC-CRT. Suction measurements in clay 

samples are performed during desiccation using tensiometers. A good agreement is noticed 

between suction and strain evolution until cracking revealing the direct influence of suction 

on clay shrinkage. Through the two techniques, DIC and CRT, a relevant parameter to 
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quantify crack intensity in materials is proposed. A significant decrease of crack ratio, by a 

factor of about 8, highlights the impact of soil reinforcement on the level of crack opening. 

Likewise, a significant decrease, by a factor of about 20, is observed in the analysis of DIC 

and CRT slopes, highlighting the impact of reinforcement on the kinetic of crack opening. 

Keywords: Raw earth building material; Clay soil; Flax fibers; Digital Image Correlation; 

Clay-Ring-Test; Plastic shrinkage; Desiccation cracking. 

 

I – INTRODUCTION 

There is an awareness at the world level that natural and non-renewable resources are running 

out and that they are not going to last forever. This implies the existence of a primary need for 

more environmentally friendly materials. In this context, eco-materials based on raw earth, 

possibly reinforced with vegetal fibers, constitute one of the promising research prospects for 

the future of building materials [1]. 

Raw earth contains clayey soils, which are characterized by a consequent variation in volume 

when they are subjected to a high level of suction [2]. During desiccation, defined as the loss 

of water by evaporation, the clayey soil becomes unsaturated and a volume change occurs as 

long as the soil water content remains above the shrinkage limit. This volume change results 

in a shrinkage of the material. As a result, cracks appear and propagate. Therefore, 

evaporation takes place through the surfaces created by the cracks in addition to the soil 

surface [3]. This has consequences for hydraulic, mechanical and thermal properties, 

especially concerning water retention capacity, permeability and mechanical strength [4, 5]. 

Several authors studied shrinkage and cracking phenomena in clay materials in the literature. 

These works were interested in the comprehension of the mechanisms which govern the 

phenomenon of shrinkage and cracking, the origin which induces initiation of cracks, as well 

as the investigation of the network of cracks through several parameters such as: area of crack 
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and crack rate [6-22]. To achieve that, various techniques developed in laboratory to follow 

the displacements and strains evolution in the soil over the drying process have been set up. 

One of the most promising techniques is DIC (Digital Image Correlation).  

DIC is a method based on non-contact optical technique that measures displacements and 

strains [23]. DIC is cost effective compared to other techniques such as speckle photography 

and interferometry, for optical characterization in soil’s cracking. However, its use in soils 

field requires a rigorous calibration. This technique measures in the studied area the 

displacement of different patterns and identify the 2D or 3D transformations between 

reference and deformed digital images, through the principle of optical flow conservation. 

Initially, a local method called DIC [24] was developed from 1980s. This method was 

developed in the basis of the application of the cross-correlation function, in which every 

image is split into several subsets. The positions of the subsets are then recognized in the 

deformed pictures relative to the reference picture. From the 2000s, a method called "global 

method" was developed. The basis of this method is the use of finite element method. The 

global method reduces the overall correlation residues [25], and performs smoother 

correlation by seeking a field of displacement that maintain grayscale in the picture [26]. 

In the field of geotechnical engineering, DIC method was used to investigate the behavior of 

several mixtures of montmorillonite and kaolinite spanned on a rectangular plate [17]. The 

results show that cracks occur following different more or less complex failure modes. In 

addition, Wei et al. [17] have noticed that, the propagation of the crack due to tension occurs 

at a direction perpendicular to the extensions. Eid et al. [18] used DIC to underscore the 

desiccation of a natural silt. Their results showed that the soil submitted to drying on a smooth 

support produces a uniform overall shrinkage up to cracking occurrence, though a localized 

heterogeneous deformations were observed. The shrinkage behavior of a concrete of raw earth 

mixed with various percentages of crushed concrete aggregates was studied by Kanema et al. 
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[19]. They established that incorporating water reducers decreases the crack appearance by 

reducing localized deformation and increasing the global one. In order to analyze the shale 

behavior on drying and wetting cycles, Wang et al. [27] used DIC technique and found that 

the assessing of the fields strain makes it possible of the initiation prediction of drying cracks. 

