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Abstract 

The nature of bentonite which delays the generation of mean excess pore pressure, increases 

threshold shear strain and cyclic resistance ratios in sands; as well as its enhanced benefits with 

aging and longer hydration periods serve as an incentive for delving deeper into the use of this 

nanomaterial as a soil improvement technique. Given the numerous benefits of bentonite as a 

liquefaction mitigation agent, it is necessary to explore its effects on soil shear strength parameters. 

The consequences of bentonite permeation on sand friction angle and cohesion are negligeable; 

nevertheless, the small strain shear stiffness has not been targeted comprehensively. This report 

aims on laying a foundation for studying the impacts of permeation using bentonite suspensions 

on the small strain shear modulus of sands. Specimen preparation techniques; dry method and 

permeation; are discussed. Their results should be contrasted to check effects on the microstructure 

of sand. Clean sand specimens should be utilized for the base of comparison. Bender element 

assessment ought to be conducted to record the shear modulus at different stages of triaxial testing. 

Expected results are likely to reveal a similar shear modulus for permeated and clean specimen 

and marginally lower values for dry mixed samples. With loadings simulating earthquake 

scenarios, the small strain shear modulus is anticipated to decrease for all samples. The reduction 

is expected to be the less significant in permeated specimens, followed by dry mixed specimens 

and finally clean ones. The report helps present bentonite permeation as a prospective liquefaction 

mitigation technique while drawing the attention to probable challenges in field applications.  

Keywords 
Bentonite suspensions; Triaxial tests; Bender element tests; Three-Way split mold; Shear 

modulus. 
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Introduction 

Definition

One of the most complex concepts in geotechnical engineering is liquefaction. Liquefaction is a 

phenomenon where the soil exhibits a fluid like behavior due to an abrupt increase in pore pressure 

after being subject to monotonic or cyclic loadings (Seed and Lee, 1966). Dry cohesionless soil 

are known to densify under such loadings due to the restacking of soil particles. When saturated 

and subject to rapid forces, these soil’s inclination towards densification causes a positive increase 

in pore pressure leading to a decrease in effective stresses and hence a decrease in strength and 

stiffness. The surge of pore pressure pushes the soil particles apart by decreasing the interlock 

forces among them, thus, causing the liquid behavior of the soil which can result in either flow 

liquefaction or cyclic mobility (Kramer, 1996).  

The susceptibility of soil liquefaction depends on factors such as depositional, environmental, 

hydrological conditions, stress history and age of soil deposit. Further, soil characteristics related 

to high volume change such as uniform particle size, rounded shape, and poor gradation correlate 

to a high probability of liquefaction. State criteria, meaning stress and density of the soil at the 

time of the earthquake also play a significant role (Vaid and Chern, 1983 ;Poulos et al., 1985).  

However, the susceptibility of a soil liquefaction does not guarantee liquefaction when an 

earthquake happens. A disturbance that is strong enough is required to initiate liquefaction, hence 

the stress state and the nature of the loading caused by the earthquake are crucial factors. The 

nature of the loading also known as shear demand produced by the earthquake on the soil is 

represented by the cyclic stress ratio (CSR) and the shear strength of the soil is modeled by the 
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cyclic resistance ratio (CRR), two variables that are primary in understanding liquefaction (El 

Mohtar et al., 2013). 

The criteria for liquefaction susceptibility are mostly seen in soil such as fine to medium sands and 

finer non plastic soils and can result in excessive deformations and ground movement. During 

earthquake, cyclic softening of soils is due to constant ground oscillations resulting in significant 

distortions and loss of shear strength inflicting liquefaction (Ishihara, 1993). Liquefaction consists 

of a vicissitude on a societal and economic level. Eminent examples comprise the damage done in 

Niiagata - Japan 1964, Loma Prieta - California 1989, Bhuj - India 2001, and Canterbury - New 

Zealand 2011. Therefore, the incentive of finding ground improvement techniques for hazard 

inhibition is vital. 

Soil Improvement Techniques  

To overcome the threat of liquefaction several soil improvement techniques have been introduced. 

Among them we have dewatering and air injection techniques. Desaturation of the ground through 

air injection was shown to decrease the saturation level for about ten years. Research programs in 

laboratories as well as in-situ programs complemented with numerical analysis proved dewatering 

as an efficient countermeasure for liquefaction (Okamura et al., 2011). Nevertheless, the effects of 

dewatering are transient and re-saturation by groundwater is likely making this method very costly 

(Gillette and Bliss, 1997).  

Another promising method against liquefaction is densification. Densification can be achieved by 

means of dynamic compaction and vibro compaction. Impact energy is sent through the soil strata 

causing particle rearrangement in a denser state. The compaction process is repeated until the 

desired relative density is achieved (Bo et al., 2009). Though densification is a powerful tool, it 
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should be only applicable to suitable sites to avoid the disrupting the steadiness of neighboring 

construction. Further, it can only target certain depth (Moseley and Kirsch, 1993;  Kramer, 1996).  

Grouting also shows favorable outcomes. Grouting refers to the injection of suspensions, solutions, 

and emulsions into pores in soils to improve their geotechnical characteristics. Grouts can be 

divided into two classes: suspensions or particulate grouts (Bingham fluids); and solution or non-

particulate grouts (Newtonian fluids). Particulate grouts include cement-water, clay-water or 

cement-clay-water mixes, while non-particular grouts are chemical-grouts such as silicates, lignin, 

resins, acrylamides and urethanes (Bell, 1993).The process can be done through cement grouting, 

jet grouting or compaction grouting (Moseley and Kirsch, 1993). Although grouting is favorable 

in most cases, it may lead to lateral displacement and ground elevations causing tilting and 

movement of adjacent structures (Wong and Poh, 2000).  

Despite having several liquefaction mitigation techniques, their limitations encourage the 

exploration of a more universal approach. The method should account for three primary issues: 

being cost-efficient, ecological, and safe for adjacent structures.  Thus, the focus on passive site 

remediation: a non-disruptive liquefaction mitigation grouting technique based on the concept of 

slow injection of stabilizing materials at the edge of a site and delivery of the stabilizer to the target 

location using the natural groundwater flow (Gallagher, 2000). It includes three methods involving 

nanomaterials: colloidal silica, bentonite and laponite. Similarly, biomaterial such as microbial 

polysaccharides or microbial bioplastic are under study as non-disruptive soil improvement 

techniques (Huang and Wen, 2014).  

Passive remediation by colloidal silica grouting is applied by diluting colloidal silica and injecting 

the solution from the site boundary to the targeted area. With time, the solution regains its viscosity 

and strengthens the bonds between the soil grains. Cementation of individual soil grains by 
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colloidal silica develops the mechanism against liquefaction. This approach causes minimal 

disruption to adjacent structures. Its stable biological and chemical properties, as well as its 

environmental friendliness make it an adequate liquefaction inhibitor. Gallagher et al. (2007), used 

centrifuge modeling to study the improvement of sand resistance treated by 6% weight colloidal 

silica grout under in-flight earthquake shaking. The shaking events did not lead to soil liquefaction. 

Nevertheless, particle adhesion acquired from the cementation of the colloidal silica degraded with 

increased delay between treatment and shaking. The loss of chemical bonds to some extent is not 

expected to adversely impact the ability of liquefaction prevention. Conlee et al. (2012) performed 

additional centrifuge tests to study the effectiveness of colloidal silica as a stabilizer material in 

soils. This nanomaterial helped decrease deformation and lateral spreading in soil. Higher cone tip 

resistance was further recorded. Increase in treatment concentration helped increase the soil’s 

CRR.  The desirable outcomes make colloidal silica efficient in liquefaction mitigation.  

Bentonite is also used as a mitigation agent. Bentonite is a montmorillonite clay mineral and 

belongs to the smectite family. This smectite is a 2:1 silicate layer where 2 silica tetrahedral sheets 

Si4
+16O10

-20 are bond to both sides of an aluminous octahedral (gibbsite-like) sheet Al(OH)3. The 

silica sheets are formed as the silica tetrahedron combines by sharing 3 basal oxygen atoms thus 

giving it a -4 charge. To neutralize itself, it combines with gibbsite octahedral sheets which are 

formed by the combination of octahedral units consisting of 6 hydroxyls OH- surrounded by an 

aluminum atom. The isomorphous substitution of Mg2+ and Al3+ in the gibbsite leads to a decrease 

in the clay’s negative charge and is balanced by exchangeable cations of Na+ or Ca2+ between the 

silica sheets. The Na+ makes this clay a sodium montmorillonite also known as bentonite. Na+ 

being a weak glue, thus does not bond well the layers, hence, we have a large amount of water 

attracted in between the interlayers by osmosis which then hydrates the sodium cations causing 
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the large surface area of bentonite and thus its expansive nature (Salgado, 2006). Based on this, 

bentonite is used in geotechnical engineering as a drilling mud and is considered as a tentative 

agent for liquefaction mitigation. Bentonite suspensions are permeated to the sand specimens using 

sodium pyrophosphate SPP which decreases the bentonite viscosity and thus allow it to percolate 

through the sand. This method prevents liquefaction due to the formation of a bentonite gel in the 

pore space, which causes an increase of the elastic threshold strain of the sand, reduces the excess 

pore pressure generated during cycles of loading, and restrains the motions of the sand grains 

during cyclic loading (Bayat et al., 2012).  

