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Abstract

:

Soil concrete is a material produced by mixing the soil at the site with a hydraulic binder. This paper aims to study the influence of the nature of binder on the physical and mechanical properties of soil concrete. For the mixtures, three types of soil were chosen and studied: sandy clay with a granular class of 0/5 (SA5), laterite with a granular class of 0/5 (LA5), and laterite with a granular class of 0/10 (LA10). Three different cements were used: CEM I 52.5, CEM II 42.5, and CEM III 32.5, with cement contents of 150 and 250 kg/m3. The soil concretes were designed for a constant spread of 32–33 cm measured on a mini-slump. The results showed that LA5-based soil concrete has a higher water content of about 8.8% more than SA5 and LA10-based soil concretes. For all the mixtures, the lowest porosity values were obtained with CEM III 32.5, followed by CEM I 52.5, and finally CEM II 42.5. For the three types of cement and the same soil granular size, the compressive strength, static, and dynamic modulus of SA5-based soil concretes are higher than LA5. It was noted that the mechanical properties of soil concretes made with CEM III 32.5 are higher than those made with CEM I 52.5 and CEM II 42.5. Regardless of the type of cement used, the mechanical properties obtained on LA10-based soil concrete are higher than those on LA5-based soil concrete.
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1. Introduction


There are various deep mixing systems for soil and hydraulic binder to produce soil concrete [1,2]. Soil concrete is nowadays an attractive material in the fields of soil improvement and soil treatment due to its economic and ecological aspects. Despite technological advances in the field, it is often difficult to predict the strength of the material [3], so when designing a structure, caution is taken and a high safety factor is chosen [4]. Ref. [5] showed that there are four main factors that influence the strength of soil concrete: binder characteristics, nature of the soil encountered, mixing, and curing conditions. In this study, the soil concrete consisted of organic soils. The results showed an increase in compressive strength as a function of the cement content. Ref. [6] proposed new predictive models for the uniaxial compressive strength of jet grouting materials based on data mining techniques. This analysis is conducted on four natural soils (lean clay, organic lean clay, fat clay, and silty clay) of clayey nature prepared with CEM I 42.5 R and CEM II 42.5 R cements. This study shows that for soil–cement mixtures, after 28 days of curing, their stiffness (as well as their uniaxial compressive strength) is almost not affected by age. However, the compressive strength values formulated with CEM I 42.5 R are higher than those of CEM II 42.5 R.



Ref. [7] affirms that the compressive strength of soil concrete increases with time in the same way as normal concrete. It has been shown that on clay soils made with CEM III 32.5 cement, the compressive strength of this material increases with time in the same way as that of normal concrete [8].



Most of the studies in the literature, such as the work of [9,10], have been carried out on artificial soils, and almost none on natural soils. The main hydraulic binder used in these studies is CEM III/C, which is a blast furnace cement with more than 85% slag [11], as it is also considered to be eco-efficient due to its low CO2 emissions. In the same way, the study conducted by [12] shows that the production of CEM III/C produces about 10 times less CO2 than CEM I.



Compared to ordinary concrete, the strength development of soil concrete is delayed by the large amounts of water injected during mixing [13], and there is a pronounced increase in long-term strength depending on the type of soil and cement used [14]. In order to explain this phenomenon, some authors have suggested a possible pozzolanic reaction between the portlandite resulting from the hydration of cement and clay [15]. Usually, formulations with CEM III 32.5 for clay and peat soils offer the lowest strengths (2 to 8 MPa), silty soils give intermediate strengths (4 to 14 MPa), and the best results are obtained with sandy and gravelly soils (12 to 19 MPa) [16].



The nature of the binder has a major impact on the mechanical and physical properties of soil concrete [7], and to date, there has been some research on the subject. Kawasaki compared the effects of Portland cement and slag cement on soils of different origins, namely Kanagawa soil from Tokyo Bay and Saga soil from Kyushu Island [9]. The results show that the effect of slags is very different depending on the type of soil, which is attributed to the complex chemical reactions of the hydration process.



As mentioned by [17], there is no specific compliance code or even generally accepted norms for soil concrete. Design models are now mainly based on empirical knowledge. Therefore, to extend the application of these materials to permanent structural works, it is necessary to increase the accuracy of the models and improve their mechanical and physical behavior by optimizing the mix design according to the nature of the binder [10].



