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ABSTRACT 
 
 Soil liquefaction and the associated ground deformations have caused significant damage to 

many infrastructure and built-up areas. Although conventional liquefaction countermeasures 

have been implemented since the 1960s to address these, they are not generally applicable in 

tackling problems associated with large-scale residential areas due to their disruptive nature 

and negative environmental impact. To deal with these limitations, new methods have been 

developed that are generally non-disruptive, economical, and environmentally friendly. 

Densification being the most popular method to treat liquefiable deposits, the recent trend is 

towards refinement of the equipment to minimise noise and vibration and downsizing of 

equipment so the method can be implemented adjacent to structures and in constricted spaces. 

“New” materials, such as recycled scrap tyres and coal plant by-products, and nano-materials, 

such as colloidal silica, bentonite and laponite, as well as bio-materials, have been the focus of 

current research. Although studies have indicated satisfactory results in reducing liquefaction 

susceptibility, the application of these new materials in situ requires further studies in terms of 

actual construction implementation and quality control. 

 

Introduction 

 

The recent large-scale earthquakes in Christchurch, New Zealand and in Tohoku Region, 

Japan highlighted the impact of soil liquefaction and associated ground deformations on the 

built environment. Building subsidence and differential settlements, floating of buried 

structures, cracked slab foundations and damaged pile foundations as well as impaired pipe 

networks were some of the damages observed following these major earthquakes. To reduce 

the risk of damage to the structures, remediation measures are usually employed. Typically, 

any successful remediation work for a target structure requires a thorough understanding of 

the following: the liquefaction hazard at the site, the potential consequences of liquefaction 

for the structure, the performance requirements of the work, and the available construction 

materials and methods. The overall goal of any remediation work is to investigate alternatives 

to mitigate the liquefaction hazard so that relative benefits versus costs for different levels of 

mitigation efforts can be assessed. 

 

Various liquefaction countermeasure methods have been developed and employed in 

practice. Some of these methods were developed as an extension of typical 

strengthening/reinforcing works for soft clay deposits. For example, the sand compaction pile 

method, originally developed in the 1950s to reinforce soft clay deposits, was used as 

liquefaction countermeasure following the 1964 Niigata earthquake to densify loose sandy 

deposits. The lattice-type deep mixing method and the gravel drain method were developed 

as liquefaction countermeasure in the 1970s. Many of these conventional methods of 

mitigating liquefaction hazard have been summarized in detail, for example by PHRI (1997), 

Schaefer (1997), JGS (1998) and, more recently, Towhata (2008). However, while available 
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techniques are being refined to suit the requirement of the problem, some newer methods 

were being developed when difficult circumstances are encountered in the field. Thus, more 

and more liquefaction countermeasure techniques are becoming part of the expanding set of 

available mitigation measures.  

 

This paper reviews some of the recent trends in ground improvement methods as liquefaction 

countermeasures. New developments in some of the conventional remediation techniques are 

presented, and the use of recyclable and “new” materials are also introduced. The trend 

towards low-carbon economy is also highlighted and future research directions are identified. 

 

Conventional Liquefaction Mitigation Methods 

 

Liquefaction countermeasures are broadly divided into those that prevent liquefaction from 

occurring through ground improvement and those that minimise damage through structural 

strengthening. Generally, these methods can be classified into six categories depending on the 

principle involved: (1) compaction (densification); (2) solidification; (3) drainage (pore water 

dissipation); (4) replacement; (4) groundwater lowering; and (6) shear deformation control. 

These methods are illustrated in Figure 1. Among these, the first three methods, i.e. 

compaction, solidification and drainage, are the main countermeasures employed in practice. 

In recent years, there has been an increase in the number of projects involving remediation of 

foundation ground under existing structures. As a result, the implementation of conventional 

methods is hampered by constricted/limited space and the use of non-disruptive mitigation 

methods is currently on the rise. Moreover, since many residential areas have been affected 

by liquefaction during recent earthquake events, mitigation of liquefaction effects in  

 

 
 

Figure 1. Principles and methods of countermeasures against liquefaction  

(modified from JGS 1998). 
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residential areas which are low-cost and affordable to residents becomes a priority. Finally, 

environmentally friendly methods, such as the use of recyclable materials, nanoparticles and 

microorganisms, to address liquefaction issues and the increasing interest in the study of 

carbon emission due to ground modification and liquefaction-induced settlement repairs are 

also gaining popularity. Some of these are discussed below. 
 

