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Abstract. Earth concrete or concrete based on soil materials presents a high percentage of fine 7 

particles (clay) which makes it susceptible to plastic shrinkage cracking in its fresh state that affects 8 

its durability. In this study, natural flax fibers with different mass percentages (0%, 0.3% and 0.6%) 9 

and lengths (12 mm, 24 mm, 50 mm) have been added to earth concrete in order to study their effect 10 

on plastic shrinkage and cracking at early age. The effect of flax fibers on the mechanical properties 11 

of hardened earth concrete has been first investigated. Free horizontal plastic shrinkage has also been 12 

measured in parallel with the evaporation rate, the capillary pressure and the temperature of earth 13 

concrete at early age. Furthermore, restrained plastic shrinkage tests have been conducted according 14 

to ASTM C1579-13 standard. The Digital Image Correlation technique have been used to monitor the 15 

strain distribution and crack width during the first 24 hours after casting. The results show a 16 

reduction of the total free plastic shrinkage at early age with the addition of flax fibers. In addition, 17 

flax fibers reduce the strain localization of restrained shrinkage and the plastic shrinkage cracking. 18 

Keywords: earth concrete; flax fibers; plastic shrinkage; cracking; Digital Image Correlation. 19 

 20 

1. Introduction 21 

During the last decades, a large quantity of natural resources has been consumed by the construction 22 

sector. In addition, a large quantity of waste and an intensive emission of CO2 have been generated 23 

[1] which have a significant impact on the environment and participate in climate change [2,3]. Thus, 24 

the need of using ecological and sustainable materials is becoming an obligation in the construction 25 

field in order to reduce its contribution in the global pollution and the danger that can result from it. 26 

Earth concrete is an ecological material and can be an alternative to conventional concrete for 27 
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structures that do not require high mechanical performances but rather good thermal and acoustic 28 

characteristics [4]. 29 

Earth construction has been used for thousands of years in different forms such as: wattle and daub, 30 

cob, rammed earth, adobe, compressed earth blocks… [4, 5]. Currently, more than two billion people 31 

live in earth constructions [6]. The majority of these constructions are located in less developed 32 

countries and rural areas due to the low cost of earth-based materials and its availability [7, 8]. Earth 33 

constructions are essentially composed of a raw material, the soil which is a non-manufactured, 34 

recyclable, inexpensive and local material which allows to reduce the cost and the energy for 35 

transportation and production [5]. In addition, the air and temperature regulation properties of earth 36 

concrete promote to a healthier and more comfortable indoor environment by moderating the indoor 37 

humidity variations in comparison to conventional construction materials [5]. Consequently, the 38 

economic benefits and ecological properties of earth materials incite new research in this field in 39 

many developed countries (Europe, US, UK…) [8].  40 

The stabilization of soil has been first realized with lime then with cement and other pozzolanic 41 

materials (fly ash, silica fume, geopolymer, etc.) or even a mix of several binders together [9, 10, 11, 42 

12]. The lime is essentially used to enhance the maneuverability and the geotechnical properties of 43 

the soil [13, 14, 15, 16]. The treatment of clay with lime is primarily responsible of the improvement 44 

of soil workability, the increase of the plastic limits and the reduction of the clays volume change 45 

[15]. In addition, the lime increases the durability of the soil as it influences the soil permeability [17] 46 

and the durability of the soil in contact with water [18]. In addition, it allows to increase the cohesion 47 

and the long term strength due to pozzolanic reactions [13, 19]. In fact, many studies have showed 48 

the formation of hydrates during the treatment of soil with lime [13, 15, 20, 21]. The same hydrates 49 

that are formed during the hydration of cement and more specifically the hydration of calcium 50 

silicates (C3S, C2S) and calcium aluminates (C3A, C4AF) are observed: calcium silicate hydrates 51 

(CSH), calcium aluminate hydrates (CAH) and calcium alumina silicate hydrate (CASH). Pozzolanic 52 

reactions begin to occur between the calcium from the lime and the tetrahedral and octahedral layers 53 

of the clay sheets as a result of cation exchange reactions. Consequently, these reactions take place at 54 
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the edges of clay particles with an excess of cations in the solution. These hydrates increase the 55 

cohesive strength between the clay particles and thus the mechanical properties [21, 22]. 56 

On the other hand, the cement is used to enhance the mechanical properties and the durability of earth 57 

concrete due to hydration reactions [22, 24]. In fact, earth concrete is a vulnerable material mainly 58 

when it is in contact with water. The use of cement and other binders is a common practice [25] and 59 

has been recommended by many researchers. Note here, that the effect of cement on the mechanical 60 

properties depends highly on the mineral composition of soil; while the kaolinite increased slightly 61 

the compressive strength, the montmorillonite lowered it same as biedellite but with a lower rate [26]. 62 

