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ABSTRACT 
 
Biochar is a carbonaceous material produced by heating any organic biomass in oxygen-free environment through 
pyrolysis process. Given its aromatic nature, biochar is highly recalcitrant, so as soil additive, it has been considered to 
have great potential to sequester carbon and reduce greenhouse gas emission. Since this material has been produced to 
be buried in the ground, it is important to assess its effect on soil properties from geotechnical point of view. However, to 
date, little work has been done in this field. A few studies have shown that biochar could increase the shear strength of 
clays and desaturate soil particles; therefore, it may be used to increase the liquefaction resistance of loose sand. In this 
study, the effect of adding biochar to sand (3% and 5% by weight) was investigated. Specimens were tested using simple 
shear test apparatus. Results of drained monotonic tests indicated that biochar provided higher shear resistance at lower 
confinement pressure ( 100	kPa). These specimens also developed less volumetric deformation. Undrained cyclic test 
results showed that the addition of biochar increased the liquefaction resistance of sand by delaying the generation of 
excess pore water pressure and restraining the development of shear strain. To provide an insight on the mechanism of 
improvement, Fourier Transform Infra-Red (FTIR) spectrum of biochar surface was measured, and the effect of time on 
the interaction between water and biochar was evaluated through rheological measurements. It is believed that the 
mechanism of improvement is related to the active functional groups on the surface and inside the pores of the biochar 
particles. These volatiles interact with water by repelling it (hydrophobic) and at times by attracting it, creating a complex 
network between water and biochar particles that helps delay the increase in excess pore water pressure and provides 
some shear resistance. 
 
 
 
1 INTRODUCTION 
 
Soil liquefaction is one of the causes of great damages 
during earthquakes and it is a complex phenomenon that 
occurs due to seismic shaking. It is a process in which 
loose saturated soils, with tendency to contract under 
shaking or rapid loading (undrained load), experience an 
increase in excess of pore water pressure (↑u) and a 
consequent reduction in effective stress (↓ = ’ - u)In 
cohesionless contractive materials, the shear resistance 
(↓ =  tan becomes negligible and the soil behaves like 
a fluid. As a result, the granular material is transformed 
from a solid state to a liquefied state and the effective 
stress and, consequently the soil shear strength and 
stiffness are reduced dramatically; the soil is unable to 
resist load, allowing it to develop large deformation 
resulting in damage to infrastructure. 

The occurrence of liquefaction is often associated with 
sand boils, flow failures, ground settlements, lateral 
spreading, foundation and retaining walls failures, and 
lifting of buried structures. These manifestations have cost 
millions of dollars and significant damage to infrastructure 
during the largest earthquakes around the world, such as 
in Alaska, U.S.A. 1964; Niigata, Japan 1964; San 
Fernando, U.S.A. 1971; and more recently Maule, Chile 
2010; Christchurch, New Zealand, 2010-2011; and 
Tohoku, Japan, 2011. Furthermore, the impact to areas 
can be exacerbated when damage is induced in lifeline 
structures, such as hospital buildings, electrical power, 
telecommunications, transportation, water and sewage, oil 

and gas pipelines and waste storage systems, among 
others. The 1964 earthquakes in Alaska (Mw = 9.2) and in 
Niigata (Mw = 7.4) that produced devastating damage due 
to liquefaction raised for the first time the urgency to 
understand and mitigate this phenomenon. Since then, 
great progress in knowledge and understanding of the 
dynamic behaviour of soils has developed. Methods to 
improve ground conditions have been achieved, and 
conventional countermeasure techniques proved to be 
effective in mitigating the occurrence of liquefaction. 
However, there is a need for more sustainable and 
environmentally friendly alternatives. Since the volume of 
waste and resulting contamination are increasing every 
year, it is important to develop new alternatives to improve 
soil conditions and, at the same time, help manage current 
waste and avoid the generation of more. 