Recent Developments in Densification Methods 
 

Densification or compaction methods involve rearranging the soil particles into tighter 

configuration, resulting in increased density. This increases the shear strength and 

liquefaction resistance of the soil and encourages a dilative instead of a contractive dynamic 

soil response. Densifying loose sandy deposit with vibration and/or impact has been used 

extensively, making it the most popular liquefaction countermeasure.  
 

Evaluation of Effectiveness 
 

The conventional methods of evaluating liquefaction potential of sandy deposits using design 

charts (liquefaction resistance vs. field parameter) tacitly assume that the lateral stress σ’h in 

the deposit are approximately equal to 0.45-0.50 times the vertical effective stress, σ’v; in 

other words, the lateral stress ratio, KC=σ’h/σ’v, is taken as 0.45-0.50. When liquefaction 

potential is to be evaluated for natural or reclaimed sand deposits, the above assumption may 

be reasonable. However, when these deposits are improved by means of sand compaction pile 

(SCP) or any similar methods, it has been common practice to evaluate the effect of 

improvement in terms of the resistance in penetration tests, which is considered mainly to 

reflect an increase in density of sand deposits. However, opinions have been expressed that 

the pile installation and the resulting expansion of pile diameter during SCP implementation 

contribute to increased lateral stress in the deposits as well, which is known to be beneficial 

for further increasing resistance to liquefaction. 
 

 
 

Figure 2. Relationship between shear stress ratio and corrected SPT N-values at improved 

ground sites (after Harada et al 2014). 



To illustrate this, Harada et al. (2014) collected data from past studies on the relation between 

the SPT N-values obtained in-between SCP piles and the shear stress ratio to evaluate the 

performance of densified ground, and the results are summarized in Figure 2. In the figure, 

the corrected SPT N-value, Na, reflects the SPT N-value corrected for fines content and 

overburden pressure while the cyclic shear stress induced by the shaking was estimated using 

the maximum surface acceleration obtained from recorded motions near the sites. Both 

parameters were estimated using the equations indicated in the JRA (1996) design code. Note 

that all the data points in the figure represent non-liquefaction in the improved areas. It may 

be said that the liquefaction resistance curve of improved grounds is best represented by the 

dashed curve. Thus, the liquefaction resistance of the improved ground is higher than that of 

the natural ground even for the same N-values. Harada et al. (2010) pointed out that this is 

due to the increase in lateral stress ratio caused by the installation of sand piles and the effect 

of composite ground consisting of compacted sand piles and the ground around them.  

 

Advances in equipment 

 

In order to address the needs in improving grounds near existing structures, there have been 

recent innovations in the equipment used in installing sand compaction piles. A drawback of 

the conventional SCP method is noise and vibration caused by the use of a vibro-hammer, 

thus adversely influencing the surrounding environment. As refinement, non-vibratory SCP 

method (commercially known as “SAVE Compozer method”) has been developed which 

does not employ a vibro-hammer and where both penetration and withdrawal are achieved by 

means of a forced lifting/driving device that rotates the casing pipe. The equipment consists 

mainly of a SAVEP driving device used as a base machine, and a forced lifting/driving 

device with a rotary drive motor or hydraulic-powered geared motor to rotate the casing pipe 

(see Figure 3a). Two types of forced lifting/driving device are used: the pin rack-sprocket 

type and the rack-pinion type. The operating procedure for the SAVE Composer is identical 

to that of the conventional SCP method. A 400~500 mm diameter casing pipe is used to  

 

 

(a) (b) 

 

Figure 3. (a) Non-vibratory SCP equipment; and (b) comparison of vibration effect (Harada 

et al. 2011). 
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create well compacted sand piles of 700 mm diameter, and the surrounding ground is 

densified as a result. During implementation, a micro-computer installed in the driving device 

automatically controls the sand amount and level of compaction. Comparison between SAVE 

Composer and the conventional SCP method and stone column method indicates that the 

former induces very low ground vibration, making it the method of choice near existing 

facilities and in urban areas (Figure 3b). To date, SAVE Composer has been used to install 

more than 7000 km of compacted piles in Japan (Harada et al. 2011).  
 

Another recent development is the downsizing of the equipment used for SCP installation. 

Figure 4 shows the size of equipment used in liquefaction countermeasures (Harada et al., 

2014). Recently, small-sized equipment has been developed to allow working on limited 

space, such as under bridge girders and near existing structures, as shown in Figure 5. 
 