In addition, even though in some cases the addition of binders can decrease the mechanical 63 

properties, however it decreases the possibility of biological development [27].   64 

 65 

In recent years, researchers have focused on finding easier and more common methods to use 66 

stabilized earth materials in the construction field and on the characterization of their mechanical, 67 

physical and thermal properties [9, 12, 28, 29]. However, few research studied the behavior of earth 68 

concrete at early age [30]. Thus, additional studies are required to better understand the behavior of 69 

earth concrete in its fresh state. 70 

Earth based materials present a high shrinkage rate due to the presence of fine particles and thus 71 

cracking sensibility during drying when concrete is restrained [29, 30]. Early age shrinkage of 72 

concrete starts directly right after concrete casting due to plastic settlement, autogenous shrinkage 73 

and plastic shrinkage. This shrinkage can lead to an early age cracking that can, in addition to the 74 

aesthetical problem, affect the long-term durability of the concrete [31]. During the fresh state of 75 

concrete and before its hardening, plastic shrinkage can be explained by different mechanisms and 76 

different phases can be distinguished [32]. The phenomena begin when the solid particles begin to 77 

settle accompanied with the rise of water to the surface leading to a plastic settlement [33]. Then, 78 

when bleeding water evaporates, plastic shrinkage starts [33]. In fact, the drying surfaces generate a 79 

hydraulic pressure in the porous network due to the development of water menisci. Capillary pressure 80 

leads to both vertical and horizontal deformations in concrete. If tensile stresses caused by restrained 81 

shrinkage exceed the maximum stress capacity of concrete, cracks occur [34]. Plastic shrinkage 82 
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cracking depends on the environmental conditions where concrete is conserved after casting in 83 

addition to structure geometry and material composition [33, 35, 36]. The cracking risk of earth 84 

concrete at early age is high because of its relatively low strength and the significant plastic shrinkage 85 

rate.  86 

The addition of fibers with arbitrary distribution is a successful technique to control crack initiation 87 

and propagation in concrete at its early age due to plastic and autogenous shrinkage [33]. Adding 88 

fibers to concrete allows to disperse cracking, to improve the strain capacity of fresh concrete by 89 

providing bridging forces across the cracks, to reduce aggregate segregation and to increase the 90 

tensile strength of concrete at its early age [37, 38, 39]. Natural fibers have been widely used in earth 91 

construction with the aim to enhance the performance of earth concrete. The addition of fibers may 92 

increase the strength and the ductility, lighten the earthen construction materials and reduce plastic 93 

shrinkage at early age by limiting the crack development due to stress redistribution [9, 29, 40]. 94 

These fibers vary in type, chemical properties, shape, size, source, strength, elasticity, water 95 

absorption rate … [41] which may affect the plastic shrinkage cracking in addition to the effect of the 96 

fibers percentage and the cohesion between fibers and concrete matrix [9, 33]. Several studies have 97 

tested the effect of different types of fibers on the physical and mechanical properties of earth-based 98 

concrete [28, 42, 43]. Flax fibers are natural ecological fibers with low-cost in comparison to other 99 

types of fibers as steel fibers and synthetic fibers. They are generally produced as waste materials 100 

during the agriculture process with a low transformation process. Thus, flax fibers have been used in 101 

this study due to their ecological properties and their good compatibility with earth concrete 102 

properties.  103 

 104 

The aim of this paper is to study the effect of the percentage and the length of flax fibers on the early 105 

age behavior of earth concrete. First, the experimental program is presented. Then, the results 106 

concerning the evolution of the horizontal plastic shrinkage, the evaporation rate and the capillary 107 

pressure are exposed. Finally, the effect of fibers on the plastic shrinkage cracking of earth concrete 108 

is investigated based on the DIC data. 109 

   110 
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 111 

2. Experimental program 112 

2.1.Materials  113 

2.1.1. Soil and Hydraulic binders 114 

Earth concrete mixture used in this study is based on an artificial soil composed of 30% of bentonite 115 

clay (75% of Smectite, 15% of Illite and 10% of Kaolinite) and 70% of sand. This clay was supplied 116 

by Lafaure quarry. Its characteristics are presented in Table 1. This clay has been chosen in order to 117 

taken into account variability of the soil on site considering unfavorable properties. In addition, as the 118 

objective of this work is to study the efficiency of fibers in the reduction of shrinkage, choosing a 119 

clay responsible of a higher shrinkage rate was convenient. In fact, this clay is known for its high 120 

swelling properties. It attracts water into the voids due to suction, causing a change in the voids 121 

volume. During hydration, the confined layer of dry bentonite changes into a dense monolithic mass 122 

with no discernable individual particles [44]. An artificial soil has been used to limit the variability of 123 

natural soil and thus to better distinguish the effect of flax fibers. The artificial soil has been 124 

stabilized with 3% of natural hydraulic lime (NHL5/ EN 459-1 [45]) and 8% of cement (CEM 1, 52.5 125 