There are solid wastes, such as wood for example, that 
can be reused and recycled many times, and at the end, 
they can be converted into energy through a process called 
pyrolysis, which involves the thermal degradation of the 
biomass (in this case, wood) at very low or complete 
absence of oxygen condition. The resulting products are 
gas (commonly known as syngas), liquid-fuel, and solid 
biochar. The liquid and the gas components are used as a 
source of energy, while the biochar has been commonly 
used in environmental and agricultural applications (Troeh 
& Thompson 2005; Devereux et al. 2012; Hseu et al. 2014), 
and its potential as a carbon sequestering agent has 
brought more attention, given the growing concern for 
anthropogenic carbon emissions (Lehmann et al. 2006; 



 

Winsley 2007). In this regard, biochar has been shown to 
be a sustainable alternative as it could sequester about 1.8 
Gton of carbon per year, i.e., 12% of the total CO2 global 
emissions (15 Gton/yr) (Woolf et al. 2010). 

It has been shown that this organic material can endure 
in soil for thousands of years (Lehmann et al. 2006). It can 
modify pore size distribution, provide aggregate stability, 
and has a large water holding capacity (Downie et al. 2009; 
Brown et al. 2006). In other studies, its mechanical 
properties in uniaxial compression have also been studied 
(Byrne & Nagle 1997) and results indicate that the 
carbonized wood has 28% more resistance than their 
respective feedstock, and 37% less stiffness. Moreover, 
some new research studies have explored the mechanical 
properties of biochar particles by nano-indentation (Zickler 
et al. 2006; Das et al. 2015), and large variation among 
different types of biochar had been observed. In general, 
with an increase in pyrolysis temperature, hardness and 
elasticity modulus are generally higher. 

Regarding its geotechnical properties, some 
researchers have performed direct shear tests on clay soils 
mixed with 0%, 2%, 4% and 6% biochar by weight (Zong 
et al. 2014; Lu et al. 2014), and they reported an increase 
in the internal friction angle and a tendency to decrease 
cohesion in clay. However, its effect in sand, especially in 
its dynamic response, has not been investigated yet.  

In this paper, the results of simple shear tests 
conducted on sands treated with wood waste biochar are 
presented and, in order to give an insight to the mechanism 
of improvement that may be induced by this material, the 
chemical composition of biochar surface is reported, as 
well as the results from rheological measurement on 
biochar mixed with water.  
 
 
2 METHODOLOGY 
 
To study the effect of biochar on a target host sand, 
specimens with 0%, 3% and 5% biochar (by weight) were 
prepared and sheared in simple shear test machine under 
monotonic (SST) and cyclic (CSST) conditions.  
 
2.1 Materials 
 
The host sand used in this study is a river sand from 
Waikato River in New Zealand, while the biochar used has 
been produced by the Alternative Energy Solution (AES, 
Pukekohe, NZ). Figure 1 shows the grain size distribution 
curves of both materials as well as the curves of the sand-
biochar mixtures. Note that the effect of adding biochar on 
the grain size distribution curve of the sand is very small; 
hence, it could be considered that the sand matrix controls 
the specimen behaviour. 

The sand is poorly-graded with no fines content and 
with an average grain size of D50=0.81mm. The specific 
gravity is Gs = 2.65, and its maximum and minimum void 
ratios are emax = 0.854 and emin = 0.629, determined using 
ASTM procedures (ASTM D4253 2014; ASTM D4254 
2014). This material has been studied here at a loose state 
with the target relative density of Dr = 28% for all the tests; 
this was the density that the adopted sample preparation 

procedure (see Section 2.2) produced with a variation of 
less than ± 2%. 
 
 

Figure 1. Grain size distribution curves plotted with the 
established boundaries of liquefiable soils (Ministry of 
Transport Japan 1999) 
 
 

The waste biochar used is made of waste pine saw 
dust, produced by fast pyrolysis (carbonization in the 
absence of oxygen) for 10 minutes at a temperature of 
470°C. The average particle size is D50 = 150 µm, and the 
measured specific gravity is Gs = 1.43 (NZS 4402-2.7 1986; 
ASTM D854 2010). 
 