 
 

Figure 5. Examples of implementation under constricted spaces  

(after Harada et al. 2014). 

 

Figure 4. Miniaturization of equipment in each method (after Harada et al. 2014). 



Use of Recyclable Materials 
 

With the objective of better and more environmentally friendly recycling methods, many 

researchers are now examining the use of recycled materials as a new geomaterial. These 

included scrap tyres and coal ash. 
 

Tyre Chips 
 

With more than 100 million scrap tyres generated in Japan every year, the recycling of scrap 

tyres has become essential. About half of the recycled tyres is used as fuel because it is 

cheaper than coal; but the process generates large amount of carbon dioxide and incineration 

ashes. If the use of waste tyres as fuel is continued, it will lead to environmental problem in 

the near future. Alternatively, scrap tyres provide numerous advantages from the viewpoint of 

engineering practice. They have light weight, high elastic compressibility, high vibration-

absorption capacity, high hydraulic conductivity, and temperature-isolation potential. 

Therefore, scrap tyres, either as whole, halved or even shredded, are gaining attention as new 

geomaterials.   
 

Liquefaction mitigation by mixing tyre chips with sand has been a topic of interest in recent 

years. Based on past research, it was clear that tyre chips reduce the rise of excess pore-water 

pressure when subjected to earthquake shaking. For example, Hyodo et al. (2007) and 

Okamoto et al. (2008) mixed sand and tyre chips at various ratios by volume under different 

compaction energies, Ec, and performed undrained cyclic and monotonic triaxial shear tests 

and the results are shown in Figures 6 and 7 for different sand fractions, sf (note that sf=1 is 

for pure sand, while sf =0 is for pure tyre chips). Figure 6(a) shows that for higher compaction 

energy, specimens which include tyre chips show decreased strength as compared with 

specimen with sf=1.0. The mixtures with sf=0~0.7 indicate nearly the same strengths. For the 

specimen containing 10% tyre chips (i.e., sf=0.9), its shear strength is about half of that of 

specimen with sf=1.0. It is noted that the shear strength seem to decrease greatly by adding 

tyre chips to sand, even with small quantity. On the other hand, Figure 6(b) showed that for  

 

 

(a) Ec=166 kJ/m
3
 (b) Ec=51 kJ/m

3
 

 

Figure 6. Undrained triaxial test results showing the relationships between deviator stress and 

axial strain at confining pressure σ’c=100kPa (Hyodo et al. 2007). 
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Figure 7. Undrained triaxial test results showing the relationships between deviator stress and 

effective mean principal stress at confining pressure σ’c=100 kPa (Hyodo et al. 2007). 

 

lower compaction energy, specimen with sf=1.0 (sand only) indicated strain softening 

behaviour similar to that of loose sand. Comparing the mix ratios, it is seen that the higher the 

value of sf, the more the strength increases. When the figures are compared, the shear 

strengths when the axial strain reaches 20% are almost equal regardless of compaction 

energy.  

 

From Figure 7(a), it is observed that when sf=0.7, contraction appeared because of negative 

dilatancy. This is because a part of the link of the grains of sand was cut off by the mixed tyre 

chips, and it is believed that this caused the formation of weak sand structure. However, the 

contractive tendency deteriorated with the decrease in sand content and it seems that there is 

no volume shrinkage in the sample of pure tyre chips (sf=0). 

 

Kaneko et al. (2013) performed online pseudo-dynamic response tests on model grounds 

consisting of either tyre chip-mixed sand or alternating layers of sand and tyre chips with the 

aim of clarifying the seismic response characteristics of tyre chips and tyre chip-sand 

mixtures. Online testing is a method of feeding soil response characteristics directly from soil 

samples into a one-dimensional modeling algorithm. The test results showed that when tyre 

chips with low stiffness were either mixed with sand or placed as layers, more significant 

damping and seismic isolation effects were observed. The presence of tyre chips also reduced 

the accumulation of excess pore water pressure in the layer, preventing the occurrence of 

liquefaction. In addition, when tyre chips are installed as layers beneath the sand, liquefaction 

is not generated in the upper sandy layer because the amplitudes of the seismic waves are 

attenuated. Finally, the effectiveness of tyre chips mixed with sand increased as the mix ratio 

was increased. When they were installed as pure layers, tyre chips were more effective when 

placed at a deeper location or when the layer was thicker. 