In the past, studies on soil concrete were much more limited to artificial soils but also to underground structures. The field of application of this material is extending to structures underground and even above the ground, which require higher resistance. The sandy clay and laterite soil used in this work are, respectively, from Douala and Yaoundé in Cameroon. These soils are very common in Cameroon. Most of the civil and industrial projects in the field of public works in Cameroon are carried out with CEM II 42.5 cement, which is produced by local cement factories, in this case, the CIMENCAM factory. In the beginning, the study focused on soil concrete made with CEM II 42.5 cement. Subsequently, the results were compared with soil concrete designed with CEM I 52.5 and CEM III 32.5 cements produced, respectively, by EQIOM and CALCIA in France. This will enhance the study of the influence of the nature of cement on the physical and mechanical properties of soil concretes based on sandy clay and laterite. In this paper, a constant spread is proposed to enable a workability study of all the mixtures. Our study examines the influence of the nature and dosage of the binder and the nature and granulometry of the soil on the physical and mechanical properties of soil concrete. Microstructural and chemical analyses provide a better understanding of the compatibility and role of the binder on the mechanical properties.




2. Materials and Methods


2.1. Material Properties


	
Soils






Two soils used as aggregates to make the soil concrete in this work were laterite (denominated LA) and sandy clay (denominated SA), which come respectively from Simbog in Yaoundé and Japoma in Douala in Cameroon. Two grain size classes (0/5) and (0/10) were considered for laterite (LA5 and LA10) and (0/5) for sandy clay (SA5) to study the influence of the grain size on the properties of soil concrete. Table 1 shows the loss on fire and chemical composition of soil samples (LA and SA) obtained from X-ray fluorescence spectrometry.



The main chemical constituents in sandy clay and laterite are SiO2, Al2O3, Fe2O3, and CaO. It should be noted that SA has a higher SiO2 content (42.95%) than LA (33.33%). This can be explained by that sandy clay is a granitic rock essentially made of quartz. However, the contents of Al2O3 (27.18%) and Fe2O3 (9.96%) are higher in LA than in SA. The high loss on fire values of LA (14.54%) and SA (12.87%) are due to the presence of bound water and organic matter in these natural soils.



Figure 1 shows the granular distribution of the different types of soil and cement.



In the case of LA, there is almost no sand fraction, and in the case of SA, there is an absence of coarse sand fraction.



The intrinsic characteristics of the soils used in the manufacture of soil concrete were determined by testing the specific density of solid grains, pH, methylene blue (VBS), Atterberg limits (Wp, WL, and Ip), and sand equivalent (ES), respectively, in accordance with norms: NF EN ISO 17892-3, NF-EN ISO 10523, NF EN 933-9, NF EN ISO 17892, and NF EN 933-8. The results are presented in Table 2.



LA and SA have a liquid limit WL of 76.45% and 56.39%, respectively, a plasticity index Ip of 33.81% and 27.06%. According to the GTR soil geotechnical classification, both soils are very plastic, silty soils. The pH values show that both soil samples are acidic, with a value of 5.34 for SA and 5.23 for LA. This acidity is explained by the fact that the soils are generally in contact with acidic rainwater (pH below 5.6) [18]. According to [8], soil pH is a parameter that influences the compressive strength of soil concrete. The VBS values show that LA has a higher amount of clay (0.9) than SA (0.43).



	
Cement






The types of cement used for this study are CEM I 52.5 N CE CP2 NF and CEM III/C 32.5N CE PM- ES NF, manufactured in France by EQIOM and CALCIA, respectively, in compliance with the European classification [19], and CEM II B-P 42.5 R NC, manufactured in Cameroon by CIMENCAM and in compliance with the Cameroonian standard NC 234 [20]. Table 3 shows the chemical composition of the three types of cement used in this work, obtained from X-ray fluorescence spectrometry.



The CEM III 32.5 cement contains a higher content of SiO2 (32.8%) and Al2O3 (10.2%) than the CEM II 42.5 and CEM I 52.5 cements, i.e., respectively 25.50% SiO2 and 7.61% Al2O3 for the first and 20.70% SiO2 and 4.60% Al2O3 for the second. Furthermore, CEM III 32.5 has a low content (0.70%) of Fe2O3 compared to CEM I 52.5 (3.30%) and CEM II 42.5 (6.78%). Table 4 shows the different intrinsic characteristics of the types of cement used in the manufacture of soil concrete.



The Blaine-specific surface values obtained show that the value for CEM II 42.5 (0.35 m2/g) is lower than that for CEM I 52.5 (0.4 m2/g) and CEM III 32.5 (0.47 m2/g). This result agrees with the particle size analysis of the different cements used (Figure 1), which clearly shows that the finest cement is CEM III 32.5, followed by CEM I 52.5, and finally CEM II 42.5. The specific density of CEM III 32.5 (2900 kg/m3) is lower than that of CEM II 42.5 (3100 kg/m3) and CEM I 52.5 (3150 kg/m3).




2.2. Mixtures Design


Four cement contents of 150, 200, 250, and 300 kg/m3 were used to produce the soil concrete, thus covering the entire range of dosages normally used in deep mixing applications. The abbreviations used for soil concrete will be related to the nature of the material, the grain size, the nature of the cement used, and the dosage. For example, the soil concrete obtained from a mixture of sandy clay of granular class 0/5 with cement CEM II 42.5 dosed at 250 kg/m3 will be named SA5C250_II.