N PM-CP2 / EN197-1 [46]) based on the clay and sand mixture mass. Those percentages have been 126 

fixed according to other studies presented in the literature that showed that 2% to 4% of lime are 127 

sufficient to stabilize the soil [15, 47], and the optimal percentage of cement to ensure a sufficient 128 

strength for the earth concrete is 8% [48]. The mineralogical composition of cement is presented in 129 

Table 2. The pure Portland cement CEM 1 composed mainly of clinker is chosen to prevent the effect 130 

of any additional component, present in other types of cement, on the mixture.  131 

 132 

Table 1. Bentonite clay properties 133 

Natural water content Liquid limit Plastic limit 

6.7% 84.6% 29.2% 

 134 
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Table 2. Mineralogical composition of cement 135 

Main components C3S C2S C4AF C3A 
SO3, 

NA2O, S-

Percentages (%) 65 12 6 12 >5 

 136 

Figure 1 presents the grain size distribution of the sand, the bentonite and their mixture that constitute 137 

the artificial soil. This analysis has been carried out by sieving according to the standard (XP P 94-138 

041 [49]) for particles having a diameter greater than 0.08 mm and by sedimentation according to the 139 

standard (NF P94-057 [50]) for fine particles (<0.08 mm).  140 

 141 

 142 

Figure 1. Grain size distribution of sand, clay and the resultant artificial soil 143 

 144 

2.1.2. Flax fibers 145 

Flax fibers are natural fibers, bio-renewable, recyclable and biodegradable. The fibers were cut at 146 

constant lengths of 12, 24 and 50 mm and their diameter is equal to 14.66 µm ±2.95 [49] (Figure 2). 147 

These fibers are rich in cellulose, more than 60% of their constitution, which gives them good tensile 148 

strength properties [52]. However, one of the main problems of natural fibers is their hydrophilicity 149 

propertie which is linked to their high-water absorption that can have an important effect on the 150 

workability and on the behavior of earth concrete at early age. In addition, the presence of water or 151 

moisture in the pore system of natural fibers decreases their strength and stiffness and modifies their 152 

chemical composition [53, 54]. The fibers used in this study were not treated in order to keep these 153 
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materials natural and easy to use. In fact, different types of treatment for natural fibers have been 154 

tested in the literature (Alkaline treatment, acetylation, hydrothermal treatment, water repellent 155 

coating, ect…) with the aim to improve their properties and the adhesion with earth concrete matrix. 156 

However, each treatment can enhance some properties and at the same time has negative effects on 157 

the others [9].  158 

The absorption test has been also conducted based on the experimental protocol developed by the 159 

RILEM TC 236-BBM group [55]. The coefficient of absorption has been determined for the three 160 

fibers lengths used in this study (Figure 3). The obtained results are in the same range of those found 161 

in [51]. The coefficient of absorption increased with an important rate in the first few minutes due to 162 

the high specific surface area of these fibers. The absorption coefficient stabilizes after approximately 163 

60 minutes. A slight difference has been observed between the three lengths of flax fibers used with 164 

an increase of the absorption coefficient for the smaller length which may be explained by the 165 

increase of their specific surface area. The water added in the mixtures has been adjusted according 166 

to this value. 167 

The adsorption/desorption curves (NF EN ISO 12571) [56] have been also plotted (Figure 4). The 168 

results show that the behavior of fibers with three different lengths is almost the same. The quantity 169 

of water loss during desorption is not the same as that absorbed at the same moisture. This 170 

hysteresis between adsorption and desorption curves is related to the content of lignin presented in 171 

the fibers and to the microporous structure of fibers that influences the retention of the water [57, 172 

58]. 173 

 174 

 175 

Figure 2. Different lengths of flax fibers 176 

 177 
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   178 

Figure 3. Evolution of the absorption coefficient in function of time for fibers with a length of 12, 24 179 

and 50 mm 180 

 181 

 182 

Figure 4. Variation of water content in fonction of the relative humidity for fibers with a length of 183 

12, 24 and 50 mm 184 

 185 

2.1.3. Mixtures  186 

Seven mixtures have been tested by varying the percentage (0, 0.3 and 0.6%) and the length (12, 24 187 

and 50 mm) of fibers. Clay and sand have been mixed first during 3 minutes to ensure a certain 188 

homogeneity of the artificial soil. Then, the lime and the cement have been added to the dry mixture 189 

and mixed during 2 minutes. The water and the superplasticizer have been then added and mixed for 190 