 

Based on the results, the effect of tyre chips in controlling the generation of the excess pore-

water pressure induced by cyclic and monotonic shearing was confirmed, with the effect 

being more remarkable as the tyre chips content in the mixture was increased. 
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Coal Ash 
 

Coal ashes discharged from coal-fired power plants have recently been gaining attention as a 

new form of geomaterials. In Japan, about 80% of the total amount of coal ash produced is 

being recycled, with the majority being used in cement production and in civil engineering 

works. Considering the latter, the utilization of coal ash is expected to increase from now on, 

because a large volume of ash could be used for engineering works at any given time. They 

have been popularly used as ground materials for the improvement of unsuitable soil and for 

foam-mixed solidified soil. However, development of more applications is needed in light of 

the enormous amount of coal ash generated.  
 

A study was performed by Yoshimoto et al. (2014) to confirm the applicability of granulated 

coal ash (GCA) as reclamation material with adequate liquefaction resistance during an 

earthquake. GCA is formed by a milling process, with a small amount of cement added and 

whose particle size is almost equivalent to that of sand or fine gravel. Granulation results in 

improved work efficiency, and because dispersion is prevented, the material is convenient to 

store. GCA can be handled in the same manner as ordinary soil and its use has many advan-

tages, such as the suppression of heavy metal leaching and the possibility of outdoor curing.  
 

In their study, the liquefaction characteristics of GCA were investigated through cyclic 

triaxial tests and online pseudo-dynamic response tests, and the results were compared with 

those of natural sands to examine the cyclic shear properties of the material. Figure 8(a) 

shows the liquefaction resistance curves of GCA (relative density, Dr=50%) at double-

amplitude axial strain ɛDA=5% for various confining pressures. The curve is steep when the 

confining pressure is 50 kPa; as the confining pressure increases to 400 kPa, the 

corresponding curve becomes flatter. This observation is consistent with those observed in 

natural sands where the liquefaction resistance decreases as the confining pressure is 

increased. Thus, GCA appears to follow the same trend, although the effect is less 

pronounced. The comparison of the cyclic shear resistance of GCA with those of natural soils 

at the same density (Dr =50%) is presented in Figure 8(b). The cyclic deviator stress ratio of 

GCA is about 1.5–2.5 times higher than those of natural sands and almost similar to that of 

Iwakuni clay. Note that, in general, the cyclic deviator stress ratio that causes failure after 15–

20 cycles is defined as the liquefaction resistance. Thus, the liquefaction resistance of GCA is 

about 1.7 times higher than that of Toyoura sand. 

(a)                                                 (b)  
 

Figure 8. Liquefaction resistance curves corresponding to double amplitude axial strain 

εDA=5%: (a) GCA (Dr=50%) at various confining stresses; and (b) all tested soils (Dr=50%) 

under σ’c=100 kPa (after Yoshimoto et al. 2014). 
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Moreover, the online pseudo-dynamic response tests performed using a hollow torsional 

shear test apparatus showed that GCA exhibited slower excess pore water pressure buildup 

when compared with Toyoura sand for the same level of input motion (Yoshimoto et al. 

2014). The presence of a GCA layer in a saturated sandy ground had beneficial effects on the 

earthquake response. 

 

Use of Nanoparticles 

 

As mentioned earlier, trends towards non-disruptive mitigation techniques have been gaining 

popularity, especially as practical application for residential areas. Many researchers have 

demonstrated that the addition of small amount of nano-materials, such as bentonite, laponite 

and silica particles, into the ground may alter the pore fluid between the grains, which can 

reduce the free grain movement and result in significant increase in the soil's resistance to 

cyclic loading; hence, reducing liquefaction susceptibility.  

 

Along this line, passive site remediation has been proposed, which involves slowly injecting 

the stabilisation material into liquefiable subsoil and allowing the natural ground water and 

hydraulic gradient to disperse the stabiliser uniformly throughout the soil (Gallagher and 

Mitchel, 2002).  This is illustrated schematically in Figure 9. It allows the entire sites to be 

permeated instead of grout columns, which tend to form when using more traditional cement 

or silicate grouting. 