 

Figure 2. Scanning electron microscope (SEM) images of 
sand and biochar 
 
 

Figure 2 shows the images of sand and biochar 
particles obtained with a scanning electron microscope 
(SEM). The sand particles are sub-angular and very 
uniform (Cu = 2.1), while the biochar particles are well 
graded (Cu = 9.1), with a more flat shape. The biochar has 
a pore volume distrubuted in the longitudinal direction and 
the pores are visible clogged.  
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2.2 Sample preparation 
 
To prepare the specimens, biochar and sand were first dry-
mixed in proportion by weight of sand, keeping constant the 
amount of sand in all cases (i.e. the granular void ratio was 
kept constant at e=0.785). Then, the mixture was covered 
with sufficient amount of de-aired de-ionized water to 
produce saturated samples. Next, the mixture was warmed 
up to 45°C and boiled under vacuum to remove the 
remaining air bubbles. Finally, the slurry was poured inside 
the mould with a spoon and, in some cases, the base was 
gently tamped to reach the target volume.  

In this procedure, the sand skeleton is assumed to 
provide the shear resistance, and the biochar interacts 
more with the water and the void space within the 
specimen.  
 
2.3 Direct Simple Shear Apparatus 
 
The direct simple shear apparatus utilized was the 
ShearTrac II-DSS. In this equipment, the specimen was 
placed inside a stack of rigid rings (Figure 3) that prevents 
lateral extension, and allows horizontal shearing. The 
specimen, whose dimensions are 63mm in diameter and 
24mm high, was initially consolidated at a defined vertical 
load, and then horizontally sheared either monotonically or 
cyclically, depending on the type of test being conducted.  
 
 

Figure 3. Cyclic simple shear test 
 
 

In this apparatus, full saturation of the specimens could 
not be confirmed; to ensure full saturation, the specimens 
were prepared with enough deaired water to have 100% 
degree of saturation (calculated considering the dimension 
of the specimen, the amount of materials and the specific 
gravity of the particles). Any excess water was able to exit 
the specimen through the top cap drainage. The monotonic 
tests were conducted under drained condition while in the 
cyclic tests, undrained condition was simulated by keeping 
constant the volume (height) of the specimen; thus, the 
change in the vertical pressure during the test is assumed 
to be equal to the change in effective stress in the 
specimen.  

Monotonic tests were performed under vertical 
confinement of 50 kPa, 100 kPa, 150kPa, and 200 kPa. On 
the other hand, cyclic tests were performed only at a 
vertical confinement of 100 kPa, with the shear stress 
applied varying from 5 kPa to 28 kPa. 

 
2.4 Fourier Transform InfraRed Spectroscopy Analysis 
 
Fourier transform infrared FT-IR spectrometer apparatus 
(Nicolet iS50) with Attenuated Total Reflectance (ATR) was 
used to investigate the active functional groups on the 
surface of the biochar. The samples were oven-dried prior 
to testing to reduce the water content peaks in the spectra. 
The scanning range was from 650 to 4000 cm-1 with a 
resolution of 4 cm-1 and 64 counts per measurement. In 
addition, automatic base line correction was applied (Shao 
& Griffiths 2007). 
 
2.5 Rheological Measurements 
 
The effect of time on the properties of biochar suspensions 
(i.e. mixture of water and biochar) was studied. Biochar 
was poured in water and mixed for 20 minutes. The 
suspensions were prepared with a concentration 
comparable to a treatment of 3% and 5% per weight of 
sand in the specimens used for the SST and CSST. 

The rheology tests were performed on Physica UDS 
200 rheometer using a cup-bob measurement device. This 
geometry reduces evaporation loses when the specimens 
are being sheared for longer period of time.  

Time-sweep tests were performed, which consisted of 
applying sinusoidal shear strain to the samples at constant 
low shear strain amplitude (  = 0.1%) and frequency of 
0.56 Hz (the same frequency used in CSST). The response 
of the specimens was measured in terms of the shear 
stress induced during the test, as well as the computed 
shear modulus. The tests were conducted for about 2 days, 
the period of time required for the shear modulus to 
stabilize. 
 
 

 
Figure 4. Schematic of rheological measurements 
 
 
3 RESULTS 
 
3.1 SST in sand mixed with biochar 
 
Figure 5 shows the results from drained monotonic simple 
shear tests performed on sand specimens treated with 
biochar. For pure sand specimens, the sample preparation 
method adopted in the experiments indicates satisfactory 
reproducibility of the results; the shear strength parameters 
obtained are as follows: cohesion, c = 0 kPa and angle of 
internal friction φ = 33°. For biochar-treated specimens, 
more variability is obtained.  