Another form of passive remediation is laponite. This synthetic clay has a significantly high 

plasticity making it a “super plastic clay”. This excessive plasticity has made it an interesting 

subject of research still under development as a liquefaction mitigation technique. Ochoa-Cornejo 

et al. (2016), conducted a series of cyclic triaxial tests on loose specimens of clean sand and 

contrasted them with others prepared with 1% to 5% of laponite. The addition of laponite was 

proven to decrease the rate of pore pressure development throughout the cyclic loading stage, an 

evidence of reduced contractiveness of the material. Further, an increased number of cycles 

sustained before soil liquefaction was recorded. Huang and Wang (2016), performed dynamic 

triaxial tests, rheology tests and SEM imaging on treated silty sand to investigate the innovative 

use of laponite in liquefaction prevention and reported similar results. Laponite was found useful 

by cementing individual soil grains, consequently, delaying pore pressure generation, hence, 

delaying liquefaction. Moreover, increased concentrations and curing showed improvement in 

resistance against flow like behavior. Nevertheless, laponite may have a restrictive application. 

Below a pH of 9, laponite particles become unstable leading to dissolution of the nanomaterial. 

Similarly, the concentration of salt in the soil where permeation by laponite is applied may lead to 
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segregation of the laponite (El Howayek, 2011). This aspect of laponite requires further research 

into the porewater chemical effects on the short-term and long-term properties of this treatment.  

The use of biomaterials as an inhibitor has also spurred recent interest. It consists of injecting 

microorganisms into the soil under low pressure. The injection process is followed by chemical 

reactions that lead to gelling of the sand grains, therefore, increasing the shear strength of the soil 

(Huang and Wen, 2014). The wide availability of some microorganisms makes this method 

economical. Further, the chemical reactions leading to gelling are deliberate which allows for an 

efficient delivery of the treatment fluid to the desired site. Moreover, biogas treatment is under 

examination. Using microbial activities researchers attempted to produce gas in the internal soil 

environment. The most common method technique is microbial denitrification given nitrogen’s 

stable chemical properties. The introduction of denitrifying bacteria leads to nitrate consumption 

and molecular nitrogen formation. The molecular nitrogen then occupies part of the pore water 

space and desaturates the soil. Yegian et al. (2007),  conducted simulation tests in hydrostatic 

conditions using induced-partial saturation and a flexible liquefaction manufactured box to allow 

for the application of cyclic simple shear strains in loose sand specimens using a shaking table. 

Results showed that induced-partial saturation leads to preventing of liquefaction. Although this 

method is effective, more research should be done in this field to study the response of a sand-

water-air mixture under varying field conditions and developing a cost-effective field method for 

inducing and verifying partial saturation in liquefaction susceptible sands. 

Non-Plastic Fines 

Bentonite and laponite are the primary plastic fines focused on in liquefaction prevention. 

However, non-plastic fines also impact the resistance of cohesionless soil against liquefaction.  

Field observation after earthquake complimented with laboratory experiment revealed that fines 
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may not always be favorable as liquefaction inhibitors. In fact, the type of fines as well as their 

percentages have a critical role in determining their efficiency.  

Chang et al. (1982), contrasted the liquefaction potential of clean and silty sand. Findings showed 

that increase of the silt content above a certain threshold value decreased the shear resistance of 

the soil. This is due to the silt adhering to the sand grains leading to separation and sliding under 

loading. Hence, the silty sand was inclined towards compressibility and thus liquefaction favored. 

Silt content was of key influence on the sand’s behavior. Additionally, the relation between sand 

grain size and gradation plays a role in determining liquefaction susceptibility. Gap graded sand 

and smaller effective size (D50) with low silt content are less prone to liquefy. A series of triaxial 

tests on sands with varying silt contents performed by Tronsco et al. (1985), revealed the impact 

of silt on the sand’s friction angle and the cyclic strength. The sand’s resistance to shear 

deformation is due to the interlocking forces between the particles derived from the large internal 

friction angle. Introduction of larger amounts of silt limits the contact between sand particles and 

fosters a contractive behavior by decreasing the friction angle and thus, favoring liquefaction. 

Further, certain silt contents decrease the cyclic strength of the sand who then suffers liquefaction 

failure. Tronsco et al. (1985), found that larger stress ratios and loadings were sustained by clean 

sands in contrast with treated sands above certain silt contents.  

Through laboratory tests, Ishihara and Koseky (1989), established the influence of plasticity of the 

fines on liquefaction prohibition. The generation of excess pore pressure is reduced by the adhesion 

of plastic fines due to a reduction of movement of individual soil particles. Tests showed that fines 

with plasticity indices below 10 had no valuable impact on liquefaction, while a gradual increase 

in resistance happened for values above 10. Additionally, Polito (1999) identified a zone of 

liquefiable soil on the plasticity chart comprised of soils with plasticity below 10 and liquid limits 
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below 35. For soils that plot within these criteria, flow liquefaction resulting in significant strength 

loss and deformation occurs. While soils outside this range may undergo cyclic mobility where 

inconsequential strength loss and deformation happen.   

Further, based on 300 cyclic triaxial tests and 19 different combinations of sand and non-plastic 

silt, Polito (1999) established that the sand’s response to cyclic stresses is controlled whether there 

is sufficient room in the voids of the skeleton to contain the silt without disturbing the sand 

structure. The critical silt percentage was defined as the limiting silt content above which addition 

of non-plastic fines favors flow like behavior. If the silt ratio is below the limit, there is enough 

room in the voids to contain the silt and the soil is described as having silt contained in a sand 

matrix. Hence, the cyclic resistance of the soil is positively related to the relative density and is 

enhanced due to the non-plastic fines. However, if the silt is above the limiting value, the sand 

grains become suspended within the silt matrix. Thus, there will be minimal to no sand-to-sand 

grain contact. The soil’s cyclic resistance will increase as relative density increases, but at a lower 

rate than that of soils below the limiting silt content at similar relative densities and liquefaction is 

more probable (Polito and Martin, 2003). Consequently, it is necessary to study the percentage of 

non-plastic fines and see which fabric is dominant and then determine the liquefaction 

susceptibility.  

Carraro et al. (2003), reinstated the same hypothesis. Through cyclic tests, for a certain relative 

density, cyclic resistance increases when small amounts of non-plastic silts are added. The cyclic 

resistance was found 25% higher for sand with 5% silt content in contrast to the clean sand. 

Nevertheless, specimens with 10% silt content had a lower CRR than those with 5% silt, notably 

indicating the progressive change in soil fabric with increasing silt content. At 15% silt content, 

the sand grains become suspended in a silt matrix, hence, the fines control the soil response. The 
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silt matrix isolates the sand particles and makes interlocking negligeable. The shear stresses 

applied through the silt particles between sand particles result in higher shear strains and faster 

pore pressure generation than those resulting from application of shear stresses through the sand 

grains. These considerations dictate the behavior of the sand and justify the small increase in 

liquefaction resistance for very low silt contents and the liquefaction resistance drop for 15% silt 

content. 

The complexity of the limiting value in the application of non-plastic fines pushes us to delve 

deeper into plastic fines. There is a general agreement regarding the benefits of plastic fines in 

resisting liquefaction (Seed et al. 1983; Tokimatsu and Yoshimi, 1983; Ishihara, 1993). 