Ameur et al. [20] integrated the DIC method to a bending test on kaolin clay samples 

submitted to different suction levels. They showed that a critical deformation has been 

obtained once the stress reached the maximum tensile strength. Moreover, in order to assess 

the influence of edge effects on the cracking of kaolinite or montmorillonite materials using 

the DIC technique, El Hajjar et al. [28, 29] notified that in the case of a free shrinkage, it is 

possible that the kaolinite cracks by shear type deformations. 

Another technique, called Ring-Test, was used to study the shrinkage stress. The Ring-Test is 

an experimental method widely used for assessing cracks on cement materials [30]. The Ring-

Test consists of a steel ring with a ring cement sample poured around it. Some improvements 

to this test method have resulted in a few modifications to the classical circular Ring-Test (for 

example: elliptical Ring-Test [31-34] and dual Ring-Test [35]). A normalized version of the 

ring test has been proposed by AASHTO and ASTM (AASHTO [36], ASTM [37]). The 

standard specifications by ASTM [38] recommended a setup with metal ring internal and 

external radii of 152.5 and 165 mm and concrete specimens external radius and height of 203 

and 150 mm. 

In the Ring-Test, according to boundary conditions, drying can occur by the upper/bottom 

surfaces, and/or by the circumferential surfaces. So the drying direction can play a significant 

part in the results. Moon et al. [38] have studied using the Ring-Test the influence of 

specimen geometry. Their simulations results enable better selection of test specimen 

geometry according to moisture gradients, thickness and the stiffness of the concrete. 



 

 

5 

Analytical methods have been developed to assess tensile stresses in concrete specimen [39-

41]. The basis of these methods is the equilibrium of radial pressure at the interface. 

Some studies [42-46] have tried to widen the use of the Ring-Test on raw earth materials 

(clay, sand, etc.). However, these studies remain very limited. Using a Ring-Test, Abou Najm 

et al. [42] assessed the evolution of the internal stress in unsaturated soils during drying. A 

comparison between the measured internal stresses and existing empirical relationships using 

water potential curve showed a great discrepancy. They found that internal stress is not only 

due to the stress generated by the suction [42]. Amarisiri et al. [44] analyzed desiccation of 

soil using Ring-Test and compared results with numerical solutions using the discrete element 

method. The numerical model was proved on a kaolinite clay, then assessed with the literature 

results. They concluded that the Ring-Test can be a precious method to analyze fracture 

during drying. In order to determine the tensile strength in clay soils, Shannon et al. [45] used 

the restrained Ring-Test by isolating the initiation of a single crack. Four clay soils with 

varying shrinkage potentials were tested and analyzed. 

El Hajjar et al. [47] have developed an original experimental device called DIC-CRT to study 

the phenomena of shrinkage and crack initiation of unsaturated soils. Their experimental 

measurements device combines two complementary techniques: 2D/3D-DIC and restrained 

Clay-Ring-Test CRT. The approach developed makes it possible to follow the strains and 

stresses developed in the soil during drying. 

Several researches in the literature investigate the use of vegetal fibers to reinforce the soil in 

order to minimize shrinkage and cracking of fines soils. Fiber-reinforced soil is by definition 

the adding of a percentage of fibers to a soil matrix, in order to improve the mechanical 

behavior of the soil [48]. Tensile strength in the fibers are mobilized by shear stresses in the 

soil, hence give greater resistance to the soil [49, 50]. In recent years, several studies have 

been carried out in order to assess the effect of adding natural fibers as reinforcement of the 
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soil. The central role of natural fibers in today's industrial world manifested by the frequent 

use of the term "bio-based material" [51]. 

Flax fiber is a textile fiber extracted from a plant cultivated for its seeds and fibers in many 

regions around the world [52], including the Normandy region in France. 