 

Colloidal silica 

 

Colloidal silica, an aquaeous dispersion of silica nano-particles (7-22µm), has been 

commonly used in passive site remediation. In its liquid form, it has a viscosity similar to 

water; when injected into the soil, it replaces water in the soil pores then solidifies over a 

specific gel time. The grouting method involves the injection of low-viscosity diluted 

colloidal silica into ground, which is then transported from the site boundary (through 

 
 

Figure 9. Schematic diagram of passive site remediation technique.
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trenches) to the target area through groundwater flow. With time, the fluid solidifies and the 

colloidal silica forms a permanent gel which strengthens the bonding of the grains in the soil 

(Gallagher and Mitchell 2002). The gelling time can be adjusted by changing the pH or salt 

concentration of the dispersion, allowing it to be injected into the appropriate location before 

it gels. With the cementation of individual grains by the colloidal silica, the deformation 

resistance of loose sand to cyclic loading is increased and liquefaction occurrence is 

prevented.  

 

Several researchers have investigated colloidal silica grouting as liquefaction mitigation. 

Gallagher & Mitchell (2002) and Gallagher et al. (2007a) performed cyclic triaxial tests to 

investigate the influence of colloidal silica grout on the deformation properties of saturated 

loose sand. They noted that, in comparison to ungrouted sands, grouted sand specimens 

experienced very little strain during cyclic loading. Moreover, they noted that samples 

stabilized with higher concentrations of colloidal silica experienced very little strain during 

cyclic loading. Diaz-Rodrigues et al. (2008) noted that for a given initial relative density and 

initial vertical pressure, the liquefaction resistance of colloidal silica-grouted samples is 

significantly greater than that of untreated samples, as shown in Figure 10. Spencer et al. 

(2007) performed resonant column tests on sand specimens with different contents of 

colloidal silica and observed that both the shear modulus and damping ratio increase with 

increasing colloidal silica content. Conlee et al. (2012) conducted dynamic centrifuge tests to 

evaluate the effectiveness of colloidal silica for liquefaction mitigation. Their results showed 

a reduction in both lateral spreading and settlement in colloidal silica–treated sands versus 

untreated sands. Moreover, the results confirmed the increase in cyclic resistance ratios and a 

decrease in cyclic shear strains for increasing colloidal silica concentrations. Full-scale field 

testing was undertaken by Gallagher et al. (2007b), where 8% by weight colloidal silica was 

permeated into a layer of liquefied sand using hydraulic gradient created by an extraction 

well and low pressure injections well. The treated ground was then subjected to a dynamic 

load where they observed a decrease in the settlement compared to a nearby untreated 

ground, indicating an increase in liquefaction resistance. 

 
 

Figure 10. Comparison of liquefaction resistance curves of untreated and colloidal silica-

treated sands (after Diaz-Rodrigues et al. 2008). 



According to Gallagher (2007a), the cost of colloidal silica at 5% concentration is 

approximately similar to cement used to stabilise an equal amount of soil. Moreover, since its 

viscosity at 5% concentration is close to that of water, it can permeate the foundation ground 

at low pressure. Colloidal silica grouting creates minimal disruption to existing structures and 

therefore is a non-disruptive mitigation of liquefaction risk at developed sites susceptible to 

liquefaction. Finally, colloidal silica is colourless, has stable biological and chemical 

properties, and is environmentally friendly. 

 

Bentonite suspension 

 

Bentonite is a clay suspension consisting mostly of montmorillonite. Because of its excellent 

colloidal properties, it is often used in drilling mud for oil and gas wells and boreholes for 

geotechnical and environmental investigations. Moreover, due to its small size (at least 85% 

passing the No. 200 sieve) and high plasticity (PI > 300), bentonite appears to be an attractive 

material to treat sands for liquefaction mitigation.  

 

As in colloidal silica grouting, the bentonite suspension is permeated into the soil and, with 

time, becomes gel. As a result, it provides an elastic restraint to the sand grains and reduces 

the generation of excess pore-water pressure, thereby improving the cyclic resistance of the 

deposits. Gratchev et al. (2007) suggested that for bentonite to be successful in increasing 

liquefaction resistance, over 7% by weight bentonite is necessary to be added to a sand 

sample. Static tests by Rugg et al. (2011) showed that clean sand has the same internal 

frictional angle as sand permeated with bentonite suspension, but their cyclic tests indicated 

an increase in the number of cycles before liquefaction would occur in bentonite-permeated 

specimen when compared to clean sand specimen. El Mohtar et al. (2008) reported that the 

cyclic resistance of Ottawa sand specimens mixed with 3 to 5% (by weight) dry bentonite 

(sand relative density, Dr=30-35%) increased significantly compared to that of clean sand. 

