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Highlights: 

 

• Biochar significantly impacts shear strength and internal friction angle of sand mixtures. 

• Shear strength decreases with biochar up to 10%, then increases with higher content. 

• Higher relative density (Dr=90%) shows a greater effect of biochar on mechanical behavior. 

• Biochar's influence is stronger at higher normal stress, with friction angle increasing polynomially. 

 

Abstract: This experimental analysis aims to develop a fundamental understanding of the geotechnical properties of soils 

treated with an organic material named biochar. In this context, an experimental protocol was set using the Casagrande 

shear box apparatus to effectively demonstrate the combined influence of the biochar fraction (Fbio=0%, 5%, 10% and 

15%), the initial relative density (Dr = 20%, Dr = 54%, and Dr = 90%), and the initial normal stress (σn = 100, 200, and 300 

 

Sand admixtures with biochar waste material. 

Experimental protocol was set 

using the Casagrande shear box 

apparatus. 
High density enhances biochar impacts. 

Friction angle of mixtures increasing polynomially. 

Biochar significantly affects shear strength. 
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kPa) on the mechanical behavior of Chlef sand. The obtained results clearly show that biochar has a significant influence 

on the mechanical behavior of the tested materials. Additionally, the shear strength decreases with increasing biochar 

content up to a threshold value of (Fbio = 10%). Beyond that, the shear strength increases with the increase of biochar 

content up to the value of (Fbio = 15%) for all the considered parameters. The observed trend of increasing shear strength 

with the addition of the biochar content (Fbio = 15%) can be attributed to the amplification of the particle interlocking due 

to the presence of biochar particles between the large particles of Chlef sand, inducing an increase in the dilative character 

of the tested materials; offering implications for various geotechnical applications. Moreover, pertinent correlations were 

obtained between the residual shear strength and the grain size characteristics of the sand-biochar mixtures. 

 
Keywords: Chlef sand, biochar, shear strength, interlocking, dilative character.  
 

 

List of abbreviations 

 

Cu : Coefficient of uniformity 

Cc : Coefficient of curvature 

Dmax : Maximum grain size 

Dr : Initial relative density 

emax : Maximum void ratio 

emin : Minimum void ratio 

e : Void ratio 

Fbio : Biochar content 

Gs : Specific gravity  

SP : Poorly graded sand 

USCS : Unified Soil Classification System 

σn : Normal stress 

τ : Shear stress 

τmax : Maximum shear stress 

τres : Residual shear stress 

φ : Internal friction angle 

ΔH : Horizontal displacement 

ΔV : Vertical displacement 

 

1. Introduction  

 

During the last decade, many researches have been focused on the evaluation of new innovative materials to be used in the 

enhancement of the shear characteristics of granular soils with incorporating the study of its affected parameters (Su and 

Zhang., 2011; Azaiez et al., 2021a 2021b; Mahmoudi et al., 2020a, 2020b; Latifi et al., 2016; Brahim et al., 2016; Cherif 

Taiba et al., 2021a,2021b; Phanikumar et al., 2018; Nawagamuwa et al., 2018; Doumi et al., 2021; Taibi et al., 2023a, 2023b; 

Wibowo et al 2023). Indeed, the biochar is an organic material obtained through the thermal degradation of the organic bio-

mass, whereas the activated carbon could be produced from the biomass as well as other carbonaceous substances like a coal 

(Pardo et al., 2018 and Kazemi et al., 2020). It is typically used in the agricultural and environmental applications and the 

soils amendment to enhance the physical, chemical and biological characteristics of the granular materials (Pardo et al., 2018). 
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Moreover, several researchers reported in the published literature, that the production of biochar waste material was related 

to its inherent characteristics and environmental applications (Figure 1) such as: environmental issues [soil biological prop-

erties (Awad et al., 2018; Elazobair et al., 2016) organic contaminants (Dai et al., 2019; Yi et al., 2018; Lyu et al., 2018; Liu 

et al., 2019)], general characteristics [particle size distribution (Cetin et al., 2004 and Downie et al., 2009, Hazout et al., 2022), 

mechanical strength (Das et al., 2015; Zickler et al., 2006)], modification techniques [chemical impregnation and properties 

(Lehmann et al., 2015; Tan et al., 2016; Li et al., 2019; and Agrafioti et al., 2013), microwave modification (Tabalabaei et al., 

2019; Yek et al., 2020) and ball milling modification (Cai et al., 2016; Wang et al., 2017). 