In general, the static properties of treated sand seem 
not to vary much from the state without treatment. 



 

However, at lower confining pressure, specimens of sand 
mixed with biochar appear to develop higher resistance. 
Regarding vertical (axial, εa) strain, in general, specimen 
tested at higher confining pressure experienced less 
contractive behaviour. In addition, specimens treated with 
biochar experienced less deformation than pure sand 
specimens. It is possible that biochar grains are partially 
contributing to the shear resistance of the mixture, and 
restraining the sand grains from moving freely. 
 
 

 
Figure 5. Simple shear tests results on sand treated with 
biochar 
 
 
3.2 CSST in sand mixed with biochar 
 
Tests with 100 kPa vertical stress at different cyclic stress 
ratios (CSR, as defined in Figure 3) were performed on 
sand specimens treated with 0%, 3% and 5% biochar. In 
general, biochar-treated sand showed a better cyclic 
response, i.e. higher liquefaction resistance. Figure 6 
displays the liquefaction resistance curves of the 
specimens. To define the onset of liquefaction, a double 
amplitude shear strain criterion of DA=7.5% was adopted. 
The tests that were stopped before the onset of liquefaction 
are plotted with arrow signs (indicating more cycles are 
required).  

A power function was used to represent the relationship 
between the number of cycles (N) and the cyclic stress ratio 
(CSR) (Eq. 1): Therefore, in the graphs shown in Figure 6, 
the relationship between log(CSR) vs log (N) is linear, with 
the slope b ranging from 0.15 to 0.17. 
 
 

b
NaCSR
       [1] 

 
 
The tendency of biochar to increase the liquefaction 
resistance of the host sand is clearly observed from the 
figure. For specimens treated with 5% biochar, the number 
of cycles required to achieve liquefaction for a given CSR 
is increased by more than six times (i.e. almost one order 
of magnitude). 
 
 
 

 
Figure 6. Liquefaction resistance curves of sand treated 
with biochar 
 
 
Figure 7 shows representative test results for the case of 
CSR ≈ 0.18 which were performed on specimens with 
different levels of treatment. There is a clear tendency for 
the biochar to delay the increase in excess pore water 
pressure and, more importantly, to reduce the double 
amplitude shear strain ( DA), during the 15th cycle (typically 
considered as equivalent to an earthquake of magnitude 
7.5), i.e. the accumulated shear strain (peak-to-peak) is 
reduced by more than ten times.  
 
 



 

 

 
Figure 7. Cyclic simple shear test results on sand treated 
with biochar (CSR≈0.18) 
 
 
3.3 FTIR-ATR Results 
 
FTIR spectroscopy results provide a qualitative description 
of the functional groups present on the surface of the 
biochar. The results of these tests are shown on Figure 8, 
where the absorbance is expressed in a.u., which stands 
for arbitrary units.  

The biochar used in this research is compared in Figure 
8 with the results by other researchers (Das et al. 2015) 
using a biochar made of the same biomass with the same 
pyrolysis temperature and residence time. Both materials 
seem to show trends which are in good agreement with 
each other. The peaks of the spectra are in the region of 
1600, 1200 and 800 cm-1, which corresponds to C = C, C - 
O, and Aromatic C - H stretching, respectively. 
 
 

 
Figure 8. Fourier Transform Infrared Analysis (FTIR) of 
biochar surface 
 
 

Additionally, FTIR analysis of biochar surface indicates a 
moderate activation of hydrophobic and hydrophilic 
groups. Aliphatic groups C - H (wavelength between 3000 
and 2800 cm-1) are usualy related with hydrophobic 
behaviour, while the C = O peak (at 1700 cm-1) has been 
identified with hydrophilic surface (Gray et al. 2014).  
 
3.4 Rheology time-sweep test results 
 
The results of time-sweep tests are plotted in Figure 9. 
There is an increase in shear modulus with time, which 
means that the interaction between water and biochar is 
developing with time. About 10 hours are required to reach 
about 80% of the maximum shear modulus.  