Georgiannou et al. (1991), showed the presence of a threshold shear strain for clays below which 

cyclic loading takes place under stable conditions. Cyclic loadings with strains above the threshold 

value show the following pattern: First, there is a quasi-stable state where strains and excessive 

pore pressure accumulate at a steady rate. Second comes the unstable state where the rates of 

accumulation of excess pore pressure and strain accelerate. Third, strain-softening occurs. At the 

third and final stage, liquefaction takes place. Polito (1999) showed that plastic fines like bentonite 

increase the cyclic resistance of sand by decreasing the rate of generation of pore pressure. He 

demonstrated that the plasticity index of fines is a parameter that matters.  Moreover, Carraro et 

al. (2009), proved that the decrease in pore pressure was due to the plastic fines in sands providing 

a lubricated contact between the particles. These conclusions lead to the theory that if plastic fines 

can be inserted into the pore space without disturbing the structure, meaning without impacting 

the particle contact of the soil in question, they will be able to decelerate the generation of excess 

pore pressure, thus decrease strain softening and maintain the shear strength of the soil. The latter 
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studies performed by authors focus on the study of bentonite suspensions as a mitigation technique 

(El Mohtar et al., 2008; Rugg et al., 2011; El Mohtar et al., 2013; El Mohtar et al., 2014). 
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Bentonite 

Scientists derive the origin of bentonite from the decomposition of volcanic ash and dust, settled 

at the seabed in an alkaline environment. Bentonite is used for the removal of toxic chemicals from 

the environment, the reduction of contamination spread in soil, water, and air, as well as, typically, 

in the sealing of landfills. Bentonite can also be used in environmental engineering. It is widely 

used in water and wastewater treatment technologies to absorb various types of toxins, such as 

dyes, to remove heavy metals, phenols, fluorine… as a treatment of industrial acids and as a 

thermal conductor for high-level radioactive waste repository. The large quantities of hazardous 

waste produced from industry increase with a growing economy and human activity. The leachate 

of hazardous waste contains many heavy metals and organic materials, these wastes are a serious 

problem facing the environment. The inefficient disposal techniques cause dispersion of chemicals 

in the groundwater. Thus, compacted bentonite is used for minimizing the hydraulic conductivity 

and hence, preventing migration of waste repositories toward groundwater by diffusion process 

(Alfatlawi and Alkafaji, 2018). Bentonite’s high plasticity, low permeability, and high swelling 

potential, make it adequate for such applications. However, if excessive amounts of bentonite are 

used, they may infiltrate the groundwater, hence, pollute the environment and endanger the 

ecosystem. Considering usage of adequate amounts, bentonite is an asset in engineering 

application.  

Bentonite’s small size and high plasticity make it an appealing agent for liquefaction mitigation. 

Its lack of environmental damage, wide availability, low cost, and wide application in geotechnical 

engineering give bentonite an advantage with respect to other mitigation techniques (Rugg et al., 

2011). Bentonite decreases liquefaction susceptibility through the formation of the bentonite gel 

in the pore space. This leads to an increase in the elastic threshold of the sand, a reduction in excess 
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pore pressure generation and restriction in movement of sand grains during loading. For resonant 

column tests, the shear strain required to generate liquefaction amplifies. In cyclic tests, it allows 

the sand to resist an increased loss in effective stresses by decreasing the rate of generation of 

excess pore pressure per cycle and thus, increasing the resistance to liquefaction (El Mohtar et al., 

2013). Sands with bentonite tend to display a more dilative behavior than clean specimens. The 

thixotropic nature of the pore fluid allows for this behavior. Bentonite prohibits the densification 

of sand and thus the generation of excess pore pressure which leads to liquefaction mitigation. For 

similar confining stresses, cyclic stress ratios and shearing strains, the generation of excess pore 

pressure happens much earlier in clean sand specimens. Moreover, increased bentonite content 

provides additional delay in pore pressure generation and hence in liquefaction.  

Clean sand specimens display a typical behavior where the deviatoric stress increase up to a peak, 

called undrained instability state, then start dropping showing the contractive tendencies and 

hence, the incline towards liquefaction. Treated specimens on the other hand have no undrained 

instability state but rather show a slow change in the slope of the stress-strain curve, indicating a 

dilative behavior and thus, averting flow like tendencies (El Mohtar et al., 2014). This phenomenon 

happens due to the minimal positive excess pore pressure generated during shearing and the rapid 

phase transformation to a dilative behavior. The rapid phase transformation causes negative pore 

pressure to build up at much lower strains (El Mohtar and Rugg, 2011). The change in the 

properties of the pore fluid rather than the bulk void is what makes liquefaction mitigation possible 

given that the latter does not change with time.  

Excess Pore Pressure 

It is important to distinguish between the two types of excess pore pressure: Cyclic Ucyclic and mean 

Umean excess pore pressure generated in cyclic triaxial tests. The excess cyclic pore pressure is the 
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peak-to-peak magnitude of excess pore pressure generated with each loading cycle. While the 

excess mean pore pressure is the average of the excess pore pressure value over a loading cycle. 

Umean is not recoverable and is continued from cycle to cycle. Liquefaction is the result of Umean 

building up between consecutive cycles hence, causing the loss of lateral effective stresses.  For 

treated specimens, the loss of effective stresses occurs at a much slower rate as compared with 

clean samples, implying that the excess mean pore pressure generation is slower, hence 

liquefaction is delayed (El Mohtar et al., 2013). The buildup of excess pore pressure happens 

consecutively through 4 stages: The first, being very short, characterized by acceleration of mean 

excess pressure development per cycle. The second, being plateau like, defined by a nearly 

constant excess pore pressure generation per cycle. This region extends till NAcc number of cycles. 

The third region happens between NAcc and NLiq. Here, there is a speed up in pore pressure 

generation until liquefaction. In the fourth and final stage, we have a post-liquefaction phase where 

the mean excess pore pressure remains constant. This phase happens after NLiq number of cycles. 

Contrasting a clean and a treated specimen, for a given CSR, NAcc occurs for a higher Umean with 

increased bentonite content and aging time. Furthermore, more cycles are needed to go from NAcc 

to NLiq with a treated specimen. This behavior is typical of materials known as “gels” or “soft 

jammed systems” in which each colloidal size particle, in this case, bentonite particles, interact 

with several elements that surround it. The “jammed” nature of the pore fluid, limits sand particle 

displacement, hence prohibits contractive tendencies and thus liquefaction (El Mohtar et al., 2014).   

Threshold Shear Strain 

It is typical for sands to resist liquefaction below a certain threshold shear strain (0.01%) 

irrespective of the number of loading cycles (Dobry, 1985). Adding bentonite causes an increase 

in the threshold shear strain needed to begin excess pore pressure production. El Mohtar et al. 
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(2014), observed over a fivefold increase in threshold shear strain from clean sand to sand with 

3% of bentonite after 10 days of aging. This is explained by the formation of an elastic restraint to 

particle movement provided by the pore fluid whose shear stiffness increases with time and who 

displays an elastic behavior up to shear strains of 1%. Hence, bentonite decreases plastic 

deformation. The increase in the threshold shear strain is believed to be among the mechanisms 

responsible for increased resistance to liquefaction in sand-bentonite specimens.  

The threshold strain is linked to cyclic stress ratio CSRmin that is small enough that there is no to 

negligeable pore pressure buildup from a cycle to the next (Dobry et al. 1981). CSRmin is the 

minimum CSR value required to liquefy the soil. Through resonant column tests, El Mohtar et al. 

(2014), plotted the change in cyclic resistance and CSRmin as a function of the threshold shear 

strain. The results showed a clear relation between cyclic resistance to liquefaction and the 

threshold shear strain. An increase in threshold shear strain results in an increase in cyclic 

resistance. The results were like findings by Dobry et al. (1981) where cyclic resistance of over 

consolidated sands rises with an increase in threshold shear strain.  

Cyclic Resistance Ratio 

Cyclic resistance ratios (CRR) represent the CSR that cause liquefaction at certain number of 

predefined cycles. Finding by El Mohtar et al. (2013), show that permeated specimens have CRR 

values 1.5 times greater than clean specimens after 250 hours and kept increasing with time. 

Results showed that addition of small percentages of bentonite change sand response at both small 

and large strains. The addition of bentonite leads to an increase in cyclic resistance at any given 

CSR.  
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Hydration Time 

Longer hydration duration also serves as an ally to liquefaction mitigation using bentonite 

suspensions. Through a series of cyclic triaxial tests performed on identical 3% bentonite mixtures 

with skeletal relative densities of 35% and CSR values of 0.15, El Mohtar et al. (2013), 

demonstrated the impact of hydration time on bentonite effectiveness. For longer hydration times, 

Umean was almost steady, loss of effective stresses was limited causing liquefaction prohibition 

even after 600 cycles. Additionally, cyclic resistance kept increasing with hydration time up to 100 

hours, afterwards hydration impact was marginal. The difference between shorter and longer 

hydration times can be attributed to the degree of gel structure developed by the bentonite 

suspensions in the pore space. Bentonite requires a minimum duration to hydrate and swell when 

in contact with water. Tests showed that cyclic resistance of treated specimens is like untreated 

ones when measured right after hydration. Nevertheless, an increased hydration time yields an 

increase in cyclic resistance.  