In order to improve the ductility of a soil-cement material, Segetin et al. [53] recommend 

adding flax fibers with a fiber content and length of 0.6% and 85 mm, respectively. Cheah et 

al. [54] developed a concept of a cheap flax fiber reinforced-earth designed as a building 

material. Viswanadham et al. [55] found a major impact of polypropylene fibers on delaying 

crack formation in clay barriers. They also showed that increasing the fiber length results in a 

significant delay in crack initiation. Divya et al. [56] investigated the effect of fiber content 

and fiber length on tensile strain and crack formation in a natural silty soil reinforced by 

polyester fibers. They found that fiber-reinforced soils can withstand greater strains and, 

consequently, higher stresses at cracking. They also found that longer fibers (60% of the 

sample length) provide better tensile strength and greater soil stiffness. Eid et al. [18] studied 

raw earth concrete based on natural silt. Their study analyzes the drying of several 

combinations with and without adding flax to a natural silt. Their results show that flax fibers 

reduces the crack ratio, defined as the cracks’ area over sample’s total area, by a factor of 

around 10. Chaduvula et al. [57] found that the addition of fibers controlled the crack width 

opening, the cracked area, and the propagation of cracks through the bridging action of fibers. 

Also, they perceive that the fibers decreased the connectivity of crack networks.  Chebbi et al. 

[58] compared the mechanical behavior of a clay soil reinforced by vegetal fibers (Sisal fibers 

and Alfa fibers) with another reinforced by nylon fibers. They observed that vegetal fibers 

appear to be more effective than nylon fibers in improving the tensile strength of clay soils. 

This can be attributed to the better interfacial adhesion of the natural fibers with the reinforced 

soil, probably due to their greater roughness compared to the nylon fiber which has a 
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smoother surface. Kouta et al. [6, 10] studied the effect of natural flax fibers on plastic 

shrinkage and cracking at early age of earth concrete. They found that adding flax fibers 

reduce the total free plastic shrinkage at early age and remove the macro-cracks in sample. 

Furthermore, they observed a decrease in the strain localization of restrained shrinkage and 

the plastic shrinkage cracking. 

In this paper, the DIC-CRT device [47] is used to assess the effect of flax fibers reinforcement 

on shrinkage and cracking of a kaolinite. Several amounts of flax fibers with orderly layout 

patterns have been studied using this DIC-CRT device. The aim of this work is to connect the 

two measurement techniques, based on Digital Image Correlation (DIC) and Clay-Ring-Test 

(CRT), in order to assess crack initiation and propagation in reinforced soils during 

desiccation. These two techniques can reveal the impact of reinforcement on the level and the 

kinetic of crack opening. The relationship between suction and strain evolution is studied in 

order to highlight the influence of suction on clay shrinkage that lead to cracking. 

Furthermore, a definition of a relevant parameter to quantify crack intensity in materials is 

proposed. 

 

II – MATERIALS AND METHODS  

Shrinkage and cracking of a clay material due to desiccation was investigated using three 

experimental devices: DIC coupled with CRT for strain measurement and tensiometers for 

suction measurement. 

II.1 - Materials 

The clay material used in this work is a yellow kaolin called P300. Table 1 presents its 

geotechnical properties. 
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Table 1: Geotechnical properties of the kaolin P300 [59]. 

Properties Symbol Value 

Grain size distribution 

< 80 μm (%) 100 

< 2 μm (%) 60 

d50 (μm) 1.5 

Plasticity 

LL (%) 40 

PL (%) 21 

PI (%) 19 

Specific Gravity Gs 2.65 

According to XRD and SEM image analysis of this kaolin P300 [28, 59], this clay contains 

95% of kaolinite and small percentages of illite and quartz. The shape of its particles is in 

rigid hexagonal plates with size of 1 to 2 μm. The SWRC (Soil Water Retention Curve) of the 

kaolin P300 studied by Fleureau et al. [60] is presented in Figure 1. 

 

Figure 1: SWRC of the kaolin P300 [60]. 

A mixed kaolinite and water to a water content of 60% (w = 60%) is prepared in order to get a 

saturated slurry material. Before being poured into the mold, kaolinite slurry has been kept for 

24 hours in a closed container, so that its water content being homogeneous. In order to 

minimize the friction between the clay material and the mold, the bottom of the mold was 

covered with a Teflon sheet of 1 mm thick with a 0.08 friction coefficient. 
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The flax fibers used in this study were extracted locally, in the Normandy region (France). 