3 minutes. The superplasticizer Tempo 10 has been used in this study due to its efficiency as a water 191 

reducer admixture in earth concrete [30]. Finally, the fibers have been progressively added and mixed 192 

during 3 minutes. The mixtures have been named by presenting the % of fibers followed by the 193 
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length of fibers. For example, SA03F12 represents the formulation containing 0.3% of flax fibers 194 

with a length of 12 mm. Table 3 presents the components of these mixtures. The quantity of added 195 

fibers is subtracted from the artificial soil mass to keep an equivalent solid mass. The effective water 196 

to binder ratio has been kept constant and equal to 0.45. Additional water has been added to take into 197 

account the water absorbed by flax fibers. 198 

The slump (EN 12350-2) [59] and air entrained (EN 12350-7) [60] tests have been conducted on 199 

fresh earth concrete for each mixture. 200 

Table 3. Mixtures components and composition 201 

 202 

3. Methods 203 

3.1.Compressive strength test 204 

Unconfined compressive tests have been conducted using an electromechanical machine with a 205 

capacity of 100 kN and a constant loading displacement rate of 0.6 mm/min. This test has been 206 

realized on cubic specimens of 10×10×10 cm3 at the age of 7, 28 and 180 days. These specimens 207 

have been cured in a climatic chamber with a relative humidity of 80-95%. 208 

3.2.Horizontal plastic shrinkage 209 

The horizontal free plastic shrinkage has been measured on fresh earth concrete samples placed in a 210 

prismatic teflon mold of 7 x 7 x 28 cm3 using two LVDT sensors with a precision of 3 µm (Figure 5). 211 

Tests have been carried out in an air-conditioned room at 20 ± 1 °C and a RH of 60 ± 2 % [34]. This 212 

test has been realized under sealed and drying conditions. Under sealed condition, the top of the 213 

specimen has been covered by a plastic sheet to prevent the drying of earth concrete. The weight loss, 214 

Components 

(kg/m3) 
Sand Bentonite Cement Lime 

Effective 

water 

Total 

water 

Super-

plasticizer 
Flax fibers 

SA0F0 931 405 152 34.2 83.8 367 1.6 0 

SA03F12/24/50 929 401 152 34.2 83.8 370 1.6 5.7 

SA06F12/24/50 925 399 152 34.2 83.8 375 1.6 11.4 
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the temperature and the capillary pressure have been also measured in parallel. Two thermocouples 215 

have been used to measure the temperature evolution. The first has been inserted in the middle of 216 

concrete specimen immediately after casting and the second has been used to monitor the external 217 

temperature. These thermocouples were connected to a data-logger to record the temperature after 218 

concrete casting. The weight loss of earth concrete during drying has been also monitored after 219 

casting by measuring continuously the weight of a concrete sample with a height of 70 mm. During 220 

drying, the relative humidity of earth concrete decreases which induces a drop-in pressure in the 221 

liquid phase. A meniscus is thus formed at the interface with the gaseous phase generating a capillary 222 

pressure. The capillary pressure was measured using a tensiometric sensor placed in the middle of a 223 

cylindrical mold (with a diameter of 11 cm and a height of 7 cm). The sensor pores have been 224 

saturated in water before being integrated in concrete. The data acquisition of all these measurements 225 

starts after 1 hour of adding water to the mixture and lasts for 24 hours. 226 

 227 

       228 

Figure 5. Plastic shrinkage and capillary pressure measurement devices 229 

 230 

3.3.Plastic shrinkage cracking 231 

The susceptibility of earth concrete to plastic shrinkage cracking has been studied according to 232 

ASTM C1579-13 [61]. The test presented in figure 6 includes a mold with a large metal notch in the 233 

middle, which acts as a stress riser and thus responsible of crack initiation due to restrained concrete. 234 

The other two smaller metal notches on the sides serve as internal retainers. The molds were filled 235 

with concrete to the top and the surface finishing is done using a darby tool.  236 
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The tests have been conducted in a climate-controlled room with a constant temperature of 34 ± 1 °C 237 

and a relative humidity of 33 ± 6%. The wind velocity must be sufficient to obtain a minimum 238 

evaporation rate of (1 kg/(m2
.h)). For this reason, a fan with a wind speed of 6 ± 1 m/s has been used 239 

and directed to the surface of the specimens to obtain the desired evaporation.  240 