Komine and Ogata (2003), demonstrated that for specimens with low bentonite content, swelling 

pressures are only a few kilopascals. The swelling mechanism of bentonite mixtures depends on 

hydration time, time of application, as well as the backpressure. This point was also proven by El 

Mohtar et al. (2013). For an efficient increase in cyclic resistance, a substantial part of the 

hydration stage must happen before the application of the backpressure.  

El Mohtar et al. (2013), plotted the ratio of the excess cyclic pore pressure generated per cycle 

Ucyclic to the deviatoric stress deviatoric against hydration time during the period of constant decrease 

in effective confining stresses. Ucyclic/ deviatoric was detected constant up till liquefaction if it 

happened. Considerable decrease in the ratio occurred with hydration before shearing. When 

critical hydration time is reached, the generation of Ucyclic remains steady and is equal 20 to 25% 
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of the deviatoric stress applied. However, when Ucyclic increases for certain confining stresses, 

Umean also increases and can eventually cause liquefaction.  

Through the cyclic triaxial tests on dry-mixed bentonite specimens and clean ones, with identical 

skeletal relative densities, and same CSR, the cyclic resistance was found as a function of the 

degree of hydration. Sufficient hydration caused a tenfold increase in cyclic resistance of treated 

specimens comparing to clean ones. Given that specimens were prepared in identical ways except 

for the hydration stages, the sample’s response must be related to the reaction of the pore fluid to 

the hydration timing which was the only variable.  

Aging  

Bentonite has enhanced benefits with aging. El Mohtar et al. (2013), showed an increase in CSRmin 

with time. Additionally, a higher number of cycles to liquefaction was required with increase in 

age. Aging causes the treated sand to behave in a more stable way. With 10 days of aging, the 

threshold shear strain increases over a fivefold from clean sand to 3% bentonite specimens (El 

Mohtar et al., 2014).   

For a constant CSR value, Umean decreases with higher bentonite content and a prolonged duration. 

Similarly, aging causes a decrease in excess pore pressure generation in the plateau region and 

NAcc occurs at a higher mean excess pore pressure. This implies that increased aging results in 

samples that can sustain a greater loss in effective confining stresses before reaching NAcc, meaning 

before the generation of excess pore pressure increases. A less contractive behavior also is inflicted 

with increased aging (Rugg et al., 2011;El Mohtar et al., 2014). 

The observed changes with aging can be attributed to the swelling of bentonite inside the sand 

pore space and the formation of a thixotropic pore fluid of concentrated bentonite suspension. The 
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modifications in material response in high plasticity fines are irrespective of the soil’s bulk density. 

Aging, through all these activities, helps sand to develop an increased resistance to liquefaction. 

These phenomena indicate that bentonite would be viable as a liquefaction mitigation technique 

given that time between treatment and earthquake incidence would considerably be more than 10 

days. 

Self-Healing Property 

Aside from its tremendous impacts on excess pore pressure generation and threshold shear strain, 

bentonite has a self-healing property. El Mohtar et al. (2013), proved this by placing the same 

samples under two consecutive cyclic loadings paced by a 24-hour resting period. Results showed 

that during the second cyclic loading, samples were able to sustain identical or greater number of 

cycles before liquefying as compared to the first loading. Treatment of sand through bentonite is 

ideal due to the ability of rebuilding seismic resistance after a certain number of hours from the 

first earthquake event. This aspect of bentonite makes it ideal for field treatment given that no 

retreatment is needed. The self-healing bentonite property makes it a financially viable resource 

in liquefaction mitigation. Along with its environmental friendliness and mitigation potential, 

bentonite shows a promising aspect in hazard inhibition. However, its impact on some soil 

properties remains yet an issue to be explored.  

Friction Angle and Cohesion 

With respect to the friction angle, the effect of fines has been considered. Carraro et al. (2009) 

investigated the effect of non-plastic silts and kaolin clay on both peak and critical state friction 

angles. With regards to non-plastic fines, the change was controlled by relative densities. Denser 

specimens saw an increase in both angles with respect to clean sand given a dilative behavior. For 

looser specimens, contractive behavior was favored and hence, lower angles were documented. 
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Plastic fines were found to decrease the angles irrespective of the sand’s relative density and the 

clay content. Nevertheless, they were only marginally lower than those of clean sand. The change 

in the friction angle can be attributed to the nature of the interaction between the soil particles and 

their rearrangement processes which impact microstructure. Non-plastic silts are angular solid 

fragments who get locked in the sand grains defects thus, require larger amounts of energy to be 

applied to the samples to cause shearing at a constant volume, shear stress, and mean effective 

confining stress. While plastic clays are “lubricants” who decrease intergranular friction by 

smoothing out the defects on the sand grains thus, lead to easier shearing at a constant volume and 

mean effective stress. The particle shape, surface characteristics at a micro-scale level, and 

plasticity of the used fines explain the increase in dilative behavior and angles for silts and the 

contrary for kaolinite.  However, silts and clays with distinct characteristics may yield different 

results than the ones in the experiment depending on the soil fabric, structure, mechanical behavior, 

and specimen preparation.  

The benefits of bentonite as a means of quick condition prevention highlights the importance of 

delving deeper into its impact on sand shear strength parameters. Shear strength parameters: 

friction angle, cohesion, and shear modulus are factors that dictate material failure and hence 

should be examined thoroughly. Murthy et al. (2007),  encountered in a series of undrained 

monotonic triaxial compression tests four characteristic states under undrained shear. Among 

them: the undrained instability state (UIS) and the critical state (CS) also known as steady state. 

UIS represents the onset of liquefaction during undrained shear. It is where the deviatoric stress 

reaches a local temporary maximum in a stress space (mean effective stress VS deviatoric stress). 

The UIS is important in geotechnical engineering as it represents the peak strength of sand at 
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relatively low strains. CS is where the soil reaches a combination of stress and void ratio for which 

the soil deforms at constant rate on the stress space.  

El Mohtar and Rugg (2011), through undrained monotonic tests studied the UIS and CS angles of 

clean and permeated specimens. For clean sand, the deviatoric stress increase to a local peak, the 

UIS, then decrease showing their tendency towards flow like behavior.  On the other hand, the 

treated specimens displayed no UIS, but rather a slow change in the slope of the stress-strain curve. 

This is explained by the minor positive excess pore pressure generated during shearing and the fast 

phase transformation to dilative behavior which results in generation of negative excess pore 

pressure at much lower strains. The stress path of the permeated specimens is to the right of the 

clean sand samples indicating a higher resistance to static liquefaction with increased bentonite 

content due to reduction in excess pore pressure generation. Given that no true UIS was seen in 

grouted specimen, the location of the initial change in slope on the stress-strain plot was assumed 

to represent it. Results showed very similar finding for UIS and CS for all specimens (differences 

within 2⁰, permeated specimen having higher angles) at small strains, indicating that the addition 

of bentonite to the specimen through permeation and installation into the triaxial test did not impact 

the sand structure. Permeation can hence be considered as an efficient delivery method for sand 

grouting.  

Rugg et al. (2011), displayed similar results for the UIS and CS friction angles. Further, the 

permeated specimen displayed no cohesion implying that the sand fabric is maintained by the 

pressures used in the permeation procedure. Provided that the UIS and CS angles are preserved 

and cohesion null, permeation with highly plastic fines such as bentonite appears safe in sustaining 

the shear strength of the soil, while simultaneously increasing its liquefaction resistance.  
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El Mohtar et al. (2013), completed a series of undrained isotropically consolidated triaxial tests on 

clean specimens and dry mixed treated specimens. The CS angles were found to be within a 1⁰ 

difference. Nevertheless, a cohesion intercept was found for the dry mixed specimen. This 

cohesion intercept can be explained by the bentonite trapped between the sand grains and proceeds 

to disappear at higher strains, meaning at the critical state, when grain-to-grain contact is 

reestablished. The coating which causes the cohesion can be attributed to the specimen’s 

preparation method through dry mixing and is not seen in permeated samples. The microstructure 

of treated specimen is impacted by the preparation techniques. Dry mixing consists of introducing 

the bentonite during specimen preparation which allows clay particles to be trapped between the 

sand grains, eventually, leading to thin layer of hydrated bentonite that does not contribute to the 

pore fluid. This thin layer of bentonite explains the cohesion and is also portrayed by a decrease 

in the shear modulus. Permeation on the other hand, involves introducing bentonite after specimen 

preparation at low pressure, hence, is believed to maintain the sand structure and keep the cohesion 

null.  