These fibers are in the form of a continuous thread with a density of 1400 kg/m3 and thickness 

of 1.2 mm. Tensile properties of flax fibers are essential when using it as a reinforcement. The 

tensile behavior of a flax fiber is not constant and depends on the selected specimen, even if 

the fibers are cultivated in the same location, and tested in the same way [60]. Table 2 list 

mechanical properties of flax fibers used in this study (absolute density ρ, Young modulus E, 

ultimate strain εu and ultimate stress σu).  

Table 2: Flax fibers properties [18]. 

ρ (kg/m3) E (GPa) εu (%) σu (MPa) 

1400 40 - 85 2.4 - 3.3 800 - 2000 

II.2 - DIC methods 

DIC basic principle is to match two speckled patterns between reference and current images. 

The software compares the grayscale distributions in the corresponding pixel patterns of the 

two images to obtain the field of displacement and the compute the corresponding strains. A 

grid of measuring points is formed by dividing image into subsets. Parameters of DIC method 

used in this study are given in Table 3. 

Table 3: Images processing parameters. 

Parameter Value 

Image resolution 3150 x 3150 pixels 

field of view 200 x 200 mm 

speckle size 0.16 mm 

displacement precision 0.1 mm 

step size 5 pixels 

subset size 21 x 21 pixels 

For more details, all DIC processing parameters and calibration are given in El Hajjar et al. 

[47], according to iDIC good-practices guidelines [61]. 
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A cold lamp bulb was used to homogenize the color distribution, and an opaque black curtain 

was added all around the used setup. Relative humidity RH = 18 % (±2%) and temperature T 

= 22°C were controlled in the experimental tests using hygrothermal controlled room. A black 

and white PVC powder composed of particles with a diameter of about 160 µm, was used as a 

speckled pattern over the specimen to enable correct pixel detection. The DIC analysis was 

carried out with commercial software package. 

II.3 - Clay-Ring-Test (CRT) 

The Clay-Ring-Test used in this study was made of aluminum (Aluminum 2017a-AU4G). It 

has a cylindrical ring shape with 25 mm internal radius, 30 mm external radius (i.e. 5 mm 

thickness) and 30 mm height. The soil was poured around the external face of the ring to a 

100 mm external radius (i.e. 70 mm of soil thickness). Specimen height was selected 

according to several preliminary tests on clayey materials [47]. Four gages measuring the 

micro strains produced by the applied pressure to the metal ring were added at half-height of 

its inner face. Three tensiometers (T1, T2 and T3), with a measuring range between 0 and 90 

kPa, were included in the device to measure suction evolution during the drying process. The 

CRT device and the sample were set up on a balance having a precision of 0.05 g, allowing to 

record the evolution of the sample weight throughout the drying process and to determine its 

actual water content. A descriptive scheme of the DIC-CRT device with the tensiometer 

sensors (presented in the next paragraph) is shown in Fig.2. 
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Figure 2: Descriptive scheme of the experimental device: (a) Device’s side view with data acquisition systems, (b) Soil 

Sample’s Top view with section view. 

Using the strains measured by the gages on the inner circumference of the aluminum ring, the 

stresses applied by the soil can be deduced [47]. Due to desiccation, the soil specimen is 

subjected to suction; the latter pressure was considered to act at the inner surface of the soil in 

contact with the aluminum ring. In turn, the ring is subjected at its outer surface to an opposite 

and equal pressure. 

The soil is submitted in-plane to circumferential tensile stress (σ��), radial compressive stress 

(σ��) as well as shear stress (σ��). Figure 3 shows an element of the soil ring with all in-plane 

stresses represented in polar coordinate system, where r and θ are the radial and angular 

coordinates. As consequence, the soil deforms following strain tensor ε��, ε�� and γ�� defined 

as radial strain, circumferential strain and angular strain, respectively. In this paper, ε�� is 

called circumferential S-strain in soil and circumferential G-strain in metal ring. 

The maximum tensile stress (σ��) that develops in soil specimen can be obtained using the 

following equation: 

σ�� = −ε	
��(�����)
 E	
� 

R��
� − R��

�

2 R��
�   

R��
� + R��

�

R��
� − R��

� 
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Where, ε	
��(�����)
 is measured strain at inner radius of aluminum ring, E	
� is Young’s 

modulus of restraining ring, R�� and R�� are inner and outer radius of aluminum ring, 

respectively,  and  R�� is outer radius of soil specimen. 