The tests have been monitored with the DIC technique during 24 hours after casting in order to study 241 

the effect of the percentage and length of fibers on the behavior of earth concrete at early age. A 242 

speckle pattern of black and white paint has been sprayed onto the surface of the specimen to 243 

improve the displacement resolution. Images have been captured using a digital camera with a 244 

resolution of 2560 × 2048 pixels. Two lamps have been used to improve the luminosity of the 245 

images. Each pixel stores a grey scale value ranging from 0 to 255 according to the intensity of the 246 

reflected light by the surface of the target. Images have been taken at a rate of one image each 8 247 

seconds during the test with a resolution of 0.17 mm per pixel. The images have been treated later 248 

using the commercial software Vic 2D. 249 

To calculate the deformation on the surface of the specimens, the grey patterns of pixel subsets on the 250 

reference image have been compared with those of the deformed specimen. The displacement result 251 

expressed in the center point of the subset is an average of the displacement of the pixels inside the 252 

subset. The crack width and area have been also measured using image J software.  253 

 254 

 255 

Figure 6. Specimen and stress riser geometry 256 

 257 
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3.4. Mercury intrusion porosimetry 258 

The effect of flax fibers on the pore size distribution of earth concrete with and without fibers after 28 259 

days has been also evaluated using mercury intrusion porosimetry (MIP). In this test, pressure was 260 

used to press non-wetting liquid mercury into the pores of earth concrete. These tests have been 261 

realized on a little cube of 1.4 cm ± 0.1 of earth concrete with a mass of almost 6 g at the age of 28 262 

days. MIP measurements were performed with an Autopore III 9420 from Micrometrics®. The 263 

amount of pressure needed to force the mercury into pores of certain sizes is inversely proportional to 264 

the pore size. The range of low and high pressure was respectively 0.0007 and 420.5 Mpa. The 265 

measurements have been recorded and used to draw the pore volume against the pore radius.  266 

 267 

4. Results and Discussions 268 

4.1.Properties of fresh concrete 269 

The slump test shows that adding fibers affects highly the workability of earth concrete (Figure 7). 270 

This is due to the high specific surface, the small diameter and the hydrophilic property of these 271 

fibers. The maneuverability or slump of earth concrete decreases with the percentage of fibers 272 

content. However, the length of flax fibers did not present a significant influence on concrete 273 

workability, which may be due to the high flexibility of flax fibers. Even though, a small reduction 274 

of the slump value has been observed for the longest fibers (50 mm). Note that in some cases, long 275 

fibers provoked segregation during mixing of earth concrete. In addition, the air content increased 276 

with the incorporation of flax fibers in earth concrete especially for longer fibers. 277 

 278 
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   279 

Figure 7. Slump and air content of fresh earth concrete with different percentages and lengths of 280 

flax fibers 281 

 282 

4.2. Compressive strength 283 

Three specimens have been tested for each mixture to study the repeatability. Figure 8 presents the 284 

maximum compressive strength of the different mixtures at 7, 28 and 180 days. At the 7th and the 285 

28th days, the compressive strength increased with the addition of fibers and is more significant with 286 

the addition of 0.6% of flax fibers [9]. This can be associated to the good adhesion between fibers 287 

and earth concrete matrix that prevented the spreading of cracks and improved the mechanical 288 

properties [9]. The length of fibers did not show a significant effect on the compressive strength. 289 

Note that, no generalized conclusion can be made on the effect of natural fibers on the compression 290 

strength. The results depend on the type and the percentage of the used soil and fibers, in addition to 291 

the testing method and many other criteria [9]. For example, while the addition of 20% of oat straw 292 

reduced the compression strength, the addition of the same percentage of typha fiber-wool increased 293 

it [62]. 294 

 295 

The compressive strength increases significantly even after 28 days and doubled at 180 days, which 296 

may be due to pozzolanic and hydration reactions related to lime and cement. These reactions 297 

increase the cohesive force between the clay particles and thus the mechanical properties of earth 298 

concrete [13, 20, 28]. Note that, the clay mineralogy has an important influence on the physical and 299 

mechanical properties of earth concrete [63].  300 
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 301 

 302 

Figure 8. Compressive strength of earth concrete with different percentages and lengths of flax fibers 303 

at 7, 28 and 180 days of curing 304 

 305 

Figure 9 presents the fracture behavior of earth concrete specimens with different percentages of 306 

fibers (0%, 0.3% and 0.6%). A brittle behavior has been observed for SA0F, accompanied with the 307 

propagation of a large crack from the bottom to the top of the specimen during the compressive test. 308 

However, for specimens containing fibers, a multi cracking has been observed with a crack length 309 

way smaller than that obtained with SA0F. The same observation has been found with [28, 64]. Thus, 310 

the addition of flax fibers improved greatly the compressibility, the fracture energy and the ductility 311 

of earth concrete [9]. This is due to the bridging effect of the fibers and to their high compressibility 312 