Small Strain Shear Stiffness Gmax 

The shear stiffness is a parameter related to many variables such as soil structure, void ratio, 

plasticity index, confining stresses, degree of saturation, time…Its importance on the soil ground 

response is well established particularly in seismic analysis in geotechnical engineering. A large 

modulus implies a higher soil rigidity which makes it withstand larger forces to produce 

deformation. A smaller one indicates a flexible soil which causes deformation under minimal 

forces. During liquefaction, the generation of positive excess pore pressure causes decrease in the 

soil’s stiffness. A soil that was relatively stiff at the beginning may be much softer towards the 

end. In extreme cases, the development of very high excess pore pressure causes shear modulus, 
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strength, and stiffness of thin layer to become slight to the point that the high frequency of the 

bedrock motion cannot be transmitted to the ground surface. Liquefaction below the flat ground 

surface can decouple the liquefied soils from surficial soils and thus produce transient ground 

oscillations (Kramer, 1996). Therefore, it is important for the ground improvement technique to 

help maintain the soil’s shear modulus and thus, its strength.  

El Mohtar et al. (2008), performed a series of resonant columns tests at very small strains 

(amplitudes of 10-4%) and increasing confining pressures. Before flushing, the small strain shear 

stiffness (Gmax) remained constant for all specimens given that it is dominated by particle-to-

particle content. However, as flushing with low gradient occurred Gmax stayed the same for clean 

samples and dropped sharply for dry-mixed ones and with higher plastic fine content. The presence 

of plastic fines leads to a loss of Gmax when the clay is put in contact with water. After this stage, 

bentonite hydrates and swells, Gmax shows a continuous increase in stiffness, but it remains lower 

(maximum 4% lower) than that of the clean specimens. This is associated with the floating fabric 

produced by the bentonite which hinders direct interaction between the sand grains, weakens the 

soil structure and causes cohesion values at low strains. Consolidation through stress increase, 

leads to increase in straining which restores grain-to-grain contact thus improves Gmax. Secondary 

consolidation, known as aging, also marginally increases Gmax. At higher confining stresses, shear 

stiffness of treated specimens approaches that of clean sands. Dry mixing and air pluviation cause 

a floating sand-bentonite microstructure which decreases the soil structure parameter Cg reflecting 

a softer structure and a smaller Gmax given the proportionality between the two parameters: Gmax = 

Cg OCRk F(e) Pa
1-n 

’n. Nevertheless, the small shear strain stiffness is still close to that of clean 

sands meaning that the dry mixed specimens mostly maintain their strength.    
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Dry mixing was found to decrease the small strain shear stiffness of the permeated specimen due 

to the adhesion of the clay particles on the sand grains forming a floating structure. This decrease 

is not expected in the field given that dry mixing is not practical, and bentonite will be delivered 

through other means such as permeation. Permeation did not alter the sand’s properties given that 

friction angles were almost unchanged, and no cohesion was recorded. Similar results are excepted 

for the small strain shear stiffness, a parameter that is crucial in determining soil behavior and 

should be explored meticulously. 

 

 

 

Microstructure 

Specimen preparation methods play a crucial role in determining the soil’s microstructure and 

hence its behavior. Dry mixing yields a small cohesion at lower strains and a decrease in Gmax. 

Given the high specific area of bentonite, dry mixing causes the sand grains to be coated with some 

dry bentonite while the rest of the clay occupies the space between the sand grains. When the 

specimen is dry, dry mixing has negligeable impacts on the stiffness. However, once in contact 

with water, the bentonite in the pore space hydrates and swells causing the formation of a pore 

fluid, which consists of a concentrated bentonite “slurry” (Fig.1). The bentonite adhering to the 

Figure 1 Microstructure of Permeated VS Dry Mixed Specimens 
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sand grains is prevented from swelling due to contact stresses. Bentonite forms a floating fabric 

around the sand grains despite small percentages which interferes with particle-to-particle contact 

and reduces initial stiffness (El Mohtar et al.2008; Rugg et al., 2011). This hypothesis is supported 

by resonant column tests and monotonic triaxial tests on dry mixed specimens (El Mohtar et al., 

2013).  

Permeation displays no cohesion nor significant change in the friction angle. The sand fabric is 

unchanged by the pressures applied to inject the fines unto the specimen. Therefore, permeation 

shows a promising perspective as a ground improvement technique (Rugg et al., 2011). Permeation 

is an adequate method for bentonite delivery in the field and does not disturb soil structure. Hence, 

Gmax is not expected to be altered. To guarantee the preservation of soil properties, particularly the 

small strain shear modulus, a series of experiments should be done in the laboratory verifying the 

conservation of soil’s strength parameters and thus making bentonite permeation apt for large scale 

application. The research’s aim is to guarantee that the small strain shear modulus is not drastically 

affected by permeation. The proposed research will consist of the comparison of small strain shear 

moduli between clean, dry-mixed, and permeated specimen using bender element testing and 

under static and dynamic loading.  
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Experimental Program 

Materials 

The research program will be experimental and will be performed on three different types of 

samples: clean, dry-mixed, and permeated sand specimens. It will require the following materials.  

Clean Sand  

Well graded Ottawa sand will be used due to its wide availability and application in previous 

research. The sand’s properties such as specific gravity, minimum and maximum void ratio, 

percentage of plastic fines, gradation, effective sizes D10, D30 and D60, uniformity coefficient (Cu), 

coefficient of gradation (Cc) and unified soil classification system (USCS) classification should be 

determined.  

Specific gravity is determined through pycnometer analysis following ASTM D854 - 14. 

Minimum void ratio can be acquired through funnel method or tube method experiments based on 

ASMT D4254 - 16. Maximum void ratio is obtained through vibratory table tests according to 

ASTM D4253 - 16. Percentage of plastic fines can be found through procedure of ASTM D7928 

- 17 using hydrometer test. Percentage of plastic fines, gradation, effective sizes D10, D30 and D60, 

Cu, and Cc can be obtained through sieve analysis.  USCS classification can be achieved through 

ASTM D2487. The sand used should meet the requirements of ASTMC778.  

Bentonite 

Wyoming sodium bentonite grade CP-200 is to be used. Before usage, screening through a No.200 

sieve should be done to eliminate any present impurities. The bentonite’s specific gravity should 

be determined. Additionally, the plastic and liquid limit should be known and can be determined 

by following procedure from ASTM D4318. The bentonite’s initial water content, cation exchange 
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capacity (CEC), and specific area are also required to be well established. Its minimum free swell 

index should be 8mg/L.  

 

 

 

Sodium Pyrophosphate (SPP) 

Sodium pyrophosphate (Fig.2) is required as a dispersing agent in permeation procedure. SPP 

decahydrate’s chemical structure is Na4P2O7 10H2O and its molecular weight is 446.05 kg/mol. 

SPP consists of two phosphate tetrahedral groups linked by an oxygen atom. Its specific gravity is 

1.8 

Yield stress, which represents the shear stress needed to initiate flow, and viscosity are used to 

estimate the penetrability of a suspension and are high for bentonite suspensions. Therefore, to 

allow for bentonite delivery into the pore space of the sand specimens through permeation, 

bentonite’s initial viscosity and yield stress should be decreased. This can be achieved by the 

addition of SPP (Jessen and Turan, 1961). SPP reduces viscosity and gel strength of bentonite 

Figure 2 Sodium Pyrophosphate 
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through adsorption of polyphosphates which sets in motion a mechanism of deflocculation, hence, 

disrupts the formation of inter-aggregate bonds. Phosphate anions are adsorbed on the edge of 

bentonite particles through covalent bonds on the broken edges causing an increase in the negative 

surface charge hence, increasing the double diffused layer by prohibiting edge-to-face contacts 

and thus, enhancing the repulsion forces between the particles (Yoon and El Mohtar, 2014). 

Through this mechanism, the initial yield stress and viscosity of the bentonite suspension are 

decreased giving a highly dispersed solution which allows for successful permeation through 

increased mobility. Nevertheless, the decrease in yield stress and viscosity are not permanent, the 

suspension proceeds to regain them over the next 24 hours, eventually, even exceeding the yield 

stress of the untreated specimens. This increase is a result of the thixotropic recovery of bentonite 

microstructure as SPP allows clay particles to be flocculated again with time (Rugg et al., 2011).  