For such an application, the bentonite is delivered into sand deposits in the form of 

concentrated suspensions; however, the application of a concentrated suspension (exceeding 

5% by weight) is limited due to its low penetrability (and high viscosity) through soils. To 

address this shortcoming, El Mohtar et al. (2013) investigated the addition of sodium 

pyrophosphate (SPP). With the addition of 0.5% SPP by mass of clay, the viscosity of 

 

 
 

Figure 11. Comparison of liquefaction resistance curves of bentonite-treated sands  

(after El Mohtar et al. 2013). 



concentrated (10%) bentonite dispersions dropped to a value that allowed delivery of the 

bentonite into the sand matrix through permeation and, over time, the bentonite suspension 

recovered the thixotropic properties that ensured its effectiveness in mitigating liquefaction. 

Their results indicated that sand specimens permeated with 10% bentonite suspensions 

showed a large increase in liquefaction resistance, as shown in Figure 11. 

 

El Mohtar (2008) noted that the plastic fines reduce the liquefaction susceptibility by 

providing an elastic restraint to the sand grains (not increasing the shear strength of the sand). 

The formation of bentonite gel in the pore space increases the elastic threshold of the sand, 

reduces the excess pore water pressure generated during cyclic loading, and restrains the 

motion of sand grains during the earthquake. Bentonite has the following additional 

advantages: (1) wide availability; (2) low cost; (3) large experience base in geotechnical 

engineering; and (4) lack of environmental contamination. 

 

Laponite suspension 

 

Laponite is a synthetic smectic clay that forms a clear, thixotropic gel when dispersed in 

water. Thus, different from the other nanoparticles previously investigated for soil 

liquefaction mitigation (colloidal silica and bentonite are both naturally occurring clays), 

laponite is a synthetic compound. One of its variations, Laponite RD, has a thickness of 1 nm 

and diameter of approximately 25 nm diameter, i.e. one order of magnitude smaller than 

bentonite (Ruzicka & Zaccarelli 2011). Laponite is, to date, the only known chemical to form 

an equilibrium gel when solved in water, and it does this after a considerable amount of time, 

depending on its concentration in the solution. As a result, water-laponite solution initially 

maintains physical properties close to those of water, allowing it to be easily permeated into 

the soil. Laponite in aqueous form initially forms a low viscous solution just after mixing and 

after a certain period of time, transforms into a high viscous gel with viscosity significantly 

higher than the initial solution (Bonn et al. 1999; Mongondry et al. 2004). 

 

Ochoa-Cornejo et al (2011) carried out an experimental program on dry-mixed specimens of 

sand and 1% laponite to evaluate the impact of the addition of laponite on the undrained 

 

 
 

Figure 12. Comparison of liquefaction resistance curves of untreated and laponite-treated 

sands (after Ochoa-Cornejo et al. 2011). 



cyclic triaxial response of the sand. The results showed that the presence of 1% laponite 

significantly increased the liquefaction resistance of the sand as compared to clean sand 

tested under the same conditions, as shown in Figure 12. The improvement is comparable to 

that obtained using bentonite; however, consistent with the greater plasticity of laponite 

relative to bentonite, less laponite was necessary to achieve the same degree of improvement. 

Shen (2014) performed controlled shear rate tests and amplitude sweep tests to determine the 

flow and the viscoelastic behaviour of 30 different clay suspensions as a function of time 

(from immediately after mixing to after 4 months). His test results identified two suspensions 

(5% Laponite RD suspension modified with 4% Laponite RDS and 9% Laponite RD 

suspension modified with 7% SPP) as potentially suitable permeation materials to treat sands 

susceptible to liquefaction. 

 

The increase in cyclic resistance is attributed to the gel formed inside the pore space as a 

result of the hydration of the laponite. This thixotropic fluid with solid-like behaviour reduces 

the mobility of the sand particles, thus effectively delaying the generation of excess pore 

pressure, resulting in an increase of the liquefaction resistance.  