[9].  313 

 314 

 315 

 316 
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Figure 9.  Fracture behavior of earth concrete specimens for SA0F, SA03F12 and SA06F12 mixtures 317 

at the age of 28 days  318 

 319 

4.3.Plastic shrinkage results 320 

Plastic shrinkage tests started one hour after the contact between the water and the mixture of solid 321 

materials. The horizontal shrinkage was calculated as the mean value of the data collected from the 322 

displacement of the two sensors. Figure 10 shows the crossed curves of the early age/drying 323 

shrinkage development, the weight loss and the capillary pressure for SA0F. The weight loss is 324 

expressed in kg/m2 and is multiplied by a coefficient of 30 to be compatible with the secondary axis 325 

of the capillary pressure.  326 

The maximum plastic shrinkage value of earth concrete is much higher than the shrinkage of ordinary 327 

concrete due to the presence of the clay [34, 65, 66].     328 

Based on the analysis of the early age shrinkage curves, four phases can be distinguished. In the first 329 

phase, plastic shrinkage starts to develop almost immediately after casting with a small rate and a low 330 

capillarity at the surface of concrete. This indicates a very thin layer of bleeding water on the surface 331 

which may be due to the absorption of water by fine particles and fibers. In the second phase, 332 

shrinkage increases with an important rate, which may be related to the increase of the capillary 333 

pressure due to the evaporation and the consumption of water by the hydration reactions. The 334 

increase of the capillary pressure indicates that the meniscus started to appear in the pores of the 335 

mixture near the sensor placed in the middle of the sample. During the third phase, the rate of plastic 336 

shrinkage started to decrease until reaching its stabilization where the plastic shrinkage attends its 337 

limit and the volumetric contraction stops. This occurs when the solid skeleton of earth concrete 338 

stiffens enough due to the different hydration reactions and can resist to the capillary pressure. The 339 

rate of the weight loss decreases with the different stages to attend almost 1% of evaporation (2 340 

kg/m2) after 24 h of concrete casting. 341 

 342 
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 343 

Figure 10. Development of plastic shrinkage, weight loss and capillary pressure for SA0F 344 

 345 

Figure 11 shows the comparison between the horizontal early age shrinkage development for SA0F, 346 

SA03F12 and SA06F12 mixtures. The rate of the development of the shrinkage has been also plotted. 347 

The results show that the rate of development of plastic shrinkage for SA0F is much higher than that 348 

for specimens with fibers. In the first 7.5 h for SA0F, 6.7 h for SA03F12 and 6.2 h for SA06F12, the 349 

velocity of the deformation was high and almost constant. However, the rate of displacement 350 

decreases with the percentage of fibers. Then, the rate of deformation decreases to reach zero. For 351 

SA0F, this decrease is slow and progressive before it vanishes after 14 hours. However, the rate of 352 

deformation for the mixtures with 0.3 and 0.6% of fibers decreases quickly and stabilizes after 10 353 

hours. 354 

 355 

 356 
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Figure 11. Evolution of the plastic shrinkage and the deformation rate for SA0F, SA03F12 and 357 

SA06F12 mixtures 358 

 359 

Figure 12 and 13 present the evolution of early age plastic and autogenous shrinkage for all the 360 

mixtures with 0, 0.3 and 0.6% of fibers and considering the three lengths of 12, 24 and 50 mm. The 361 

rate and amplitude of autogenous shrinkage is low with a maximum value of 500 µm/m for SA0F. 362 

This may be due to different hydration reactions of cement and lime or chemical shrinkage in 363 

addition to self-desiccation shrinkage, which occurs in moisture-sealed conditions as water is 364 

internally removed from the capillary pores by chemical combination during hydration. 365 

The plastic shrinkage started directly after casting for all the mixtures under drying. The plastic 366 

shrinkage is reduced 2 to 2.4 times with the addition of 0.3% and 0.6% of fibers respectively 367 

compared to SA0F.  368 

All the mixtures with fibers attend the plastic shrinkage stabilization at the same age earlier then 369 

SA0F. The effect of fiber lengths is more pronounced for the formulation with 0.3% of fibers. In fact, 370 

the increase of fiber lengths leads to the reduction of the rate and amplitude of plastic shrinkage, 371 

which may be due to the large surface that can be occupied by each fiber holding back the particles of 372 

concrete together.  373 

Figure 13 presents the average maximum value of plastic shrinkage for the different mixtures 374 

considering the repeatability of the results. Plastic shrinkage decreases with an important rate with 375 

the addition of fibers. In addition, it decreases slightly with the percentage and length of fibers.  376 