 

On the other hand, in the published literature, there are few studies focusing on the influence of biochar content on the 

mechanical characterization of granular soils. (Lu et al., 2014), performed a series of monotonic direct shear tests on clays 

mixed with biochar and they confirmed that the addition of biochar increased the shear strength of clays. In addition, they 

found that the biochar material was at the origin of increasing significantly the internal friction angle of clays. Thus, Mo-

chamad Arief et al., (2015) proved that the biochar had a remarkable effect on the shear strength of sand-biochar mixtures. 

They also indicated, for a normal stress of 250 kPa and a biochar content of Fbio=5 %, the shear strength decreased by 15.3 % 

compared to pure sand (Fbio= 0 %), while, biochar percentages of Fbio=10 % and 15 % reduced the shear strength by 18.6 % 

and 22.5 % respectively compared to the shear strength of pure sand (Fbio= 0 %). Pardo et al., (2018) performed a series of 

cyclic triaxial tests for the purpose of analyzing the influence of biochar fraction on the mechanical response of the soil. They 

noticed that increasing the biochar content induced a very significant increase in the cyclic shear strength of the tested soils. 

Or, the cyclic shear strength of a sand-biochar mixtures for the fraction of (Fbio= 5 %) was almost six times magnitude com-

pared to the cyclic shear strength of pure sand (Fbio= 0 %). 

  

Rojimul et al., (2020) conducted a series of triaxial tests on sand mixed with biochar fraction varying from Fbio= 0 % to 

Fbio=15 % for the purpose to investigate the influence of biochar percentage on the shear strength of granular soils. They 

indicated that biochar content had an important effect on the shear strength of sand-biochar mixtures. They showed that 

increasing the biochar content from Fbio= 0 % to Fbio=15 % induced a remarkable increase in the shear strength of sand-biochar 

mixtures. Furthermore, they proved that the biochar material had a noticeable impact on the mechanical characteristics in 

terms of the internal friction angle and cohesion of sand-biochar mixtures (C and ∅). Rodrigues et al., (2020) found that cyclic 

shear strength decreased with increasing biochar fraction for the proportion of biochar tested (Fbio= 0 %, 4 %, 5 %, and 10 

%). They reported also that it was very important to note that biochar characteristics depended on its original physical, chem-

ical and mechanical properties in terms of the pyrolysis temperatures and residence times. Sørmo et al. (2024) examined the 

stabilization of PFAS-contaminated soil using biochar sorbents derived from sewage sludge and wood. Their study evaluated 

that the application of waste-based biochar sorbents for remediation of contaminated soil can have a positive impact on future 

waste management practices as this approach leads to a better embodiment of the waste reduction and reuse principles. The 

main objective of this experimental study is to investigate the impact of biochar fraction (Fbio=0%, 5%, 10% and 15%) on the 

mechanical behavior of Chlef sand using the direct shear box. Samples of the sand-biochar mixtures were reconstituted in the 

laboratory with three initial relative densities (Dr=20%, 54% and 90%) and subjected to three normal stresses (σn= 100 kPa, 

200 kPa and 300 kPa). 
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Figure 1. Characteristics and environmental applications of biochar (Kazemi et al., 2020). 

2.  Index properties of used materials and testing procedure 

 

2.1. Materials 

 

The biochar used in this research was derived from agricultural waste materials sourced from the fertile farmlands of the 

Mitidja Plain in northern Algeria. Produced through slow pyrolysis at 450°C, this biochar boasts a high carbon content and 

stable structure. The sandy soil, collected from liquefied soil deposit areas along the banks of the Chlef River in northern 

Algeria, has a maximum particle diameter of 4.00 mm. This sandy soil was mixed with biochar having a maximum particle 

diameter of Dmax=2.00 mm, with biochar content varying at 0%, 5%, 10%, and 15%. Both the Chlef sand and biochar have a 

minimum particle diameter of Dmin= 0.08 mm. The chemical composition of the biochar is detailed in Table 1, while the 

properties of the tested materials are shown in Table 2. The particle size distribution curves of the samples are illustrated in 

Figure 2 (figure 2a shows the particle size distribution of clean sand and biochar, while, figure 2b presents the particle size 

distribution of different sand-biochar mixtures). As presented in Figure 3, the void ratios (emax and emin) increase with the 

addition of biochar (0%, 5%, 10%, and 15%), which can be attributed to the biochar particles filling the spaces between the 

coarse sand particles, thereby increasing the void ratios in the sand-biochar mixtures. 