 

Use of Biomaterials 

 

An emerging new discipline for the production of construction biomaterials involves the 

selection of microorganisms and development of the microbially-mediated construction 

processes and biotechnologies. This discipline, which has been developing exponentially 

during the last decade, has products which are low cost, sustainable, and environmentally 

friendly microbial biocements and biogrouts. According to Ivanov et al. (2015), the 

applications of microorganisms in the construction processes can be categorized as follows: 

(1) bioaggregation (to increase the size the fine particles to reduce erosion and sand 

movement); (2) biocrusting (to form mineral or organic crust on soil surface to reduce soil 

erosion and dust emission); (3) biocoating (to form a layer on solid surface for aesthetics and 

surface colonization enhancement); (4) bioclogging (to fill in the pores in the  soil matrix to 

reduce hydraulic conductivity); (5) biocementation (to increase significantly the strength of 

soil); (6) biodesaturation (to decrease saturation and liquefaction potential of soil through 

biogas production in situ); (7) bioencapsulation (to increase strength of soft clayey soil 

through formation of strong shell around a piece of soft material); and (8) bioremediation (to 

remove pollutants from soil). Among these, biocementation and biodesaturation are emerging 

processes in liquefaction remediation.  

 

Biocementation 

 

The bio-cementation method involved the injection of nutrients and microorganisms into the 

foundation ground under low pressure. Then, a series of chemical reactions take place and the 

microbial activity in situ produces particle bonding, resulting in increased strength of the soil. 

DeJong et al. (2006) introduced the concept of microbially-induced calcite precipitation 

(MICP), wherein natural microbial biological processes were used to engineer a cemented 

soil matrix within initially loose, collapsible sand. The microbes were introduced to the sand 

specimens in a liquid growth medium amended with urea and a dissolved calcium source and 

subsequent cementation treatments were passed through the specimen to increase the 

cementation level of the sand particle matrix. SEM microscopy, illustrated in Figure 13, 

verified the formation of a cemented sand matrix with a concentration of precipitated calcite 

forming bonds at particle-particle contacts. Thus, the precipitation of calcite at soil particle 

contacts results in improvement of geotechnical properties such as soil matrix stiffness, initial 



shear stiffness and shear strength (e.g. DeJong et al. 2006; Harkes et al. 2008; Whiffin et al. 

2007). 

 

Through laboratory experimentation at the bench scale, MICP technology has been 

demonstrated as an effective method to improve sands (e.g. Burbank et al., 2011; Hamdan et 

al., 2011; Tagliaferri et al., 2011). As a less intrusive and potentially more environmentally 

favourable ground improvement method, MICP offers an alternative to traditional soil 

improvement methods such as cement mixing and jet grouting. Although MICP 

experimentation has been largely confined to the laboratory, field-scale applications have 

been demonstrated with success in the Netherlands (van Paassen, 2011). The innovation in 

this approach lies in the combined use of microorganisms, nutrients, and biological processes 

naturally present in the sub-surface soils to effectively improve their engineering properties. 

By temporarily regulating the concentration of microorganisms and nutrients in the soil, a 

cement component could be added to the soil matrix of an initially uncemented deposit. Such 

a natural process would use nonpathogenic organisms that are native to the subsurface 

environment; therefore, this type of process is more environmentally friendly than 

conventional treatment methods. 

 

Biodesaturation 

 

It is known that when a saturated sandy soil is transformed to an unsaturated state, its 

liquefaction resistance would increase. Even a small decrease in the degree of saturation of 

sand to 97 - 99% would increase the liquefaction resistance of sand by 30-40% (Xia and Hu, 

 
 

Figure 13. Scanning electron microscopy images for :(a) uncemented sand; (b) lightly; and 

(c) heavily microbially cemented sand (modified from DeJong et al. 2006). 

(a)

(b)

(c)



1991; Yang et al., 2003), while a reduction of the degree of saturation to 90% can double the 

liquefaction resistance (Yoshimi et al., 1989). Based on the concept of induced partial 

saturation, researchers have explored various potential techniques for reducing the degree of 

saturation. One is to use microorganisms to generate gas within the saturated soil and entrap 

the gas bubbles there (Yegian et al. 2007). Microbiological production of gas in soil was 

proposed to introduce small gas bubbles in saturated soil (Rebata-Landa & Santamarina 

2012; He et al. 2013). This method involves the introduction of nitrogen gas bubbles into soil 

using biochemical reduction of nitrate (denitrification) in situ. By using this method, nitrogen 

(N2) gas can be produced by denitrifying bacteria in-situ in the zone to be treated.  