The thixotropic recovery leads to a gel-like pore fluid which helps reduce the contractive behavior 

of sand, an outcome that is well desired to mitigate liquefaction. SPP helps bentonite suspensions 

achieve their intended role by initially decreasing the suspension’s yield strength and viscosity to 

allow for successful percolation through the soil and then reestablishing them to prevent the flow 

of the suspension out of the sand matrix, all while maintaining the sand’s structure through 

permeation process (El Mohtar et al., 2013). The overtime recovery of the thixotropic properties 

ensures liquefaction mitigation and the change in pore fluid rheology clarifies the increase of the 

cyclic resistance of the permeated sand-bentonite specimens with aging.  

Other Materials 

Other materials were needed for the testing such as fine aggregate and coarse sand to form filter 

material for specimen preparation in the three-way split mold. Deionized deaired water is needed 
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to prepare the bentonite suspensions and for triaxial testing and hydrometer testing. Filter paper 

and porous stones are needed for the triaxial machine.  
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Equipment 

Machines found at the Lebanese American University laboratories will be used.  

Triaxial Machine 

The VJ Tech triaxial machine will be used to conduct the experiment and is automated via a 

computer program “Clisp Studio”. Before conducting any triaxial test, the system should be 

prepared. The triaxial cell as well as the O-ring in the cell base should be cleaned. Enough de-aired 

water should be created to accommodate for testing. The de-airing block to which the pore 

transducer is connected should be flushed, pressurized, and checked for leaks. The pore pressure 

transducer should be checked and recalibrated if needed. The backpressure line should be flushed 

and checked for leaks. Finally, the load cell and displacement transducers should be verified for 

accuracy ("Triaxial Testing - an Introduction", 2017).   

Static and cyclic triaxial testing accompanied with bender element testing will be performed to 

monitor the change of the shear modulus for all three samples under study. The tests are to be 

performed under undrained conditions to see the response of the small strain shear modulus to 

excess pore pressure generation. 
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Static Triaxial Apparatus 

The static triaxial apparatus is simply the typical triaxial setup with no alterations. It involves a 

soil or rock soil specimen, typically undisturbed, with a diameter to height ratio of 2:1 to model a 

stress condition and shear the sample until failure. Three types of triaxial testing are common: 

unconsolidated undrained, consolidated undrained and consolidated drained. For the required 

research, consolidated undrained tests are required. The unconsolidated undrained tests are quick 

and need around 30 minutes to be performed while the two others are more complex and can take 

weeks, even months to be performed. However, the consolidated undrained tests are quicker than 

the consolidated drained ones as pore water pressure is allowed to increase and is measured 

throughout the shearing stage. Consolidation using a triaxial system can be either isotropic or 

anisotropic. 

An example of a typical triaxial cell can be seen in figure 3. The soil sample is sealed inside a 

rubber membrane and surrounded with cell pressure from water. This cell pressure is used to apply 

confining pressure to the sample. Additionally, back pressure can be added to the sample if needed. 

During shearing, axial loading of the sample takes place and the force is recorded by the load cell. 

Deformation is measured by displacement transducers and pore pressure can also be logged. 

Change in volume is monitored through the back pressure line or using a volume change unit or 

an automatic pressure controller.  
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Figure 4 Compressed Air Triaxial System 

 

 

 

 

Figure 3 Typical Triaxial Cell  
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A typical triaxial system can either depend on compressed air (Fig.4) or hydraulic pressure 

controllers (Fig.5). A system reliant on compressed air has the following modules. A pressure 

panel enabling water and compressed air to be adequately distributed. This panel controls cell and 

back pressure and has a pressure gauge to allow application of desired stresses on the specimens. 

Additionally, the system has a load frame to apply deformations to the samples with a high level 

of accuracy.  Air/water cylinders are used to provide an interface between compressed air and 

water in the triaxial system. They contain a rubber bladder which is filled with compressed air to 

pressurize the water inside the cylinder, this in turn provides the pressure used in the cell and back 

pressure for the triaxial test. The pressure the system can apply to samples is limited by the 

compressor. Through a load cell or a load ring required loads are used to shear specimens. 

Displacement transducers such as mechanical or digital dial gauges or linear strain conversion 

transducers are used to measure deformation of specimen during shearing.   

The triaxial cell can be bought in various sizes and pressure ratings. It contains the triaxial 

specimen which is pressurized throughout the test. Through pore pressure transducers, the pressure 

inside the samples is recorded. Finally, an automatic valve change unit allows for measurement of 

the volume of water going into the specimen and the volume change of the specimen during the 

test.  

For a system dependent on hydraulic pressure controller a distribution panel exits instead of a 

pressure panel. It is connected to the dual pressure controller on the triaxial cell and has the de-

aired water system connected to it. It allows water to travel to the needed destinations without tube 

or line manipulations. It has a pressure gauge on the panel required solely for the sake of 

calibration. Furthermore, the system has an automatic pressure/volume controller. This dual 

automatic pressure controller (DAPC) causes the buildup of pore pressure for the experiments. 
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Through a mechanism of step motors, it causes cell pressure as well as back pressure. The DAPC 

also documents volume changes. As for the load frame, load cell, displacement transducers, triaxial 

cell and pore pressure transducer, they are the same for both compressed air triaxial as well as 

hydraulic systems.  

Triaxial test procedure is detailed in a broad range of international standards, among them: ASTM 

D2850, ASTM D4767, ASTM D2166 and British Standard 1377 part 7 and 8.  

 

 

 

Figure 5 Hydraulic Pressure Controller Triaxial System 
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  Figure 6 Cyclic Triaxial Testing System 

 

Figure 7 Typical Frequencies used in Dynamic Triaxial Test 

Based on Simulation Application 
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Dynamic Triaxial Apparatus 

Cyclic, also known as dynamic triaxial testing helps model loading coming dynamic impact such 

as earthquakes and can be done in various ways, hence, it is important for the user to choose the 

scenario that is most representative of field conditions.  

The dynamic triaxial apparatus (Fig.6) is an advanced version of the static triaxial test 

("Introduction to Cyclic (Dynamic) Triaxial Testing", 2019). It is formed out of a load frame that 

is strong enough to withstand the load applied to the sample without major deformations. It should 

also be sturdy enough to resist vibrations from the dynamic actuator and handle sudden changes 

in load during testing. Some load frames can be used for both static and dynamic testing.  

The setup also consists of a dynamic actuator which allows the load frame to exert the cyclic load 

on the sample in different loads as well as frequencies. Note that there are typical frequencies 

characteristic of expected events. For earthquake, a typical frequency is 1 Hz (Fig.7). Two types 

of servo controllers can be used. The first, being electromechanical. It converts electrical energy 

to mechanical energy to allow for load application on the sample. It can generate 5 to 50 kN of 

load and at maximum frequency of 10 Hz.  The second, being hydraulic and achieving higher loads 

up to 500 kN and higher frequencies up to 20 Hz. It works by compressing oil, hence moving the 

piston, and applying the load.  The dynamic apparatus allows load application through various 

waveforms, the sinusoidal being the most common spread.  

The dynamic triaxial apparatus also consists of a triaxial cell modified to model cyclic conditions. 

It uses an enhanced piston with a low friction seal to prevent overheating and reduce the 

degradation during the cyclic movement of the ram. Typical triaxial cells usually have three ports 

that help dictate the confining pressure, apply the back pressure, and measure the pore water 

pressure using a transducer. Typical triaxial cells also have certain designed ports to allow for 
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internal sensers on the specimen such as bender elements. In a dynamic setup, the top caps are 

commonly fixed to the loading ram to allow for tensile stress, they are also connected to the back 

pressure controller through the back pressure valve which allows for sample saturation as well as 

consolidation.  

An automatic pressure controller for cell and backpressure adjustments also exists. During the 

cyclic loading procedure, the loading ram is continually moving in and out of the cell leading to a 

change in cell pressure and horizontal and vertical stresses. This issue should be accounted for 

through one out of the four following methods. The first, consists of keeping an air pocket at the 

top of the cell to deal with the pressure fluctuation given its compressive nature. The second, 

consists of using a pneumatic pressure controller and air-water interface. The third, uses automatic 

hydraulic pressure controllers and the last, uses dynamic pressure controllers. The choice of the 

method is dependent on the required level of accuracy and financial plan of the study. Commonly, 

the back pressure controller is hydraulic and pumps water into the sample through the top. It helps 

saturate the sample by forcing water into it and dissolving available air bubbles. Usually, through 

back pressure controllers, the amount of water moving in and out of the sample can be monitored 

and thus helps in determining the volume change of the sample after saturation.  

The system also has submersible load cells that prohibit friction between the ram and the cell. Such 

cells are vital in dynamic testing given their resistance to thrust originating from increase in 

confining stresses. The load measuring sensors are tightly attached to the top cap to allow tensile 

behavior. The capacity of loads cells is function of sample size and accuracy needed. Typical loads 

range between 1 kN and 50 kN.  