 377 

  378 
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Figure 12. Evolution of plastic and autogenous shrinkage for mixtures without and with 0.3% a) and 379 

0.6% b) of fibers with different lengths 380 

 381 

  382 

Figure 13. Maximum plastic shrinkage values of earth concrete specimens with different percentages 383 

and lengths of flax fibers 384 

 385 

The evolution of temperature for earth concrete samples is presented in Figure 14. The temperature 386 

varies slightly between 18.5°C and 21°C. The temperature decreases in function of time with a higher 387 

rate for SA0F compared to the mixtures containing fibers until it stabilizes. It is also interesting to 388 

note that the temperature gradient of the specimens was not very significant. The temperature 389 

evolution of earth concrete is different from that of ordinary concrete as no temperature peak related 390 

to the exothermic hydration reactions is observed which may due to the small quantity of added 391 

cement [67, 68].  392 

 393 
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 394 

Figure 14. Evolution of the ambient and concrete temperature for the mixtures SA0F, SA03F12 and 395 

SA06F12 at early age 396 

 397 

The evaporation rate for the mixtures with different lengths and percentages of fibers is presented in 398 

figure 15. The results show that there is no clear tendency of the evolution of the evaporation rate in 399 

function of different percentages and lengths of fibers. Note that the evaporation rate is considered 400 

low according to ACI 305.R-99 [69]. Many research in the literature showed also a contradiction 401 

between the evolution of the evaporation rate at early age for concrete with and without fibers [33]. 402 

The observed variability can be related to many factors such as the distribution of fibers in concrete, 403 

its surface finishing, the number of interconnected capillary voids that allows water to rise easily, in 404 

addition to the hydrophilicity properties of fibers that may be responsible of the water retention and 405 

the reduction of the segregation and thus the quantity of bleeding water [33, 37].  406 

 407 

Figure 15. Evolution of the weight loss for all the mixtures at early age 408 
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 409 

Figure 16 presents the evolution of the capillary pressure during the first 24 hours. The capillary 410 

pressure is directly related to the pore distribution in the matrix. According to Laplace’s equation, 411 

the capillary pressure increases when the pore radius decreases: 412 

(P= (-(2γ)/R). cos θ)       Equation 1 413 

where P is the pressure in the pore liquid, θ is the wetting angle, R is radius of the pore containing 414 

the meniscus and γ is the surface tension of the liquid/water.  415 

The capillary pressure was delayed for all the formulation for few hours; 2.5 hours for the 416 

formulations containing fibers and 3.5 hours for SA0F. This is related to the transfer properties and 417 

kinetic of drying that control the saturation of concrete pores system along the height of the 418 

specimens as the sensor is placed in the middle of the mold [35]. For the mixtures containing 419 

fibers, the capillary pressure developed earlier than SA0F. This may be due to the low amount of 420 

bleeding water with mixtures containing fibers and different transfer properties related to the 421 

percentage and distribution of pores that can affect the value of the capillary pressure in concrete in 422 

addition to the absorption of water by the different materials presented in concrete as clay and 423 

fibers. 424 

 425 

Figure 16. Evolution of the capillary pressure and its rate for SA0F, SA03F12 and SA06F12 426 

mixtures 427 
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4.4.Results from mercury intrusion porosimetry 428 

In order to have a better understanding of those differences between the mixtures with and without 429 

fibers, the effect of fibers on the pore size distribution has been evaluated using a high-pressure 430 

mercury intrusion porosimeter. Figure 17 shows the evolution of the increment pore volume with 431 

respect to the logarithm of the pore radius in function of the pore radius r for SA0F, SA03F24 and 432 

SA06F24. The results show that the total porosity is equal to 35% for the fiber-free formulations, 433 

36% for the SA03F24 and 40% for the SA06F24 formulations. The pore distribution range varies 434 

between 0.005 μm to 70 μm. From a dynamic point of view, the experiments take place from right to 435 

left i.e, large access radii (Washburn's law) towards small access radii. The distribution is largely 436 

dominated by a main mode centered at 1 μm for the three mixtures. Two secondary modes have been 437 

also observed at 0.05 µm on small pore side and 8 μm on large pore side. The results show that the 438 

volume of small pores (smaller than 0.1 µm) is slightly higher for SA06F24, which explains the 439 

higher capillary pressure. The volume of the pores with a diameter between 0.1 and 5 µm is highest 440 

for SA03F24. However, the volume of pores with a diameter larger than 5 µm is bigger for 441 

specimens with 0.6% of fibers, which may be due to the effect of fibers distribution in the specimen 442 

in large quantities. The differences between the total porosity and the pore distributions may explain 443 

the capillary pressure development delay and the different evaporation rate observed with the 444 

different mixtures and are responsible of the modification of mechanical and transfer properties of 445 

earth concrete.  446 

 447 

 448 

Figure 17. Pore size distribution for SA0F, SA03F24 and SA06F12 449 
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 450 