 

Figure 3: An element of the soil ring with all in-plane stresses in polar coordinate system. 

II.4 - Suction measurement by tensiometry 

The suction, negative pore-water pressure, developed in soil was measured using a 

tensiometric testing method. It consists of a saturated ceramic of 12 mm diameter related to a 

de-aired water tank having a relatively small volume. The water pressure was measured using 

an absolute pressure sensor placed below the water tank (Figure 4). The sensor is a pressure 

transmitter Type A-10 that measures an absolute pressure varying between 0 and 1600 kPa 

(with respect to void), through an output signal ranging from 0 to 10 VDC, with an 

uncertainty of about 2%. 
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Figure 4: Descriptive Scheme of the developed tensiometer. 

In order to assess the response time of the ceramic, suction measurements were performed on 

an unsaturated clay sample. Test results are presented in Figure 5. At the beginning of the test 

(before point A), the sensor was subjected to atmospheric pressure. Therefore, an absolute 

pressure of 102 kPa was measured. At point A, the tensiometer got into contact with the clay 

sample. The pressure’s value begun to decrease down to an absolute pressure of about 10 kPa, 

reached within a response time of 10 minutes. This pressure corresponds to a measured 

suction of 90 kPa. It remained constant until the end of the experiment. Hence, this value of 

90 kPa represents the maximum suction able to be measured by this sensor. 
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Figure 5: Tensiometer measurements on a dry clay sample. 

II.5 – Shrinkage testing protocol 

Seven tests were carried out to evaluate the impact of adding flax fibers to clayey soil. Two 

control samples K1 and K2 do not contain any flax fibers and five samples, KF3 to KF7, with 

varying flax fibers percentages and orientations. List of samples is presented in Table 4; 

photos shown were taken after pouring the kaolinite to half of its thickness and putting flax 

fibers in some of the specimens as shown in Figure 6(S2). In samples KF3 and KF4, flax 

fibers were embedded in the circumferential direction only, over half the cross-section and 

over the entire cross-section, respectively. In samples KF5, KF6 and KF7, flax fibers were 

embedded in both circumferential and radial directions, in order to withstand both major and 

minor principal strains. In addition, fibers in sample KF6 presented loops spaced at 1 cm, 

designed to improve adherence between fibers and clay paste. In sample KF7, fibers were 

enrolled together to 2.4 mm of diameter (previously 1.2 mm) to improve their strength. 

Noting that the proportion of fibers shown in Table 4 represents the fiber area proportion at 

mid-height of the sample, and not the volume proportion. For instance, for a fiber area 

proportion of 30% (KF7 sample), we obtain a fiber mass content of 1%. For these drying 
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tests, several preliminary tests were carried out previously for each case in order to check the 

tests reproducibility. Globally, these preliminary tests had shown a good agreement between 

the amount and the pattern of reinforcement and the observed results. In this paper, we have 

focused only on showing one result from these several tests, that is consistent with the general 

observed tendency. 

Table 4: Description of the test samples. 

 

Figure 6 presents the different steps for sample preparation; KF7 is taken as an example. An 

external removable formwork of PVC was used during preparation to contain the clay. To 

keep the aluminum ring and external formwork fixed during clay pouring, metal anchors were 

used as shown in Figure 2 and Figure 6(S1). After pouring 1.5 cm layer of clay, flax fibers 
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were embedded in circumferential and radial directions at mid-height of the sample (stage 

S2). Fibers rows were spaced 1 cm in both circumferential and radial directions. A second 

layer of clay, 1.5 cm thick, was then poured over the fibers (stage S3). After pouring the clay, 

metal anchors and formwork were removed to make the displacement of the aluminum ring 

and sample free. To prevent the material flowing due to its very high initial water content, its 

outer circumference was retained by a paper tape. A speckle pattern made of PVC particles 

was scattered all over the clay. This speckle pattern allows DIC software to detect the pixels’ 

displacement on the upper surface of the sample (stage S4). 