 

 
Figure 2. Grain size distribution curves of tested materials: a) clean sand and biochar - b) sand-biochar mixtures. 
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Figure 3. Variation of void ratio as a function of biochar content. 

 

 

Table 1. Chemical composition of biochar. 

Materials N P2O5 K2O Ca Mg 

Content 0,7 0,8 3,3 4,5 0,5 

Physico-chemical properties Valeur 

Pyrolysis temperature (°C) 500 

Pyrolysis time (h) 5 

Biochar content (%) 28,26 

PH 10,28 

Specific surface (m²/g) 51,7 

 

 

Table 2. Physical properties of Chlef sand-biochar mixtures. 

Physical properties Materials tested Biochar 

Biochar content, Fbio (%) 0 5 10 15 100 

Maximum grain size, Dmax (mm) 4 4 4 4 2 

Specific gravity, Gs (-) 2,66 2,57 2,481 2,391 0.88 

Effective diameter, D10 (mm) 0,166 0,213 0,279 0,286 0,228 

Grain size, D30 (mm) 0,229 0,305 0,442 0,465 0,548 

Mean grain size, D50 (mm) 0,454 0,568 0,605 0,666 0,958 

Grain size, D60 (mm) 0,529 0,695 0,779 0,902 1,169 

Coefficient of uniformity, Cu (-)  3,186 3,262 2,792 3,153 5,127 

Coefficient of curvature, Cc (-)   1,059 0,628 0,898 0,838 1,126 

Maximum global void ratio, emax (-)   0,75 0,955 1,112 1,319 1,755 

Minimum global void ratio, emin (-) 0,507 0,589 0,688 0,838 0,866 

 

2.2  Testing procedure 
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A series of direct shear tests was conducted in accordance with NF P94-071-1 (1994) to evaluate the shear properties. The 

experimental program based on using of one category of sand mixed with biochar contents (Fbio = 0 %, 5 %, 10 % and 15%). 

The sand-biochar sample mixtures were reconstituted by the dry funnel pluviation method with three relative densities (D r 

=20 %, 54 % and 90 %). Thereafter, the tested sand-biochar mixtures were placed in the shear box with size of 60 mm × 60 

mm × 25 mm in depth. A cross section through a typical direct shear device is shown in Figure 4. The soil specimen has a 

porous stone at the top and bottom to allow free drainage. Above the upper stone is a metal loading cap which is, in turn, 

subjected to the normal force. The sample and rings are mounted in a tank. The shearing force is applied to the outside of the 

tank. The samples usually take the form of a square plate, then subjected to three normal stresses (σn = 100, 200 and 300 kPa). 

All the direct shear tests for this study were conducted at a constant speed (1 mm/min). 

 
Figure 4. Direct shear apparatus. 

 

3.  Shearing behaviour of the used soils 

 

3.1. Biochar effects 

 

     Figures 5, 6 and 7 present the evolution of shear stress versus horizontal displacement of Chlef sand mixed biochar per-

centages (Fbio= 0 %, 5 %, 10 % and 15 %). The samples were reconstituted in laboratory with three initial relative densities 

(Dr= 20 %, 54 % and 90 %) and subjected under three initial normal stresses (σn =100, 200 and 300 kPa). In general, the 

obtained results indicate that the biochar parameter has a significant influence on the mechanical response of the sand-biochar 

mixtures for all parameters studied. Furthermore, the shear strength decreases slightly with increasing of the biochar content 

up to a threshold of (Fbio=10 %), For example, at the normal stress of (σn = 100 kPa), the residual shear stress decreases from: 

(τmax=55.75 kPa, 40.64 kPa and 39.33 kPa), for relative density (Dr=20%) considering the three biochar fractions (Fbio=0%, 

5%, 10%) respectively.  