Additionally, a displacement measuring sensor exists and is mounted on the loading ram to account 

for the sample deformation. The displacement measuring censors are typically linear strain 
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conversion transducers who can record strokes up to 100 mm. They could also be 

electromechanical actuator pulses who are translated into displacement as the motor is moving. 

Two additional accessories are mounted to the dynamic triaxial apparatus. A pore measuring 

censor connected to a port at the soil sample. This sensor allows pore measurement at faster rate 

than a static triaxial system. Finally, a data acquisition system exits to save information at great 

speed. Hence, allowing a detailed capture of soil behavior.  

ASTM D5311 – 13 and ASTM D3999 – 11 are most used during dynamic triaxial tests. The first 

one refers on the procedure for cyclic triaxial testing in soils, under load control, to determine the 

cyclic shear strength or liquefaction potential of a soil sample. The second method refers to the 

determination of the secant modulus and damping properties from a cyclic triaxial test. However, 

there are a wide range of test variations which can be adopted in the literature. 

Triaxial systems allow for an even broader range of testing such as stress path analysis and 

anisotropic consolidation. Though the provided standards do not delve into the details of these 

procedure, they are well documented in academic papers or in the Manual of Soil Laboratory 

Testing Vol. 2 and Vol. 3.  

 

 



Page 45 of 84 

 

 

 

  

  

Figure 8 Bender Elements 

Figure 9 VJ Tech Bender Scope 
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Bender Element 

The VJ Tech bender scope element (Fig.8) will be used to monitor the small strain behavior of the 

treated specimens. It is a nondestructive method that helps understand the soil response to impact 

loads. It can be applied more than once to the same specimen since it does not cause damage to 

the soil’s structure. The bender element uses piezoelectric transducers to convert electrical energy 

to mechanical energy and conversely. Through this mechanism, the propagation of waves through 

the specimen is monitored and the wave’s velocity is determined and related to the sample’s elastic 

properties. To do its intended role, the bender element is equipped with two components installed 

at opposite sides from the soil specimen one being a wave transmitter and the other a receiver 

(Fig.9). The transmitter and receiver are built of two ceramic plates separated by a thin metallic 

sheet each. The ceramic plates are connected in a way to permit crosswise deformation as they are 

supplied with DC voltage. Usually, the DC voltage is applied in a sine wave, causing the bender 

element and consequently the soil particles to distort the same way. The movement of the soil 

particles causes a shear wave (S) that travels all throughout the sample and arrives to the other end 

after some time. The receiving element, which is at the top cap, is deformed by the arrival of the 

shear wave and emits electrical signals that are insignificant in contrast with the initial wave. 

Synchronization of the two electrical signals allows the determination of the travel time. Knowing 

the distance between the tips of the transmitter and receiver (L) and the time (t), the shear wave 

velocity can be calculated: Vs=L/t.  Consequently, Gmax is calculated as: Gmax=ρ Vs
2, where ρ is 

the soil’s bulk density. The bender element can also allow for the propagation of compression 

waves (P) along the specimen by simply changing the wiring and allowing deformation in a 

parallel way, instead of the previous crosswise way, as waves travel. P waves are faster than the S 

waves and allow measurement of sample saturation through comparison of the velocity of 
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compression waves through the specimen and through water. A speed of compression wave in the 

sample close to 1450 m/s means saturation is reached, given that the later represents the velocity 

of compression waves through water.  

The bender elements are encapsulated within the base pedestal and top cap of the triaxial cell and 

are sealed with an epoxy coating that insulates them from any electrical noise that may hinder the 

process. For the sinusoidal curve signal producing the deformation of the transmitting element, the 

user must define the on the function generator: the frequency (1 kHz to 50 kHz) and the amplitude 

of the signal (1 V to 12 V). The system must be equipped with a very sensitive digital oscilloscope 

to save the signals obtained by the receiving element and synchronize the two electrical signals 

emitted (transmitted and received) for contrast. The measurement of the small strain stiffness can 

be vertical as well as horizontal. The vertical is the typical one previously discussed with a 

transmitter at the base producing the wave and the receiver at the top to capture it. The horizontal 

one is rarely used for the sole purpose of determining soil anisotropy. The installation of horizontal 

bender elements is a sensitive process as soil disturbance is very likely. The horizontal bender 

elements are not embedded in the pedestal and top cap, but they bring a rubber sleeve that allows 

them to protrude the soil only by the minimum depth and avoid any leaks through the elastic 

membrane ("Introduction to Bender Element Testing", 2020). 
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The VJ Tech software, “Clisp Studio”, has a module called csBender which allows the 

measurement of Gmax in a triaxial set up. It allows the input of the selected wave shape, frequency, 

and amplitude (Fig.10). The software allows plotting of the transmitted signals (in V) as well as 

Figure 10 csBender Control Panel 

 

Figure 11 Example of a Captured Signal in csBender 

Module of Clisp Studio Software 
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received signals (in mV) on the y-axis with the time on the x-axis (Fig.11). It also provides a means 

of calculating the time of travel of the wave through a method called Peak-to-Peak method.  Other 

graphical methods for time travel can also be used. Following, the csBender calculates the shear 

wave (Vs) or the compression wave (Vp) as needed, and then the small strain shear modulus (Gmax). 

It also allows the export of the data into excel files.   

ASTM D8295, is used to determine the shear wave velocity as well as the initial shear modulus in 

soil specimens in bender element testing. 

Peristaltic Pump 

The Masterflex (Fig.12) peristaltic pump will be used to deliver the bentonite suspension into the 

sand matrix through permeation procedure. The flow rate of suspension delivery can be adjusted 

through this pump. Adequate tubing and a three-way valve should be used to connect the pump, 

the pressure transducer, and the three-way split mold.  

 

 

Figure 12 Masterflex Peristaltic Pump 
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Three-Way Split Mold 

A second-generation three-way split mold was manufactured for the purpose of conducting the 

experiment. Aluminum 6061 was used in the manufacturing of the mold to allow it to withstand 

working loads: it should be sufficiently soft for precise machining and sufficiently strong to bear 

applied pressures. The threaded rods and bolts were made of steel. It consists of a top cap, a top 

split mold, a central split mold, and bottom split mold. The description of the new three-way split 

mold was covered by El Mohtar and Rugg (2011) and will be summarized in the following.    

The top cap is a 120.7 mm square which has a threaded hole at the middle for the split mold’s exist 

valve, its thickness is 12.7 mm. Along the four corners are four 6.5 mm diameter unthreaded holes 

which are used to bring the whole mold together.  

The top split mold has a 120.7 mm square base and a thickness of 78.7 mm. Through its center, a 

cylinder of 78 mm diameter is drilled and then the top is split in half. Each part is then fitted with 

4.8 mm thick aluminum dowels on one side and equally sized pinholes on the other side. The pins 

are placed at 19.5 mm (¼ the thickness) from the top and bottom of the split mold. They are used 

to bring the two halves of the top split mold in alignment during assembly. After alignment, the 

two parts of the top split mold are brought together through four 76.2 mm long hex-screws whose 

diameters are 6.4 mm each. One of the halves has 6.4 mm threaded holes where the hex-screws go 

through, and the other has 6.5 mm unthreaded holes to allow for the screws to pass through. The 

sizes were doubled for the first 38 mm to allow for full screw embedment. The top split mold’s 

upper face has an O-ring groove with a diameter of 88.9 mm built into it, a width of 2.7 mm and a 

depth of 1.5 mm. The O-ring in the groove serves as a seal between the top cap and the top split 

mold. Last, four 6.5 mm diameter unthreaded holes are drilled vertically at the four corners of the 

split mold for the threaded molds to pass through during final assembly.  
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Moving on to the central split mold (Fig.13), it has an inside diameter of 71 mm, a height of 142 

mm and a 3.2 mm thickness. It consists of two halves with a 1.6 mm aluminum dowel pin placed 

at 35 mm from the top and bottom for each which serve for ensuring alignment. To bring the two 

parts together, two hose clamps are used. To allow for the membrane to take the shape of the 

central split mold, a fitting for a vacuum line is carved. To create a leak free seal between the 

central split mold and the top and bottom split molds, a 1.9 mm wide and 1.2 mm deep O-ring 

groove was carved 25.4 mm from each end of the central split mold. The latex membrane will be 

rolled over through the 25.4mm space between the mold and the O-ring until placement in the 

triaxial cell. The central split mold is like the one used for preparing sand specimens in the triaxial 

Figure 13 Central Split Mold 
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machine but with two differences to adjust for its function. First, to decrease the quantity of 

material to be trimmed during specimens’ preparation, the thickness of the central split mold was 

decreased, consequently leading to smaller diameters for the top and bottom split molds. 