 

Figure 6: Preparation stages. Example of sample KF7. 
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III – RESULTS AND DISCUSSION 

III.1 – Water content and suction evolution 

Figure 7 shows water content evolution during drying. During the initial drying phase, water 

evaporation was constant with a drying kinetic ranging between -8%/day and -8.5%/day. 

Beyond a water content equal to 5%, the drying kinetic decreased and the water content 

tended towards a residual water content around 1%. End of the test was achieved once the 

water content of the sample became stable and reached a horizontal plateau, after 10 days of 

drying time. The first crack appeared at water contents ranging randomly from 24.5%-26.5%, 

corresponding to suctions ranging from 1200-1800 kPa. It can be noted that water content 

variation and first crack initiation were similar for the seven samples. 

 

Figure 7: Water content’s evolution during drying for the seven samples. 

Figure 8 presents the variation of the measured suction by the CRT tensiometers during 

drying as well as the suction deduced from the SWRC [60]. The latter is a function of the 

water content which is, in turn, function of drying. SWRC ranged between 0 and 150 MPa, 

while CRT tensiometers had a measurements range between 0 and 90 kPa. Within the 
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tensiometers measuring range, good agreement can be seen between the suction measured by 

CRT tensiometers and that deduced from SWRC. Also, the three CRT tensiometers showed 

very close suction variations despite their different locations below the sample. 

 

Figure 8: Suction’s variation with drying: CRT tensiometers measurements and SWRC. 

 

III.2 – CRT strains  

Figure 9 and Figure 10 show the circumferential strain variation in the aluminum ring (G-

Strain) as a function of drying time that present four phases. 

Figure 9 presents the phase A, a preliminary step that consisted in pouring the clay slurry in 

the device mold. A negative strain value of about -10 µm/m was observed during the first 10 

minutes. Note that a negative circumferential strain value means that the clay undergoes a 

compression against the metal ring. This strain corresponded to the gages response to clay 

pouring process, applied to the outer circumference of the ring. 
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Figure 9: Evolution of circumferential strains in aluminum ring during clay pouring. 

Figure 10 presents circumferential strains variation in the aluminum ring during drying after 

phase A. During phase B (0 to 2.5 days), strain gages show a reset of the circumferential 

strain that increased and became positive. This is due to metal ring decompression occurred as 

a result of a slight expansion of the clay slurry after removing the formwork, in addition to a 

likely beginning of clay shrinkage. In phase C, the strain decreased and featured two 

subphases.  During phase C1, the shrinkage increased and the metal ring quickly deformed 

with a slope equal to -5 µm/m/day until a drying time of 3.5 days. Then, strain decreasing rate 

accelerated to -20 µm/m/day during phase C2 until cracking occurred for a maximal 

circumferential strain of about -20 µm/m. After cracking, the ring deformation inverted to an 

opposite direction and increased with a slope equal to 5 µm/m/day (phase D). This may be 

attributed to the cracks’ formation which relaxed the ring compression. The relaxation of the 

stresses in the metal ring prevents the follow-up of the crack propagation by G-strain 

evolution. 
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Figure 10: Circumferential strain’s variation during drying. Comparison with suction evolution. 

Evolution of suction deduced from SWRC [60] is also plotted in Figure 10. A good agreement 

is noticed between suction increase and strain decrease in phase C1 between 2.5 days and 3.5 

days of drying time, as well as in phase C2 until cracking occurred at 4.3 days for a suction of 

about 1500 kPa. This correlation between clay suction and circumferential strain in metal ring 

reveals the direct influence of suction on clay shrinkage. This statement may be substantial 

for researchers in the study of the origin of shrinkage strains leading to clay cracking. Note 

that suction represents internal stresses developed in the material during drying. 

III.3 – Shrinkage and cracking analysis 

As the drying process progressed, sample shrunk radially and some cracks appeared in this 

direction starting from the inner circumference of the sample (Figure 11). The blue circle 

represents the sample boundary in initial state. A shrinkage of sample radius of about 1 cm 

(±0.15 cm) was observed. Cracks shown in the sample are labeled following the chronological 

order of formation, based on DIC analysis. Sample failure corresponded to crack growth 

towards outer circumference of the sample (Crack Cr4), resulting in a reset of the ring 
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compression (end of phase D in Figure 10). Order of cracks initiation showed that the first 

crack is not necessarily the one that leads to sample failure. 