 

The shear strength decreasing trend with increasing biochar content up to (Fbio=10 %) can be attributed to the biochar 

grains acting as voids between the sand particles leading to the interlocking decrease of particles and consequently decreasing 

the resistance of the sand-biochar mixtures. The results of this study are in good agreement with the observations of Rodrigues 

et al., (2020). On the other hand, beyond this value (Fbio=10 %), the shear resistance increases with increasing biochar content 

(Fbio=15 %) for the sand-biochar mixtures studied (Figure 5). 
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Moreover, the obtained data in Figure (6) confirm that the effect of biochar content on the shearing response is significantly 

observed for the reconstituted sand-biochar sample mixtures with the medium relative density (Dr= 54 %) compared to the 

loose Chlef sand-biochar mixtures under study. In addition, the test results clearly show that the biochar fraction has a re-

markable effect on the mechanical behavior of the sand samples especially in the residual state. However, the impact of 

biochar fraction on shear strength decreases with increasing biochar content up to a value of Fbio= 10 %. Where, the sand-

biochar mixtures (Fbio=10 %) show a decrease in shear strength of (21.68 %, 16.01 %, and 4.21 %) compared to the clean 

sand samples (Fbio=0 %) for the three initial normal stresses (σn =100, 200 and 300 kPa). On the other hand, the opposite trend 

is observed for the biochar content (Fbio=15 %). Where the shear resistance exhibits an increase of (41.03 %, 12.99 %, and 

0.98 %) compared to the specimens of the clean sand (Fbio= 0 %) for the three initial normal stresses (σn =100, 200 and 300 

kPa) respectively.  

    In the other hand, Figure 7 presents the variation of shear strength with the horizontal displacement of the dense sand-

biochar mixture specimens. It is clearly shown from this Figure that biochar material has a very significant impact on the 

residual shear state of the dense sand-biochar mixtures (Dr= 90 %) compared to the medium dense and loose sand-biochar 

mixture specimens (Dr= 54 % and 20 %). The sand-biochar mixture samples with (Fbio=10 %) show a remarkable decrease in 

shear strength (27.07 % and 1.47 %) for the two initial normal stresses (σn = 200 kPa and 300 kPa), and becomes very 

pronounced (1.29 %) for the normal stress (σn = 100 kPa) compared to the clean sand specimens (Fbio=0 %) (Figure 7a, b, c).  

 

However, the sand-biochar mixtures with (Fbio=15%) indicate a notable increase in shear strength (9.6 % and 32.14 %) for 

the two initial normal stresses (σn = 200 kPa and 300 kPa), and becomes very pronounced (5.94 %) for the normal stress (σn 

= 100 kPa) in comparison to the clean sand specimens (Fbio=0 %) under consideration (Figure 7a, b, c). In addition, Figures 

8, 9, and 10 present the evolution of vertical displacement as a function of horizontal displacement, taking into account the 

influence of biochar content. In general, the vertical displacement results obtained confirm the shear resistance results, where, 

the addition of the biochar fraction decreases the dilation phase/increases the contractive behaviour up to a certain biochar 

threshold of Fbio=10%. However, beyond this threshold, an inverse trend was observed, where the biochar fraction (Fbio=15%) 

leads to a decrease in the contractive character/increase in the dilative character compared to the threshold content (Fbio=10%), 

which then translates into an increase in the shear strength of this mixture. 
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Figure 5. Mechanical behavior of sand-biochar mixtures (Dr=20 %) 

 (a)- σn =100 kPa, (b)- σn =200 kPa, (c)- σn =300 kPa. 
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Figure 6. Mechanical behavior of sand-biochar mixtures (Dr=54 %) 

(a)- σn =100 kPa, (b)- σn =200 kPa, (c)- σn =300 kPa. 
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Figure 7. Mechanical behavior of sand-biochar mixtures (Dr=90 %). 