 

Shaking table tests conducted by He et al. (2013) on sand deposits with various degrees of 

saturation showed that liquefaction occurred on saturated samples at loose states under 

maximum ground acceleration amax=0.5 m/s
2
 and at medium dense states under amax=1.5 

m/s
2
; however, liquefaction did not occur for biogas desaturated samples at the same range of 

relative density under the same input accelerations.  Their shaking table test data showed that 

the maximum pore water pressure ratio and the volumetric strain, both indications of the 

liquefaction potential, decrease with the degree of saturation induced by biodesaturation, as 

shown in Figure 14. These studies by He et al. (2013) have proven that the production of 

biogas in situ is a feasible method for mitigation of liquefaction of sand. 

 

Chu (2013) summarized the advantages of biogas and noted that treatment by the biogas 

method costs less than the traditional liquefaction remedial measures, such as compaction. 

Compared to air injection, the advantages of biogas are as follows: (1) as the viscosity of the 

microbes and nutrients is low, the mixture can be diffused into the soil and thus the gas 

bubbles can be distributed evenly; (2) the gas bubbles in the pore water are small, making 

escape from the foundation difficult; (3) the method is energy-efficient since no high-power 

device is used in the process; (4) it can achieve good liquefaction mitigation without re-

compacting the foundation. Biogas creates minimal disruption to the site and can be applied 

to existing and vulnerable structures. 

 

 

 

 

(a)                                                 (b)  

 

Figure 14. Plots of: (a) pore water pressure at the bottom; and (b) volumetric strain with 

relative density (after He et al. 2013). 



Low-Carbon Economy 

 

With the current focus on environment-friendly mitigation measures, there is an increasing 

interest in the study of carbon emission due to ground modification and liquefaction-induced 

settlement repairs. As a result, there is a need to introduce carbon emission assessment for 

retrofitting residential houses related to structural performance, i.e. settlement and tilting and 

their correlation to earthquake and geotechnical engineering. It has been noted that 

conventional liquefaction remedial measures generally have high energy-consumption needs 

and high costs, and thus are not suitable for use over large areas. Moreover, it is important to 

convince clients to be more aware of carbon emission and such consideration should be 

incorporated during the decision making process, although it might increase the initial 

construction cost of the project. In such case, optimisation between cost and carbon emission 

needs to be made.  

 

As pointed out in the discussion session during the NZ-Japan Workshop on Recent Large-

Scale Earthquakes (Orense et al. 2014), doing preventive works (ground modifications) 

upfront may be more beneficial (in terms of the cost required) than doing repairs after 

earthquake events. There are three possibilities when carbon-reducing works could be done 

and their consequences: (1) no preventive works will need extensive post-earthquake repairs, 

and lead to high carbon emission; (2) moderate preventive works combined with mild post-

earthquake repairs will require moderate carbon emission; and (3) substantial preventive 

works will need no post-earthquake repairs, and lead to low carbon emission. It is also 

important to note that carbon-reducing works are usually proportional to the increase in 

safety of the structure itself.  

 

Conclusions 

 

This paper discussed some of the current trends and recent development related to 

liquefaction mitigation. A review of new materials, such recyclable ones, nano-particles and 

biomaterials, used as to improve liquefiable ground is presented. The major conclusions are 

as follows: 

 

1. Most of the conventional liquefaction countermeasures are not applicable in addressing 

problems in large-scale residential areas due to disturbance to existing houses and 

structures and negative environmental impact. To address these limitations, new methods 

were developed that are generally non-disruptive, economical, and environmentally 

friendly. 

2. Densification being the most popular method to treat liquefiable deposits, the recent 

trend in this field has concentrated on minimising vibration and downsizing of equipment 

so they can be implemented adjacent to structures and in constricted spaces. 

3. Investigation on the use of “new” materials, such as recycled scrap tyres and coal plant 

by-products, as well as nano-particles (such as colloidal silica, bentonite and laponite) 

and microorganisms, has been the focus of current research. Laboratory experiments, 

physical modeling and full-scale field experiments have shown that these materials can 

reduce the liquefaction susceptibility of loose saturated sand deposits. 

4. Although research has indicated satisfactory results, the application of these new 

materials to address liquefaction issues requires further studies in terms of actual 

construction implementation and quality control in the field. 

5. To come up with non-disruptive and environmentally friendly methods for mitigating 

liquefaction induced damage, the current focus has shifted from traditional geotechnical 



engineering-based approach to a multi-disciplinary one requiring the cooperation of 

many researchers and stake-holders. Moreover, it has become imperative to convince 

clients to be more aware of carbon emission in choosing appropriate remediation 

methods and such consideration should be incorporated during the decision making 

process. 
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