The mix design method consists of first setting the cement dosage value. Then, the W/C ratio is chosen for values that allow self-placing soil concrete to be achieved, and the quantity of soil to be added to the mixture is deduced to obtain 1 m3 of fresh soil concrete. The choice of water dosage is then verified experimentally using a mini-cone whose dimensions are homothetically 2 times smaller than those of the Abrams cone (Figure 2). All mixtures were carried out at constant workability, with a spread of between 32 and 33 cm corresponding to self-compacting soil concrete.



By neglecting the air in the mixture, we obtain the following equation:


Vwater + Vcement +Vsoil = 1 m3 soil concrete.



(1)







After several spreading tests, the water content of the mixture is determined in accordance with the workability assumption. Table 5, Table 6 and Table 7 show the different mixtures studied.



The water content is higher for LA5C than for SA5C in the different soil concrete mixtures. This is explained by that LA5 is more plastic soil with a higher WL and specific surface than SA. This is consistent with the work of [9], who shows that the water content of the mix increases with the clay content of the soil to achieve the target slump value. This high water demand of a clay-containing mix is due to the water retention in the clay structure and its high specific surface area (Table 1). This retained water will have different physical properties than “free” water and is not effective in terms of cement and concrete chemistry. It is important to note that the amount of water in LA10C is less than LA5C; this is due to the grading. There are more fine elements in LA5, which results in a higher water demand compared to LA10. Finally, it should be noted that the nature and dosage of cement have no effect on the workability for the same water content.




2.3. Specimen Preparation


Soil concrete is made in the laboratory under ideal mixing conditions, so the mixing procedure has no significant influence on the properties of the studied mixtures. The soil and cement are first mixed dry by hand for about 5 min to obtain a visually homogeneous mixture. Mechanical mixing [21] with water is then carried out using a CONTROLAB mixer (Figure 3a).



During mixing, the tool performs a planetary rotation movement at a speed of 63 rpm, which is the minimum speed of the mixer. The mixing time is set at 10 min, as mixing beyond this time has no real effect on the strength of the hardened concrete, as observed by [22].



After mixing, the material is cast into cylindrical molds of 60 mm in diameter and 120 mm in length in three layers. After each layer, the soil concretes are clamped using the tapping method (15 strokes). For all mixes, the filling of the molds is completed at the latest 45 min after mixing with cement. This limits the influence of the resting time before placement on the material characteristics [23].



Immediately after production, the soil concrete specimens are stored in sealed bags to allow for endogenous drying [24]. The soil concrete specimens are unmolded after 7 days of curing time (Figure 3b). This curing time allows the material to reach sufficient strength to avoid damaging the specimens during the demolding phase [25]. Immersion in saturated lime water for curing of all specimens was carried out [26].




2.4. Experimental Procedures


	
Air trapped






The volume of air trapped during the mixing phase of fresh concrete was determined for each mix design using an aerometer according to NF EN 12350-7 [27].



	
Water porosity






The measurement of water-accessible porosity and bulk density was carried out on cylindrical specimens of 40 mm diameter and 100 mm height. The samples were dried in an oven at 60 °C until they reached a constant mass, as noted in [28]. Once dried, they were weighed and placed in a vacuum desiccator for 2 h. The saturation phase lasted 3 days; the weight of the dry sample on the saturated surface was measured, and then a hydrostatic weighing was carried out to calculate the porosity value and the apparent density according to NF P 18-459 [28]. The measurements were taken at 28 days of age.



	
Uniaxial compression






The uniaxial compression tests were carried out in accordance with NF EN 12390-3 [29] on cylindrical specimens of 60 mm diameter and 120 mm height. The specimens are loaded under controlled stress at a rate of 0.04 MPa/s with a Zwickwell electromechanical press. This relatively low loading rate was chosen to allow time for cracks to propagate in the material.



	
Static modulus of elasticity






Some specimens were equipped with strain gauges to determine the static elastic modules during the compression test. Four gauges were used on the cylinder, two attached axially and two attached transversally. The static modulus is determined by calculating the slope of the unloading phase of the stress-strain curve for each cycle from a linear data set between the peak and the halfway point of each cycle. The value of the modulus of elasticity is determined for a stress level equivalent to 30% of the breaking strength (0.3 fc).



	
Dynamic modulus of elasticity






Measurements of the P-wave velocity noted Vp in the different samples were carried out on concrete soil specimens of dimensions 60 mm in diameter and 120 mm in height using a wave propagation test device called Pundit Lab. The knowledge of Vp and Poisson’s ratio from a previous study [30] allows the calculation of the value of the dynamic modulus through equation 2 below.