(a)- σn =100 kPa, (b)- σn =200 kPa, (c)- σn =300 kPa. 
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Figure 8. Vertical displacement versus horizontal displacement (Dr=20 %) 

              (a)- σn =100 kPa, (b)- σn =200 kPa, (c)- σn =300 kPa. 
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Figure 9. Vertical displacement versus horizontal displacement (Dr=54 %) 

              (a)- σn =100 kPa, (b)- σn =200 kPa, (c)- σn =300 kPa. 
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Figure 10. Vertical displacement versus horizontal displacement (Dr=90%) 

              (a)-σn=100 kPa, (b)-σn=200 kPa, (c)-σn=300 kPa. 

 

3.2. Relative density effects 

 

     A series of direct shear tests were conducted to investigate the influence of initial relative density (loose; Dr= 20 %, medium 

dense; Dr= 54 %, and dense; Dr= 90 %) on the mechanical behavior of sand-biochar mixtures, Figures (11, 12 and 13) are 

established. The sand-biochar mixtures were reconstructed in the laboratory with the dry funnel pluviation method, subjected 

under three initial normal stresses (σn = 100 kPa, 200 kPa and 300 kPa) and mixed with four biochar contents (Fbio = 0 %, 5 

%, 10 % and 15 %). The obtained test results clearly show that the relative density parameter has a very relevant impact on 

the shear strength of sand-biochar mixtures. For example, at the biochar content of (Fbio= 0 %), the residual shear stress 

increases from: (τres =55.75 kPa, 66.22 kPa and 98.38 kPa) considering the three initial relative densities (Dr= 20 %, 54 % and 

90 %), respectively, as shown in Figures (11a). The effect of initial relative density on the increase in shear strength is clearly 

observed for the range of relative density (Dr= 20 % - 54 %) (15.81 %, 36.12 %, 27.73 %, and 18.82 %) and becomes very 

significant for the range of relative density (Dr = 54 % - 90 %) (48.56 %, 46.35 %, 83.14 %, and 37.61 %) for the considered 

biochar fractions (Fbio=0 %, 5 %, 10 %, and 15 %) respectively. This increase in shear strength is due to the role of relative 

density which increases the interlocking of the mixtures which promotes a more dilative behavior leading to an increase in 

shear strength with a more stable sample structure. 

 

     In addition, Figure (12) presents the evolution of shear strength with the horizontal displacement of the sand-biochar mix-

tures subjected under a normal stress (σn = 200 kPa). As can be seen from this figure that increasing in the initial relative 

density induces a significant increase in the shear strength of sand-biochar mixtures. This increase in shear strength remains 

insignificant (20.26 %, 16.35 %, 12.52 % and 18.14 %) for the range of relative density (Dr = 20 % - 54 %) and becomes very 

pronounced (48.04 %, 48.66 %, 35.13 % and 58.04 %) for the range of relative density (D r = 54 %- 90 %) considering the 

different biochar fractions (Fbio=0 %, 5 %, 10 % and 15 %) respectively. Moreover, the residual shear strength of sand-biochar 

mixtures subjected to an initial normal stress (σn = 200 kPa) shows high values (τres = 117.4 kPa, 140.35 kPa and 208.65 kPa) 

for (Fbio=5 %) (Figure 12b) in comparison to the maximum shear strength values for the sand-biochar mixtures tested under 

initial normal stress (σn = 100 kPa) (Figure 11b). in the other hand, the sand-biochar mixtures reconstituted with the relative 

density Dr = 90 % indicate a very significant increasing in maximum shear strength of (41.61 %, 32.75 %, 48.18 %, and 47.84 

%) for the biochar fractions (Fbio=0 %, 5 %, 10 %, and 15 %), respectively, compared to the specimens reconstituted with the 

loose relative density (Dr = 20%). Furthermore, the obtained results clearly indicate that the specimens of the sand-biochar 

mixtures subjected to an initial normal stress (σn = 300 kPa) indicate higher residual shear strengths (τres = 175.36 kPa, 197.75 
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kPa, and 259.85 kPa) for (Fbio=10 %) (Figure 13c) compared to the sand-biochar mixtures tested under the other two normal 

stresses (σn = 100 kPa and 200 kPa) (Figure 11c and Figure 12c). 