The rheometer results are consistent with the presence 
of hydrophobic groups on the biochar surface (Figure 8), 
contributing to the hypothesis that the interaction between 
water and biochar influences the improved response of the 
sand specimens with biochar in the SST and CSST results. 
 
 

 
Figure 9. Time-sweep tests results 
 
 
4 DISCUSSION 
 
The results presented in this paper indicated that the 
addition of biochar to clean sand could result in increase in 
its shear resistance. Under static conditions, the addition of 
biochar only seems to increase the sand’s shear strength 
at low confining pressure (σv’ ≤ 100 kPa), and, in general, 
it restrained its volumetric deformation in all cases. In terms 
of cyclic response, the addition of biochar resulted in 
increase in its liquefaction resistance. There was a delay in 
the reduction of the effective stress and consequently, a 
delay in reaching liquefaction condition.  

It is possible that the increase in excess pore water 
pressure activated the pores in the biochar by overcoming 
the capillary pressure. This may have opened a pore 
volume within the biochar grains, which were initially 
inaccessible to water, and resulted in delay in the 
generation of excess pore water pressure. In addition, 
according to rheological measurements, the biochar 
suspension provided shear strength that helped reduce 
shear strain, and diminish the contractive behaviour of the 
loose host sand. Indeed, similar improvement was 



 

observed in terms of shear strain deformation. The 
cumulative double amplitude shear strain on the 15th cycle 
was reduced by more than one order of magnitude (Figure 
7). 

Finally, the FTIR spectrum suggests a complex 
interaction between biochar and water. It is theorized that 
the presence of hydrophilic and hydrophobic components 
on the surface of the biochar resulted in formation of a 
network in which water molecules were arranged in a 
compatible structure along the periphery of the biochar 
particle (analogous to coating), repelling the hydrophobic 
components and attracting the hydrophilic ones. This leads 
to development of a complex network of water and biochar, 
similar to the micelles formation (MacNaught & Wilkinson 
1997). 
 
 
5 CONCLUDING REMARKS 
 
Waste accumulation and greenhouse gas emission are 
increasing every year. At the same time, it is extremely 
important to develop more environmentally friendly 
alternatives to improve ground conditions. 

Biochar has been designed to be buried underground. 
There, it brings several benefits and advantages (some 
unexpected), i.e., it could be used to manage wastes, to 
help reduce carbon emissions to the atmosphere, to 
improve soil fertility, and to act as new alternatives to 
mitigate liquefaction.  

In this study, the effect of biochar on the drained shear 
strength and liquefaction resistance of loose saturated 
sand was investigated through simple shear test 
apparatus. The results from monotonic tests indicated an 
increase in shear strength at low confining pressure, while 
under cyclic loading, biochar mixed specimens had higher 
liquefaction resistance. In addition, investigation of the 
interaction between biochar and water through FTIR and 
rheological measurements showed the presence of 
hydrophobic and hydrophilic components on the surface of 
the biochar. These volatiles may interact with water, either 
by repulsion or attraction, and thus forming a complex 
network. According to the time-sweep tests results, 
suspensions of biochar in water were capable in providing 
shear resistance with time.  

It is believed that the mechanism of improvement in the 
shear strength and in the liquefaction resistance of the host 
sand with the addition of biochar is due to the interaction 
between the biochar particles and water, which helps in 
providing shear resistance, restraining the free grain 
movement and delaying the increase in excess pore water 
pressure.  

It is important to note that the biochar properties 
depend on the original feedstock and pyrolysis conditions, 
i.e. different pyrolysis temperature and duration during the 
production would lead to different biochar with different 
physical, chemical and mechanical properties. Therefore, 
the results presented in this paper are applicable 
exclusively to this biochar made from pine saw dust waste, 
pyrolyzed at 470°C for 10 minutes. 

 
 

6 REFERENCES 
 
ASTM D4253. 2014. Maximum Index Density and Unit 

Weight of Soils Using a Vibratory Table. ASTM 
International Standard Test Methods.  

ASTM D4254. 2014. Minimum Index Density and Unit 
Weight of Soils and Calculation of Relative Density. 
ASTM International Standard Test Methods.  