    E   d y n   = ρ   V   p   2   .     ( 1 + v ) ( 1 − 2 v )   ( 1 − v )    



(2)







	
Microscopic observation






Microscopic electronic observations were made on a REISS microscope of the different samples after crushing for 28 days. The procedure consists first of taking a fragment of material after compression tests and placing it under a vacuum in the SEM. Using an electron beam, the microstructure of the samples is observed.





3. Results and Discussions


3.1. Physical Characteristics of the Material in the Fresh and Hardened State


3.1.1. Density


The density results obtained for the different fresh soil concretes vary between 1480 and 1901 kg/m3, Figure 4a–d. These measured density values are comparable to values found in the literature for this material [30]. The slight difference observed between the theoretical and experimental density values in the fresh state can be explained by the absorption of water by the soils and mainly by the entrapped air in the soil concrete. The experimental values for the LA5 formulations are systematically smaller than the theoretical values, which can be explained by the higher values of trapped air in the LA5C. The high-density values of fresh soil concrete compared to hardened concrete at 28 and 90 days can be explained by the endogenous curing phase of 7 days in the plastic bags before storage in water, where the soil grains absorb some of the free water, resulting in an increase in the volume of the material and consequently a decrease in its density. Between 28 and 90 days, the hydration of the cement in the hardened soil concrete continues through pozzolanic reactions, increasing the density of the material. In Figure 4a, a slight difference in the theoretical density of the soil concretes formulated with CEM I 52.5, CEM II 42.5 and CEM III 32.5 is obtained. This can be explained by the slight differences in density between the different types of cement, which are 3150, 3100, and 2900 kg/m3, respectively. However, the experimental results obtained in the fresh state (Figure 4b) give rather higher values for the formulations made with CEM II 42.5, followed by CEM I 52.5, and CEM III 32.5. This may be explained by the specific surface, which is lower for CEM II (0.35 m2/g), followed by CEM I (0.4 m2/g), and CEM III (0.47 m2/g). A similar study conducted on mortars showed the effect of grinding on the increase in compressive strength [31].




3.1.2. Air Trapped


The percentages of entrapped air are determined and presented in Figure 5. The results obtained show a variation of the occluded air content between 3 and 4.8% for soil concrete made with sandy clay and between 3.1 and 5.2% for soil concrete made with laterite. The values of these results are comparable to those of the literature, such as those of [30], who obtained occluded air contents between 2 and 6% on soil concretes formulated based on Kaolinite, Fontainebleau sand, and CEM III 32.5. For soil concretes designed with CEM I 52.5, CEM II 42.5, and CEM III 32.5, there is no significant influence of nature or the cement dosage on the occluded air content. For each cement type, the values of the air content are higher in LA5C than in SA5C. This is due to a higher amount of clay in LA than SA, resulting in a granular arrangement that traps more air in soil concrete made with LA. For this reason, LA5C has a higher trapped air content than LA10C. This is explained by the larger granular fraction in LA10 that traps difficult air in the soil concrete compared to LA5. The influence of the clay content on the physical and chemical properties of soil concretes, particularly on the occluded air content, was shown by [9].




3.1.3. Water Porosity


Water porosity is presented in Figure 6, which shows the evolution of porosity as a function of the nature and dosage of cement and the nature of the soil.



The values presented in Figure 6 show that an increase of 100 kg in cement dosage leads to a slight decrease in porosity. Indeed, increasing the cement content makes the soil concrete denser with more hydrates and consequently reduces the pores of the material. The water porosity is greater in laterite than in sandy clay for the same grain size. This can be explained by the higher water content in the mixtures made with laterite. These results are consistent with the results of [9], which show that the porosity increases with the clay content in the material. The water porosity values of soil concrete designed with CEM III 32.5 are the lowest, followed by those designed with CEM I 52.5, and the highest values were obtained with CEM II 42.5. This can be explained by the better chemical compatibility of CEM III 32.5 with the soil compared to CEM I 52.5 and CEM II 42.5, as shown in SEM images.





3.2. Mechanical Properties


3.2.1. Uni-Axial Compressive Strength


The compressive strength development with curing time of soil–cement specimens made with three different soils and CEM II 42.5 is presented in Figure 7a–c. To study the influence of cement content on the compressive strength of soil concretes, four cement contents were tested.



Compressive strength values were determined for 7, 14, 28, 90, and 180 days of curing, and each point represents the average value of 5 specimens. The compressive strength of soil concrete increases with time and seems to stabilize around 180 days. This increase in compressive strength is explained by the development of pozzolanic reactions during the hydration of the cement in the soil concrete. Compared to ordinary concrete, which reaches about 90% of the maximum compressive strength at 28 days, soil concrete reaches about 65% at the same time [32]. This may be due to the large amount of water and fine elements present in the material, which slow down the rapid development of the compressive strength of soil concrete. For the same granular class (0/5), the compressive strength of specimens made with sandy clay is higher than that made with laterite. This can be partly explained by the higher water content and, therefore, by the higher porosity of specimens made with LA5. The influence of the aggregate size on the compressive strength is also noted. The compressive strength of specimens made with LA10 is higher than the compressive strength of ones made with LA5 for a given cement and water content at the same curing time. This can be explained by the larger aggregate size in the formulations made with LA10. This agrees with the results of the work of [32], which show that the compressive strength of soil–cement mixtures increases with increasing soil aggregate size.