 

 

 
Figure 11. Effect of initial relative density on the mechanical behavior of the sand-biochar mixtures (σn=100 kPa) 

(a)- Fbio=0%, (b)- Fbio=5%, (c)- Fbio=10%, (d)- Fbio=15%. 
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Figure 12. Effect of initial relative density on the mechanical behavior of the sand-biochar mixtures (σn=200 kPa) 

(a)- Fbio=0%, (b)- Fbio=5%, (c)- Fbio=10%, (d)- Fbio=15%. 
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Figure 13. Effect of initial relative density on the mechanical behavior of the sand-biochar mixtures (σn=300 kPa) 

(a)- Fbio=0%, (b)- Fbio=5%, (c)- Fbio=10%, (d)- Fbio=15%. 

 

4. Residual shear stress of the sand-biochar mixtures 

 

    Figure (14) shows the evaluation of the influence of the biochar proportions on the residual shear stress of Chlef sand for a 

range of biochar content varying from Fbio= 0 % to Fbio= 15 %. The mixtures were reconstituted in laboratory with three initial 

relative densities (Dr= 20 %, 54 % and 90 %) considering three initial normal stresses (σn = 100, 200 and 300 kPa). From this 

figure, it can be seen that the parameter of biochar content is a very relevant parameter in the study of the mechanical response 

of sandy soils, where the residual shear stress decreases with increasing of the biochar fraction (0 % ≤ Fbio ≤ 10 %) for the 

three initial relative densities and three initial normal stresses under consideration. In contrast, an inverse trend is observed in 

the range of (10 % ≤ Fbio ≤ 15 %), where the residual shear stress increases with increasing biochar fraction for all parameters 

studied. Furthermore, the residual shear stress decreases with increasing of the biochar fractions (0 % ≤ Fbio ≤ 10 %) for the 

loose and the medium relative densities (Dr=20 %, 54 %) and becomes very pronounced for the higher relative density (Dr=90 

%). In contrast, for the biochar content ranges (10 % ≤ Fbio ≤ 15 %), the residual shear stress increases with increasing biochar 

fractions and it more significant for the dense sand-biochar mixture specimens (Dr=90 %) compared to the sand-biochar 
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mixture specimens reconstituted with (Dr=20 % and 54 %) respectively. Furthermore, the influence of biochar fraction is very 

remarkable for the higher initial normal stress (σn = 300 kPa) compared to the other two initial normal stresses (σn = 100 and 

200 kPa) for all tested parameters under study. 

 

 

 
Figure 14. Residual shear stress versus normal stress of the sand-biochar mixtures. 

 

5. Combined effects of relative density and normal on residual shear stress of the sand-biochar mixtures 

 

    The combined effects of the relative density (Dr) and normal stress (σn) on the residual shear stress (τres) of Chlef sand 

mixed with four percentages of biochar materials (Fbio= 0 %, 5 %, 10 % and 15 %) are illustrated in Figure 15. As it can be 

seen, the obtained results indicate that the relative density and the normal stress have a considerable effect on the residual 

shear stress of the used sand-biochar mixtures. In addition, it clearly seen from the 3D plot that there exists a good correlation 

between (τres) with (Dr) and (σn) for the binary mixtures. Indeed, the residual shear stress increases in linear manner with the 

increase of the relative density from (Dr= 20 % to Dr=90 %) and the normal stress from (σn= 100 kPa to 300 kPa) for all tested 

materials under study. This behaviour confirms that the amplification of the relative density and the normal stress lead increase 

the inter-particle forces between the coarse grains of sand and biochar particles and consequently conducting to a significant 

increasing of the residual shear stress of the sand-biochar mixture specimens. Moreover, the correlation between the residual 

shear stress with the relative density and the normal stress is more relevant for the sand-biochar mixtures with (Fbio= 15 %) 

compared to other biochar content (Fbio= 0 %, 5 % and 10 %) for all the studied parameter under consideration (Figure 15). 
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Figure 15. Residual shear stress versus normal stress and relative density of the sand-biochar mixtures. 