 

Figure 11: Cracks pattern at the end of the drying process. Example of KF7 sample. 

At the end of the drying process, when the sample water content reached its residual value, 

the global shrinkage ratio was computed. It is defined as the difference between the initial and 

final areas of the specimen over its initial area. The global shrinkage ratio of the different 

samples is presented in Figure 12. It ranges from 23%-27%, with a mean value of about 25%, 

whatever the added fibers. Flax fibers do not show any significant influence on global 

shrinkage ratio. This is may be due to the mean stiffness (strain modulus) of samples which 

are not affected by the added fibers. Note that the fiber mass content is negligible in the 

studied samples (less than 1%), so that it will probably not have a significant effect on its 

mean stiffness [10]. Crack ratio was also calculated. It is defined as the cracks area over the 

sample final area. Its variation was plotted on the same graph (Figure 12). For samples 

without flax fibers (samples K1 and K2), the crack ratio was around 0.8%. This ratio 
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decreased steeply in the samples with added fibers regardless of their placement. For sample 

KF7 with 30% added fibers, crack ratio reached a minimum value of about 0.1%. The 

significant decrease of crack ratio, by a factor of about 8, as a function of fibers amount in 

samples highlighted the impact of soil reinforcement by flax fibers on the level of crack 

opening. The reason of crack ratio decrease may be that reinforcement takes part of the 

mechanical solicitation applied to clay matrix, through soil/fibers friction. This observation 

matches with Kouta’s and Eid’s results that adding flax fibers remove the macro-cracks in 

sample [6, 18]. 

 

Figure 12 : Global shrinkage ratio and crack ratio at the drying process end. 

III.4 – DIC strains 

El Hajjar et al. [47] have shown that circumferential  strain (ε��) developed in the soil 

corresponds to the major principal strain leading to the crack formation and is maximal near 

the metal ring. 

In this study, using DIC technique, the variation of the circumferential strain near the metal 

ring, at a radius of 35 mm, was plotted in Figure 13. This radius represents the nearest point to 
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the metal/soil interface where DIC analysis is possible. Note that for vertical drying, the 

evolution of the located S-strain shows that the cracks start from the inner diameter of the ring 

sample and propagate radially outwards [47]. Samples without flax fibers (K1 and K2) 

showed very high peaks with circumferential strain values reaching about 40%. On the other 

hand, sample KF3 that contains flax fibers embedded only over the half of its cross-section 

showed lower peaks ranging from 5%-20%. In the samples containing flax fibers embedded 

over the entire cross-section, the circumferential strains were comprised between 0% and 2%. 

This result highlights the impact of soil reinforcement by flax fibers on the major principal 

strains. Crack intensity was defined as the maximum major principal strain leading to 

cracking at the interface with the metal ring (peaks on Figure 14). Reinforcement with flax 

fibers made soil cracking less prejudicial by reducing its intensity (Figure 14). 

 

Figure 13 : Circumferential strain variation at the interface with the metal ring function of the angle � of soil ring contour. 
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Figure 14 : Crack intensity variation at the interface with the metal ring. 

III.5 – DIC vs CRT strains 

Circumferential strain variation as a function of water content is plotted in Figure 15, where 

the results obtained from the two methods - DIC (photos a) and CRT (photo b) - for sample 

K1 without flax fibers are compared. The maximum circumferential S-strain value obtained 

from DIC is shown in Figure 15(a). It decreased slightly at the beginning of the drying 

process until reaching a strain of -1.2% when the sample cracked at a water content of 25.5%. 

After cracking, circumferential strain increased quickly with crack opening until it became 

stable at a maximal circumferential strain of 36% that corresponded to a water content of 

about 22%. The DIC slope was defined as the slope of the maximum circumferential strain 

value increase versus the water content decrease, in the soil sample at a radius of 35 mm 

during soil cracking. 