Figure 8a,b shows the evolution of the compressive strength as a function of the cement content and the E/C ratio at 90 days of curing time for soil concretes designed with three different soils and CEM II 42.5.



It is observed that depending on the three soils, the soils concretes have an increasing evolution of the compressive strength as a function of the cement content. However, a decreasing evolution of the compressive strength as a function of the W/C ratio can be observed following an exponential trend. This trend is like the work carried out by [30]. Although the evolution of compressive strength as a function of cement dosage in SA5 soil concrete is higher than that of LA5 soil concrete, an almost similar evolution is still observed. This can be explained by the higher amount of water used in the formulation of LA5 soil concrete. In contrast to the other two soil concretes, the LA10 soil concrete has a much higher evolution due to the larger grain size and the amount of water being close to that of the SA5 soil concrete.



Figure 9 shows the evolution of the compressive strength of soil concretes depending on the curing time designed with the three types of cement (CEM I 52.5, CEM II 42.5, and CEM III 32.5) and the three types of soil.



A logarithmic evolution of the compressive strength as a function of time was observed for all the curves in Figure 9a–c. It should be noted that for the same cement dosage and regardless of soil type, the compressive strength of soil concrete made with CEM III 32.5 is higher than that of those made with CEM I 52.5 and CEM II 42.5. This difference in compressive strength between specimens made with CEM III 32.5 and other cements is very significant, mainly for the cement content of 250 kg/m3 and after 90 days of curing time. Figure 10 shows the values of the compressive strength at 90 days for a cement content of 250 kg/m3 for all mixtures. For a soil concrete LA10 with CEM III 32.5, a difference of 33% compared to CEM I 52.5 and 44% compared to CEM II 42.5 is observed. This is the same trend for the other two types of soil concrete. This can be explained by the better compatibility between CEM III 32.5 and the two soils used, which is reflected in the SEM images by a denser paste-aggregate bond. This better compatibility of soil concrete designed with CEM III 32.5 could be due to its low chemical composition of Fe2O3 (0.70%) compared to CEM I 52.5 (3.30%) and CEM II 42.5 (6.78%). Research showed the effect of high values of Fe2O3 chemical composition on the properties of Portland cement clinker on the compressive strength; an increase in Fe2O3 leads to its decrease [33].



For a given type of cement and a given cement content, the highest strength is obtained for specimens made with sandy clay, SA5 (except for CEM II 42.5), and the lowest strength is obtained for LA5. This can be related to the grading of the soil, the water content of the concrete, and the compatibility of the chemical composition of cement and soil. This explains the fact that for the same water content, we have a higher compressive strength with LA10 soil concrete than with SA5. Furthermore, for the same granular class (0/5), higher compressive strengths are noted for soil concrete from sandy clay than for soil concrete from laterite. This is due to a higher water content in the LA5-based soil concrete (570 kg/m3) than in the SA5-based soil concrete (525 kg/m3). Therefore, the SA5-based soil concrete is better than the LA5-based soil concrete.



For the soil concretes made with CEM I 52.5 and CEM III 32.5, the SA-based concretes give us better compressive strengths than the LA5-based one (0/5). This is due to the higher water content and porosity of the laterite.




3.2.2. Modulus Static Elasticity


Figure 11 shows the evolution of the static elasticity modulus as a function of cement content at 28 days. The Young’s modulus increases with cement content and grain size but decreases as the amount of clay in the soil increases. For all types of soil and cement content, the highest values of static Young’s modulus were obtained for soil concretes formulated with CEM III 32.5, followed by CEM I 52.5 and CEM II 42.5. This can be explained first by a physical property of the cement, which is its fineness modulus. It is lower for CEM III 32.5, followed by CEM I 52.5, and CEM II 42.5. However, it has been shown on mortars by [31] that the finer the grinding of the cement, the better the mechanical properties, especially the compressive strength. The second explanation is chemical because, through X-ray fluorescence spectrometry conducted on the different types of cement, it shows us a rather low Fe2O3 composition in CEM III 32.5 compared to CEM I 52.5 and CEM II 42.5. Ref. [33] has shown that the high Fe2O3 content in cement could have a negative influence on the compressive strength of concrete. For 250 kg/m3 cement content, the soil concrete based on SA5 formulated with CEM III 32.5, for example, has a Young’s modulus value that is 35.9 and 61.5% higher than those formulated with CEM I 52.5 and CEM II 42.5, respectively. In the case of LA5 soil concrete formulated with CEM III 32.5, its Young’s modulus value is 31.8 and 63.6% higher than those formulated with CEM I 52.5 and CEM II 42.5, respectively. In the case of LA10 soil concrete formulated with CEM III 32.5, its Young’s modulus value is 12 and 24% higher than those formulated with CEM I 52.5 and CEM II 42.5, respectively. These results are consistent with the literature, and those of [30], who obtained static Young’s modulus values for soil concretes at 300 kg/m3 cement content based on Kaolinite and standardized sand formulated with CEM III 32.5 at 90 days, are between 6 and 20 GPa. For all cements, the Young’s modulus values are higher for SA5 soil concrete, followed by LA10 and LA5 soil concrete. This is due to a higher compressive strength on SA5-based soil concrete than LA10 and LA5-based soil concretes due to a higher amount of water in LA5 soil concrete compared to SA5 and LA10 soil concretes and a higher grain size in LA10 compared to LA5.