 

6. Correlation between residual shear stress with grain size characteristics and biochar content of the tested ma-

terials 

 

     The impacts of grain size (D30, D60), effective diameter (D10), mean diameter (D50) and coefficient of uniformity (Cu) on 

the residual shear stress of the tested sand-biochar mixture samples for the biochar content ranging from (Fbio=0% to 

Fbio=15%), relative densities (Dr=20% and 90%) and normal stresses (σn =100 kPa and 300 kPa) are presented in this section. 

It can be observed from Figures (16, 17, 18 and 19) that, a linear relationship may express between residual shear stress with 

grain diameters and biochar content of the tested binary mixtures under consideration. In addition, the residual shear stress 

decreases with the decrease of grain size properties until the biochar content (Fbio=10%). Beyond this value, the residual shear 

stress increases with the decrease of the particle sizes characteristics (D10, D30, D50 and D60) of the reconstituted materials at 

two initial relative densities (Dr=20% and 90%) and tested under two initial normal stresses (σn =100 kPa and 300 kPa) under 

study. However, Figure (20) illustrates the correlation between residual shear stress, coefficient of uniformity (Cu), and bio-

char content of sand-biochar mixtures. The plots reveal no consistent correlation between residual shear stress and coefficient 
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of uniformity (Cu) across the all range of biochar contents examined. Where, for biochar contents ranging from 0% to 5%, 

residual shear stress decreases as the coefficient of uniformity increases. Beyond that, it continues to decrease with the increase 

of Cu until (Fbio=10%) for the loose density samples, while, the dense samples exhibit an opposite trend in this range. Inter-

estingly, for biochar contents between 10% and 15%, the relationship shifts. At 15% biochar content, the residual shear stress 

increases with the increase of uniformity coefficient. The obtained data confirm that the biochar content plays a major role in 

changing of the particle size characteristics of the mixtures and consequently affect the mechanical behaviour of the tested 

binary assemblies under study. 

 

 
Figure 16. Residual shear stress versus effective diameter (D10) and biochar content of the sand-biochar mixtures. 

 

 
Figure 17. Residual shear stress versus Grain size (D30) and biochar content of the sand-biochar mixtures. 
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Figure 18. Residual shear stress versus mean diameter (D50) and biochar content of the sand-biochar mixtures. 

 

 
Figure 19. Residual shear stress versus Grain size (D60) and biochar content of the sand-biochar mixtures. 
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Figure 20. Residual shear stress versus coefficient of uniformity and biochar content of the sand-biochar mixtures. 

 

7. Correlation between the internal friction angle with biochar content and relative density of the tested materi-

als 

 

For the purpose of analyzing the correlation between the internal friction angle (φ) with the biochar content (Fbio) and 

relative density (Dr) of the reconstituted samples with three different relative densities (20 %, 54 % and 90 %) and the range 

of biochar percentages (0 %, 5 %, 10 % and 15 %), Figure 21 illustrates the test results obtained from the current study. In 

general, it could be noticed from this Figure, the existence of relevant polynomial relationships between the angle of internal 

friction and the relative density for the sand-biochar mixtures considering the four biochar fractions under study. Indeed, the 

internal friction angle increases with the increase of the relative density for all the tested binary assemblies. Moreover, the 

obtained results indicate very good correlations between the internal friction angle and the initial relative density (R2=0.99) 

for all biochar fractions studied. In other hand, it is clearly shown from this Figure that the sand-biochar mixtures (Fbio=15 %) 

exhibit higher values of the internal friction angles compared to the other biochar content (Fbio=0 %, 5 % and 10 %) for all 

the tested initial relative densities (Dr=20 %, 54 % and 90 %) respectively. The following equation is suggested to express the 

evolution of the internal friction angle (φ) as a function of the relative density for the sand-biochar mixtures under consider-

ation. 

(φ) = a×(Dr) ²+ b×(Dr) +c                   (1) 

 

Table 3. Coefficients a, b et R2 pour l’équation (1). 

Fbio (%) 0 5 10 15 

a 0.0018 0.0004 0.0006 0.0015 

b -0.1351 -0.0256 -0.0058 -0.0658 

R2 0.99 0.99 0.99 0.99 
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Figure 21. Internal friction angle versus relative density for the sand-biochar mixtures. 