Figure 15(b) shows CRT circumferential G-strain variation as a function of water content 

obtained from gage J4. It decreased at the beginning of the drying process until the sample 

cracked at a water content of 25.5%. After cracking, an abrupt change was observed in the 

circumferential strain of the metal ring, then it increased slightly until it became stable at a 

circumferential strain of about 5 µm/m, corresponding to a water content of about 22%. The 
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CRT slope was defined as the slope of the circumferential strain increase versus the water 

content decrease, in the inner circumference of the metal ring during soil cracking. The slope 

of the abrupt changes after cracking was computed for the four strain gages of the metal ring. 

CRT slope corresponds to the maximum slope for each of them. 

 

Figure 15 : (a) Evolution of maximal circumferential strain (from DIC) in sample K1 as a function of water content  

                 (b) Evolution of gage J4 circumferential strain (from CRT) in sample K1 as a function of water content 
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Figure 16 presents a comparison between DIC slope and CRT slope for all samples. A good 

agreement was observed between the two slopes obtained from the two different methods, 

DIC and CRT. Samples K1 and K2, with no added flax fibers, showed a DIC slope of about 

22 %/% and a CRT slope of about 130.10-4 %/%. The two slopes decreased with the flax 

fibers amount and reached 1%/% for DIC slope and 3.10-4 %/% for CRT slope, for samples 

KF6 and KF7. The significant decrease of DIC and CRT slopes, by a factor of about 20, 

highlights again the impact of soil reinforcement by flax fibers on the kinetic of crack 

opening. Also, the presence of loops in sample KF6 and intertwined fibers in sample KF7, 

which aimed to enhance soil/fibers friction, seemed to reduce DIC and CRT slopes. The 

reason was that reinforcement seeks to slow down cracks opening through soil/fibers friction. 

Therefore, CRT slope and/or DIC slope represent a relevant parameter to describe the effect 

of flax fibers on the kinetic of crack opening. This statement seems to be similar to 

Chaduvula’s observation that the addition of fibers controlled the propagation of cracks 

through the bridging action of polyester fibers [57]. Furthermore, we did not observe a 

significant impact of the fiber orientation on the deformation and cracking of the clay sample 

during drying, as can be seen when comparing KF4 and KF5 samples. This is because in this 

axisymmetric sample the crack initiates perpendicular to the circumferential direction. This is 

due to the reason that the tensile strains which lead to material failure are concentrated in this 

circumferential direction [47]. 
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Figure 16 : CRT slope and DIC slope for all samples 

IV – CONCLUSION 

An experimental study of cracking of fine clayey soils by desiccation was carried out using a 

coupled DIC-CRT device. Several amounts of flax fibers as well as different patterns of fibers 

layout have been investigated. Suction measurements in samples were performed during 

desiccation using tensiometers. A good agreement was noticed between suction increase in 

clay and strains leading to cracking, which highlighted the direct influence of suction on clay 

shrinkage and cracking. This is because that suction is a main factor causing desiccation 

shrinkage in unsaturated soils. 

For a drying kinetic of about 8 %/day, soil reinforcement by flax fibers led to the following 

conclusions: 

1- CRT analysis shows that there is no significant impact of added flax fibers on crack 

initiation in soil, evidenced by the water contents at which strains in metal ring begin to relax. 

2- Soil reinforcement by flax fibers does not affect global shrinkage, but it has a significant 

influence on crack ratio which decreases by a factor of about 8. This highlights the impact of 
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soil reinforcement by flax fibers on the level of crack opening. This observation matches with 

Kouta’s and Eid’s results that adding flax fibers remove the macro-cracks in sample [6, 18]. 

3- DIC analysis shows that flax fibers reinforcement reduces significantly the evolution of the 

major principal strain leading to clay cracking, in opening mode, i.e. by extension. This 

observation reveals that reinforcement with flax fibers made soil cracking less prejudicial by 

reducing its intensity. 

4- DIC and CRT slopes, representing maximal strains variation during material cracking, 

show a good agreement between these two techniques, and allow to better analyze crack 

propagation and opening. These slopes decrease significantly, by a factor of about 20 in clay 

samples reinforced by flax fibers due to soil/fiber friction, which highlights the impact of soil 

reinforcement by flax fibers on the kinetic of crack opening. This statement seems to be 

similar to Chaduvula’s observation that the addition of fibers controlled the propagation of 

cracks through the bridging action of polyester fibers [57]. 
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