ASTM D854. 2010. Standard Test Methods for Specific 
Gravity of Soil Solids by Water Pycnometer. ASTM 
International Standard Test Methods. 

Brown, R. A., Kercher, A. K., Nguyen, T. H., Nagle, D. C., 
& Ball, W. P. 2006. Production and characterization of 
synthetic wood chars for use as surrogates for natural 
sorbents. Organic Geochemistry, 37(3), 321–333.  

Byrne, C. E., & Nagle, D. C. 1997. Carbonization of wood 
for advanced materials applications. Carbon, 35(2), 
259–266.  

Das, O., Sarmah, A. K., & Bhattacharyya, D. 2015. 
Structure–mechanics property relationship of waste 
derived biochars. Science of the total environment, 
538, 611–620. 

Devereux, R. C., Sturrock, C. J., & Mooney, S. J. 2012. The 
effects of biochar on soil physical properties and winter 
wheat growth. Earth and Environmental Science 
Transactions of the Royal Society of Edinburgh, 103(1), 
13–18.  

Downie, A., Crosky, A., & Munroe, P. 2009. Characteristics 
of biochar – physical and structural properties. In J. 
Lehmann & S. Joseph (Eds.), Biochar for 
Environmental Management - Science and Technology 
(2nd ed., pp. 89–108). London: Earthscan. 

Gray, M., Johnson, M. G., Dragila, M. I., & Kleber, M. 2014. 
Water uptake in biochars: The roles of porosity and 
hydrophobicity. Biomass and Bioenergy, 61, 196–205.  

Hseu, Z.-Y., Jien, S.-H., Chien, W.-H., & Liou, R.-C. 2014. 
Impacts of biochar on physical properties and erosion 
potential of a mudstone slopeland soil. The Scientific 
World Journal, 2014(ID602197), 24–26.  

Lehmann, J., Gaunt, J. L., & Rondon, M. 2006. Bio-char 
sequestration in terrestrial ecosystems – a review. 
Mitigation and Adaptation Strategies for Global 
Change, 11(2), 395–419. 

Lu, S. G., Sun, F. F., & Zong, Y. T. 2014. Effect of rice husk 
biochar and coal fly ash on some physical properties of 
expansive clayey soil (Vertisol). Catena, 114, 37–44.  

MacNaught, A. D., & Wilkinson, A. R., 1997. Compendium 
of Chemical Terminology: IUPAC recommendations. 
2nd ed., Oxford Oxfordshire.  

Ministry of Transport Japan. 1999. Design conditions - 
liquefaction. In Technical Standards and 
Commentaries for Port and Harbour in Japan. The 
Overseas Coastal Area Development Institute of 
Japan.  

NZS 4402. 1986. 2.7: Determination of the solid density of 
soil particles. New Zealand Standard, Methods of 
Testing Soils for Civil Engineering Purposes. 

Shao, L., & Griffiths, P. R. 2007. Automatic Baseline 
Correction by Wavelet Transform for Quantitative 
Open-Path Fourier Transform Infrared Spectroscopy. 
Environmental Science & Technology, 41(20), 7054–
7059. 



 

Troeh, F. R., & Thompson, L. M. 2005. Soils and Soil 
Fertility. Iowa, US: Blackwell Publishing. 

Winsley, P. 2007. Biochar and bioenergy production for 
climate change mitigation. Science and Technology, 
64(1), 5–10. 

Woolf, D., Amonette, J. E., Street-Perrott, F. A., Lehmann, 
J., & Joseph, S. 2010. Sustainable biochar to mitigate 
global climate change. Nature Communications, 1(5), 
1–9.  

Zickler, G. A., Schoberl, T., & Paris, O. 2006. Mechanical 
properties of pyrolysed wood: a nanoindentation study. 
Philosophical Magazine, 86(10), 1373–1386.  

Zong, Y., Chen, D., & Lu, S. 2014. Impact of biochars on 
swell-shrinkage behavior, mechanical strength, and 
surface cracking of clayey soil. Journal of Plant 
Nutrition and Soil Science, 177, 920–926.  