3.2.3. Modulus Dynamic Elasticity


Figure 12, Figure 13 and Figure 14 show the evolution of the P-wave velocities and the value of the dynamic modulus elasticity (Edyn) as a function of time. Both parameters increase with time. For all types of cement used, the P-wave velocities of the soil concrete specimens studied are approximately between 1034 and 2573 m/s, and the dynamic moduli elasticity is between 2.5 and 14.8 GPa. These results are consistent with the work of [30]. Vp and Edyn increase with the cement content but decrease when the amount of clay in the soil increases. The results obtained from all the figures allow us to distinguish two phases in the evolution of Vp and Edyn as a function of time. The first phase is between 7 and 28 days, during which Vp and Edyn increase rapidly, and beyond 28 days, we note that Vp and Edyn increase slowly. This is related to the hydration process of the cement, which allows the rapid development of compressive strengths in the concrete, generally between 7 and 28 days. For high cement content (250 kg/m3), except for LA5 soil concrete, CEM III 32.5 has higher Edyn values than CEM I 52.5 and CEM II 42.5. The same is true for low cement content (150 kg/m3), but in the long term, from 90 days onwards. This is due to the higher compressive strengths of CEM III 32.5 than CEM I 52.5 and CEM II 42.5. It is also interesting to note the importance of Poisson’s ratio in the Edyn calculations, as its inclusion slightly modifies the positions of the curves between figures a and b.






4. Microscopic Observation


Figure 15, Figure 16, Figure 17 and Figure 18 represent SEM (scanning electronic microscopy) observations carried out on the different sandy clay and laterite soil concretes of granular class (0/5), made with CEM I 52.5, CEM II 42.5, and CEM III 32.5.



Ettringite is visible (Figure 15a, Figure 16a, Figure 17a and Figure 18a) on all specimens of sandy clay and laterite-based soil concrete formulated with CEM I 52.5. This visibility is even higher at high cement content (250 kg/m3), which is due to the very high clinker content in the manufacture of CEM I 52.5. We also observe in all the pictures that the CSH (paste) is denser for soil concrete formulated with CEM III 32.5 (Figure 15c, Figure 16c, Figure 17c and Figure 18c), which show a good bonding of the paste-aggregate interface [34]. This explains the fewer pores and consequently fewer cracks in the specimens formulated with CEM III 32.5 compared to those formulated with CEM I 52.5 and CEM II 42.5. It explains not only the better mechanical resistance (uni-axial compression) obtained on soil concrete formulated with CEM III 32.5 but also the lower porosity compared to soil concrete formulated with CEM I 52.5 and CEM II 42.5.




5. Conclusions


The purpose of this research work was to study the influence of the nature of binder on the physical and mechanical properties of soil concrete based on sandy clay and laterite. For this investigation, three different binders and three types of soil were used. The results obtained allow the following conclusions to be drawn:




	
For the mixtures made with the three binders, the consistency criterion set (32–33 cm spread) allows for a water content of 570 and 525 kg/m3 for the formulations based, respectively, on a laterite of 5 mm and sandy clay. This is due to the higher Ip of LA (33.81%) than the Ip of SA (27.06%).



	
The porosity values are between 43 and 62% for all mixes. This is due to the very high water content required for the formulation of our material. For all types of soil, the lowest values of water porosity were obtained for soil concrete formulated with CEM III 32.5, followed by CEM I 52.5 and CEM II 42.5.



	
The values of the occluded air content are higher in soil concrete formulated with CEM I 52.5, followed by CEM II 42.5, and finally CEM III 32.5. We note a decrease in the occluded air content as a function of the cement dosage.



	
The highest compressive strength values are observed on the different specimens formulated with CEM III 32.5, followed by CEM I 52.5 and CEM II 42.5. These higher values are obtained on specimens based on sandy clay. This indicates a better compatibility of this soil due to its lower clay content than that of the laterite.