4.5.Plastic shrinkage cracking 451 

Plastic shrinkage cracking tests started one hour after mixing earth concrete. The images taken during 452 

the test (first 24 hours) are used to compute the displacement and the strain fields with the DIC 453 

technique. Figure 18 presents the evolution of the strain field in the x-direction (exx) for the SA0F. 454 

The crack initiated after almost 3.8 hours of casting the earth concrete and spreaded in 20 min along 455 

the large notch in the middle of the mold to form a continuous macro-crack. Figure 19 presents the 456 

evolution of the strain along the x-axis of the mold. The strain increases in the area near the notch. 457 

The tensile strength is at its maximum value near the cracking area for the formulation SA0F where 458 

strain values are red. The crack occurred due to the restrained shrinkage of earth concrete, which 459 

generates tensile stresses responsible of cracking when they exceeded the maximum stress capacity 460 

of concrete. The image j software has been used to characterize the crack that reached an area of 434 461 

± 55 mm2 and a width of 1.7 ± 0.2 mm after 24 hours.  462 

 463 

 464 

Figure 18. Evolution of the strain field for SAF in function of time 465 

 466 
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 467 

Figure 19. a) Evolution of the strain field in function of the x axis in function of time (per hour) 468 

measured in the middle of the mold b) Crack area and width for SA0F 469 

 470 

For the formulations containing flax fibers with a length of 12, 24 and 50 mm, no macro-cracks have 471 

been observed during the first 24 hours after casting. Figure 20 shows the strain fields for the 472 

mixtures SA06F12, SA06F24 and SA06F50. The results show that the zone of concentration of strain 473 

fields is larger than the one obtained with SA0F. In addition, the strain values were significantly less 474 

important indicating the reduction of plastic shrinkage cracking due concrete reinforcement with flax 475 

fibers. In fact, flax fibers increase the early age tensile strength [39] which make it more difficult to 476 

reach the strength of concrete at this age [31]. New bridging forces are developed due to the presence 477 

of fibers, which prevent crack propagation [37, 70]. In addition, the presence of flax fibers tends to 478 

reduce the quantity of bleeding water, which enhance the concrete stiffness at its early age [9]. 479 

In addition, the DIC results showed that the strain concentration localized above the stress riser using 480 

the shorter length of fibers (12 mm) is higher than that using the longest length of flax fibers (50 481 

mm). This may be due to the larger space occupied by the longest fibers, which is responsible of 482 

stress redistribution and thus a decrease of the maximum strain values. In fact, longer fibers allow 483 

obtaining a sufficient stress transfer and a reduction of the stress concentration across the crack 484 

position [33, 71, 72]. 485 

 486 
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     487 

Figure 20. Evolution of the strain field for SA06F12, SA06F24 and SA06F50 mixtures 24 hours 488 

after casting 489 

5. Conclusion 490 

The earth concrete studied in this article is a building material that can be created on site using 491 

excavated soil and local materials in regions with few natural resources for different applications in 492 

the construction field. It can be used to construct load bearing walls or slabs for small structures or 493 

for non-structural elements and plasters with a lower thickness. In addition to its environmental and 494 

ecological properties, the use of this material in building envelope can provide a certain insulation 495 

level and thermal inertia. The effect of incorporation of flax fibers with different lengths and 496 

percentages on the early age behavior of earth concrete has been studied. The evolution of plastic 497 

shrinkage has been studied in parallel to the evaporation and the capillary pressure during the first 24 498 

hours after casting of earth concrete. The stain and displacement fields of the restrained earth 499 

concrete specimens with and without fibers have been evaluated using DIC technique. The main 500 

conclusions of this study are: 501 

– Flax fibers increase slightly the compressive strength at 28 days of earth concrete and 502 

enhance the ductility by generating a multi–cracking propagation in the specimen. 503 

– The horizontal plastic shrinkage of earth concrete decreases with the increase of the 504 

percentage and length of flax fibers.  505 

– The addition of fibers reduces the cracking risk of restrained earth concrete at the early age. 506 

No macro-cracks have been observed with mixtures containing flax fibers due to the 507 
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reduction of stress concentration above the stress riser of the mold. An increase in the strain 508 

distribution has been also observed at the specimen surface with the increase of the fiber 509 

length indicating a better stress transfer. 510 

Additional studies will be realized in the future in order to study the effect of these fibers on the 511 

fracture behavior, the durability and the hydrothermal properties of earth concrete. 512 

 513 
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