 

8. Potential of woody biochar: eco-friendly soil stabilization for sustainable environmental technology 

 

The integration of woody biochar in sandy soils not only holds promise for environmental sustainability but also bears 

significant implications for soil mechanics, particularly in the context of direct shear testing on sand-biochar mixtures. The 

addition of biochar alters the mechanical behavior of sandy soils, influencing parameters such as shear strength, stiffness, and 

deformation characteristics. Direct shear testing provides invaluable insights into the shear behavior of these mixtures under 

varying conditions, shedding light on their stability and load-bearing capacity. By subjecting sand-biochar mixtures to direct 

shear tests, researchers can discern the effects of biochar content, particle size, and compaction on shear strength parameters 

such as cohesion and internal friction angle. Understanding these mechanical properties is crucial for engineering applications 

ranging from slope stability assessments to foundation design in construction projects. Furthermore, insights gained from 

direct shear testing can inform the optimal utilization of woody biochar in soil stabilization efforts, ensuring both environ-

mental benefits and structural integrity.  

 

Thus, the relationship between woody biochar and direct shear testing underscores the interdisciplinary nature of address-

ing environmental challenges while advancing soil mechanics and engineering practices. On the other hand, the potential 

implementation of woody biochar in the stabilization of sandy soils represents a significant stride in environmental technol-

ogy. Sandy soils are notoriously prone to erosion and nutrient leaching, leading to decreased fertility and compromised eco-

system health. By introducing woody biochar—a carbon-rich material derived from biomass pyrolysis—we not only enhance 

soil structure and water retention but also sequester carbon, mitigating greenhouse gas emissions. This eco-friendly approach 

addresses the dual challenges of soil degradation and climate change. Moreover, woody biochar serves as a sustainable alter-

native to conventional soil stabilizers, reducing reliance on synthetic chemicals and promoting natural soil processes. Through 

the integration of woody biochar into soil management practices, we harness the power of nature to foster resilient ecosystems 

while advancing environmental sustainability. 

 

9. Conclusion 

  

      The performed experimental investigation aims to study the influence of the biochar content (Fbio=0 %, 5 %, 10 % and 15 

%) on the geotechnical properties of Chlef sandy soils reconstituted in the laboratory with three initial relative densities (Dr 

=20 %, Dr =54 % and Dr=90 %) using the dry funnel pluviation method and subjected to three initial normal stresses (σn= 

100, 200 and 300 kPa). Based on the obtained experimental results, the following conclusions can be drawn: 
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1. The results of the direct shear box tests clearly show that the biochar material has a remarkable influence on the 

mechanical behavior of sand-biochar mixtures in terms of the maximum shear strength and the internal friction angle. 

2. The shear strength decreases with increasing the biochar content up to a value of Fbio=10%, the results of this study 

are in perfect agreement with the observations of Rodrigues et al., (2020). Beyond this value, the shear strength 

increases with increment of the biochar content up to the value of Fbio=15 % for the tested parameters. This tendency 

may be explained by the fact that the addition of higher amounts of biochar play a major role in increasing the inter-

particle forces between the sand and consequently increasing the geotechnical properties of the materials under study. 

3. The results of the different tests indicate clearly that the addition of biochar content has a remarkable influence on 

the mechanical behavior of the sand-biochar mixtures for the higher initial relative density (Dr=90 %) compared to 

the other two initial relative densities (Dr=20 %, Dr=54 %). 

4. The test results indicate that the impact of biochar content is highly significant for the highest initial normal stress 

(σn=300 kPa) compared to the other two normal stresses (σn= 100 and 200 kPa). Furthermore, the obtained results 

indicate that the friction angle increases in a polynomial manner with increasing the relative density for all tested 

parameters. the obtained data confirm that the particle size characteristics (D10, D30, D50 and D60) have pertinent 

influences on the shear response of the sand-biochar binary assemblies compared to the coefficient of uniformity 

(Cu). 

5. On the other hand, the application of the biochar material in the civil engineering field, especially, for geotechnical 

engineering purposes is still in the preliminary stages, and its suitability is under evaluation and the future researches 

should take care to its implementation in the geotechnical engineering field. Studying the properties of the biochar 

and its effects on the geotechnical characterization of granular materials is highly recommended in the future studies. 
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