	
The analysis of the compressive strength as a function of the W/C parameter allows us to say that whatever the nature of the cement and the soil used, the compressive strength decreases as a function of the W/C ratio.



	
The values of the static modulus increase as a function of the cement content. The highest values are obtained for formulations with CEM III 32.5 (1.8 to 3.9 GPa), followed by CEM I 52.5 (1 to 2.5 GPa), and finally CEM II 42.5 (0.5 to 1.5 GPa).



	
Whatever the cement used, we note a rapid evolution of the dynamic Young’s modulus values up to 28 days. These values also increase with the cement dosage and are higher for soil concretes formulated with CEM III 32.5.



	
We notice that the CSH (paste) is denser for soil concrete formulated with CEM III 32.5, which shows a good bonding of the paste-aggregate interface. For this reason, we observe fewer pores with CEM III 32.5 compared to those formulated with CEM I 52.5 and CEM II 42.5.








In view of the results obtained from this study, the physical and mechanical properties of the soil–cement mixtures are significantly influenced by the nature of the binder and soil.



The mechanical performances of soil–cement mixture are improved considerably through the use of binders rich in blast furnace slag compared to binders primarily based on clinker. Increasing the clay content in the soil by increasing the quantity of water in the mixture on the one hand and the chemical reaction of clay with the binder on the other hand leads to a reduction in mechanical performance.
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Figure 1. Particle size analysis of soils and cements. 
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Figure 2. Measurement of workability: (a) mini-cone dimensions; (b) mini-cone; (c) spread. 
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Figure 3. (a) CONTROLAB mortar mixer; (b) storage of specimens for 7 days. 
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Figure 4. Density of soil concrete as a function of the cement dosage: (a) theorical density; (b) fresh density; (c) hardened density at 28 days; (d) hardened density at 90 days. 
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Figure 5. Entrapped air content of different mixtures. 
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Figure 6. Water porosity of different mixtures. 
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Figure 7. Evolution of compressive strength depending on the curing time of soil concrete made with different cement contents of CEM II 42.5 and three different soils: (a) SA5; (b) LA5; (c) LA10. 
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Figure 8. Evolution of the compressive strength of soil concretes made with CEM II 42.5 at 90 days as a function of: (a) cement content; (b) W/C ratio. 
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Figure 9. Evolution of compressive strength as a function of time for soil concretes formulated with CEM I 52.5. CEM II 42.5 and CEM III 32.5 and three different soils: (a) SA5; (b) LA5; (c) LA10. 
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Figure 10. Evolution of the compressive strength at 90 days for a cement dosage of 250 kg/m3 as a function of the type of cement. 






Figure 10. Evolution of the compressive strength at 90 days for a cement dosage of 250 kg/m3 as a function of the type of cement.



[image: Civileng 05 00016 g010]







[image: Civileng 05 00016 g011] 





Figure 11. Evolution of the static Young’s modulus formulated with CEM I 52.5, CEM II 42.5, and CEM III 32.5 at 28 days as a function of the cement content: (a) SA5; (b) LA5; (c) LA10. 
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Figure 12. Evolution of P-wave velocity and dynamic modulus of sandy clay soil concrete as a function of time: (a) P-wave velocity; (b) Edyn dynamic modulus. 
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Figure 13. Evolution of P-wave velocity and dynamic modulus of 5 mm laterite-based soil concrete as a function of time: (a) P-wave velocity; (b) Edyn dynamic modulus. 
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Figure 14. Evolution of P-wave velocity and dynamic modulus of 10 mm laterite-based soil concrete as a function of time: (a) P-wave velocity; (b) Edyn dynamic modulus. 
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Figure 15. SEM micrographs of SA5C250_I (a), SA5C250_II (b) and SA5C250_III (c) for a curing of 28 days. 
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Figure 16. SEM micrographs of SA5C150_I (a), SA5C150_II (b) and SA5C150_III (c) for a curing of 28 days. 
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Figure 17. SEM micrographs of LA5C250_I (a), LA5C250_II (b) and LA5C250_III (c) for a curing of 28 days. 
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Figure 18. SEM micrographs of LA5C150_I (a), LA5C150_II (b), and LA5C150_III (c) for a curing period of 28 days. 
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Table 1. Loss on fire and X-ray fluorescence spectrometry of soil samples.
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Loss on Fire (%)

	
Elementary Composition (%)

	
Sandy Clay




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
SO3

	
Na2O

	
K2O

	
P2O5




	
12.87

	
42.95

	
25.72

	
4.62

	
1.10

	
0.04

	
0.03

	
0.13

	
0.20

	
0.09




	

	
Laterite




	
14.54

	
33.33

	
27.18

	
9.96

	
1.53

	
0.09

	
0.09

	
0.27

	
0.24

	
0.08











 





Table 2. Intrinsic characteristics of soils.
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	Materials
	Specific Density (kg/m3)
	pH

Value (-)
	Surface BET [m2/g]
	VBS

Value (-)
	Wp (%)
	WL (%)
	Ip (%)
	ES (%)





	Sandy clay
	2487
	5.34
	0.90
	0.43
	29.33
	56.39
	27.06
	10.49



	Laterite
	2688
	5.23
	0.76
	0.90
	42.64
	76.45
	33.81
	5.99










 





Table 3. Chemical composition of the different cements used.
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Loss on Fire (%)

	

	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
SO3

	
Na2O

	
K2O

	
P2O5




	
Elementary composition (%)

	
CEM I 52.5




	
1.0

	
20.70

	
4.60

	
3.30

	
64.40

	
1.30

	
3.40

	
0.07

	
1.33

	
0.50




	

	
CEM II 42.5




	
4.24

	
25.50

	
7.61

	
6.78

	
45.26

	
2.74

	
2.19

	
0.21

	
1.14

	
0.27




	

	
CEM III 32.5




	
1.8

	
32.80

	
10.20

	
0.70

	
46.0

	
5.50

	
2.90

	
nd

	
0.58

	
nd











 





Table 4. Intrinsic characteristics of cements.






Table 4. Intrinsic characteristics of cements.





	Materials
	Specific Density (kg/m3)
	Surface BET [m2/g]





	CEM I 52.5
	3150
	0.40



	CEM II 42.5
	3100
	0.35



	CEM III 32.5
	2900
	0.47










 





Table 5. Mixture proportions and workability of soil concrete made with CEM II 42.5.
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Sandy Clay




	
Cement [kg/m3]

	
Soil

[kg/m3]

	
Water [kg/m3]

	
W/C

[-]

	
Measurement with Mini-Cone

	
cm






	
150

	
1061

	
525

	
3.5

	
Diameter of the spread-out soil concrete

	
33.0 ± 0.6




	
200

	
1021

	
525

	
2.63

	
32.3 ± 1.5




	
250

	
981

	
525

	
2.10

	
33.2 ± 1.0




	
300

	
941

	
525

	
1.75

	
31.5 ± 1.7




	
Laterite 5 mm




	
150

	
1026

	
570

	
3.80

	
Diameter of the spread-out soil concrete

	
32.3 ± 0.8




	
200

	
982

	
570

	
2.85

	
31.2 ± 0.4




	
250

	
939

	
570

	
2.28

	
32.8 ± 0.9




	
300

	
896

	
570

	
1.90

	
33.6 ± 1.7




	
Laterite 10 mm




	
150

	
1147

	
525

	
3.50

	
Diameter of the spread-out soil concrete

	
31.2 ± 1.0




	
200

	
1103

	
525

	
2.62

	
30.2 ± 0.6




	
250

	
1060

	
525

	
2.10

	
32.3 ± 0.5




	
300

	
1017

	
525

	
1.75

	
31.9 ± 2.7











 





Table 6. Mixture proportions and workability of soil concrete made with CEM III 32.5.
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Sandy Clay




	
Cement [kg/m3]

	
Soil

[kg/m3]

	
Water [kg/m3]

	
W/C

[-]

	
Measurement with Mini-Cone

	
cm






	
150

	
1053

	
525

	
3.50

	
Diameter of the spread-out soil concrete

	
34.1 ± 1.0




	
250

	
967

	
525

	
2.10

	
33.3 ± 0.8




	
Laterite 5 mm




	
150

	
1017

	
570

	
3.80

	
Diameter of the spread-out soil concrete

	
33.2 ± 1.2




	
250

	
924

	
570

	
2.28

	
33.6 ± 0.7




	
Laterite 10 mm




	
150

	
1138

	
525

	
3.50

	
Diameter of the spread-out soil concrete

	
32.7 ± 0.6




	
250

	
1045

	
525

	
2.10

	
33.4 ± 0.9











 





Table 7. Mixture proportions and workability of soil concrete made with CEM I 52.5.
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Sandy Clay




	
Cement [kg/m3]

	
Soil

[kg/m3]

	
Water [kg/m3]

	
W/C

[-]

	
Measurement with Mini-Cone

	
cm






	
150

	
1063

	
525

	
3.50

	
Diameter of the spread-out soil concrete

	
30.8 ± 1.2




	
250

	
984

	
525

	
2.10

	
31.1 ± 0.7




	
Laterite 5 mm




	
150

	
1028

	
570

	
3.80

	
Diameter of the spread-out soil concrete

	
29.9 ± 1.1




	
250

	
943

	
570

	
2.28

	
30.4 ± 0.8




	
Laterite 10 mm




	
150

	
1149

	
525

	
3.50

	
Diameter of the spread-out soil concrete

	
29.5 ± 1.6




	
250

	
1063

	
525

	
2.10

	
30.1 ± 0.9
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