Additionally, to allow for uniform permeation and constant seepage velocity of the grout 

throughout the mold, the thickness was reduced. Second, height to diameter ratio was set to 2 given 

that it will be used in the triaxial machine.  

The bottom split mold is like the to the top one but with minor changes: the thickness is 95.3 mm, 

and the cylinder is only hollowed to a depth of 79.6 mm. It has a 10.2 mm drainage hole at the 

bottom where an inlet valve is introduced to allow for flushing, this hole is continued horizontally 

to one side of the halves.  

The creation of this mold was crucial (Fig.14) as it accounts for higher grouting pressures than the 

first-generation model (exceeding 450 kPa) while preventing material leakage. It prevents sample 

disruption during permeation and easier trimming of the top and bottom parts of the specimens.  

 

Figure 14 Fully Assembled Three-Way 

Split Mold 
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Purpose  

Not all grouting techniques yield specimens that are sufficiently cemented to be trimmable and 

stand under their own weight without significant strains and damage to soil structure. Permeation 

using bentonite gives softer products that are difficult to sample and reproduce in a laboratory 

setting. Clay suspensions are weaker and require constant confinement. Preparing the permeated 

specimens directly in the triaxial cell is not feasible given the nature of the porous stone and the 

smaller diameter of the tubing which makes successful permeation unachievable. This poses 

challenges when studying the improvement in the soil’s parameters and the effectiveness of the 

grout in question. Hence, the design of the three-way split mold was done in a way to accommodate 

for these drawbacks. The three-way split mold provides adequate confinement during specimen 

preparation stages, thus maintains soil structure when the specimen is unable to stand on its own 

(El Mohtar and Rugg, 2011). Through this method, the sand’s parameters remain unchanged given 

the unsignificant differences in shear strength, friction angles and low strains for both clean and 

permeated specimens.  
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Methodology 

Specimen Preparation 

Dry Method 

1. Bentonite should be first sieved through a No.200 sieve to eliminate all impurities. Then, 

bentonite is added to the sand to achieve desired percentages by mass. The sand and the 

required proportions of bentonite are dry mixed in an airtight container for 15 minutes. 

Afterwards, the sand is air-pluviated using a funnel into the triaxial split mold to prepare 

the specimens. To achieve forethought skeletal void ratios and thereby skeletal relative 

densities, the mold is tapped on the sides (esk= [Vtot - Vsand]/Vsand). Air pluviation unto the 

mold is done with all drainage lines, porous stone and filter paper dry to prevent bentonite 

gelling before the flushing phase.   

2. The mold should be set up correctly in the triaxial before the pluviation of the dry-mixed 

sample following the subsequent procedure: A thin layer of vacuum should be placed at 

the top and base platen to create a good seal with the membrane. A porous disc (Fig.15)  

should be placed onto the base pedestal of the triaxial cell and should be dry to avoid early 

bentonite hydration. The height of the porous stones as well as the base and top platens 

should be measured. A new intact membrane should be placed over the base pedestal and 

a little excess membrane should be left around the base pedestal. An O-ring of the correct 

size should be placed onto the O-ring tool, then gently placed over the membrane to slide 

the O-ring into place on the base pedestal without damaging the membrane below it. The 

excess membrane should be placed over the O-ring (Fig.16). Finally, another O-ring should 

be placed above the first one using the same method.   
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3. Then the sample former should be set up: The sample former should be separated by 

removing the clamp and applying a small amount of silicone grease to the edges of the 

Figure 15 Porous Disk 

Figure 16 Items Needed 
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sample former. Petroleum-based grease should be avoided as it may weaken the membrane. 

The sample former should be then positioned: the two halves of the sample former should 

be placed carefully around the membrane and the base pedestal while avoiding membrane 

catch. The two halves should be pushed together, and the clamp should be placed and 

tightened. Any excess grease should be removed, and the top of membrane should be 

folded in a way that it is stretched flat against the inside of the former. Then a rubber tube 

should be attached to the suction connection point and suction should be applied using a 

suction device to stretch the membrane against the inner wall of the sample former.  

4. Afterwards, the dry mix should be filled in the sample former. The sand-bentonite mix 

should air pluviated with a funnel whose drop height is controlled by the operator to 

achieve certain skeletal relative densities. The free drop height, meaning the elevation from 

the top of the sand-bentonite mix to the bottom of the tube, the length and the diameter of 

the funnel tube should be adjusted based on desired relative densities and through a trial-

and-error procedure, noting that higher free drop heights and larger funnel diameters will 

result in denser specimens.  

5. A temper should be used to ensure that the top of the sample is level. Then a porous disk 

should be placed on the top of the sand-bentonite mix. An O-ring should be placed over 

the top cap, which should then be gently placed onto the porous disk. The top cap should 

be placed in such a way that the back pressure drainage line is curled back around the 

sample, so it does not interfere with the cell wall or ram. With the aid of the O-ring tool 

place an O-ring onto the top cap and remove the tool.  After the top cap and the upper half 

of the triaxial cell supported by rods are added, a piston should be set in place in contact 
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with the top cap to help align the specimen and decrease necking while rolling he 

membrane.  

6. The rubber tube connecting the former to the suction device should be then disconnected. 

Afterwards, the rubber tube should be connected to the unused pore-water-pressure (PWP) 

valve on the base of the cell and the suction device should be reattached to it. Then, the 

PWP valve on the cell should be opened to apply a small suction on the sample (typically 

ranging from -20 to -10 kPa) and thus preventing the sample from collapsing. The applied 

suction can be measured using the PWP transducer and if a specific suction is required, a 

negative pressure can be applied using an automatic pressure controller (APC). The clamp 

should then be removed from the sample former, and the two halves of the sample former 

should be removed. The excess membrane should then be folded over the top cap and the 

excess soil should be cleaned from the base of the triaxial cell (Fig.17). The specimen 

height and diameter should then be recorded. Finally, the top of the cell should be 

meticulously placed onto the base and securely locked in to allow for water filling. 
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7. The triaxial cell should then be assembled and filled with deaired water and testing 

performed in a standard way. The sample should be flushed from the bottom to the top 

using carbon dioxide (CO2) (Fig.18). The pore pressure transducer should be fitted in the 

cell base and the cell pressure system (Automatic Pressure Controller APC) should be 

connected to the cell pressure port of the triaxial cell. A cylinder of compressed CO2 fitted 

with a regulator, a right angle 8 mm push fitting, a deairing block and a pressure transducer 

Figure 18 Carbon Dioxide Flushing Setup  

Figure 17 Preliminary Setup 
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are needed. The pressure transducer should be calibrated using the VJ Tech miniScanner 

Pro. A length of pipe to connect the compressed air to the regulator of the triaxial cell as 

well as a short length of 8mm nylon tubing are needed. The CO2 system should be set up 

by fixing the compressed gas cylinder upright to a burette stand. The deairing block and 

pressure transducer should be attached to the spare water connection at the base of the 

triaxial cell base.  The deairing block should be connected to the gas cylinder regulator 

using the correct pipe diameter. The pressure transducer should be connected to the 

miniScanner Pro. The right-angled pushed fitting should be attached to the backpressure 

port on the triaxial cell base, and it should be partially filled with water. A small cell 

pressure should be applied to the sample and a path from the gas cylinder to the base of the 

triaxial specimen should be opened. The regulator should be slowly adjusted to increase 

the CO2 pressure while keeping it under the cell pressure of the sample. The backpressure 

drainage line valve should be opened. As the CO2 pressure increases bubbles will 

eventually be seen in the backpressure drainage line, the bubbles will also be seen in the 

nylon tube connected to the backpressure outlet. The pressure of CO2 should be adjusted 

in a way such as 2 to 4 bubbles are seen per second in the nylon tube. Once the bubbles are 

seen, a flushing between 1 to 3 minutes is sufficient for most samples. After flushing is 

complete, the CO2 pressure should be noted. The base valve (Fig.19) should be closed, and 

the pressure of the gas cylinder should be brought to zero. The gas cylinder should be 

disconnected from the base valve and the backpressure line should be attached to the same 

base valve. 
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8. The sample should be flushed from the bottom to the top using deionized deaired water. 

Using a marker pen, the level of water on the nylon tube connected to the back pressure 

drainage line should be marked. The back pressure should be increased to the same one 

used in CO2 flushing. Valves should be open so that water can flow from the back pressure 

up the sample and drain into the nylon tube via the back drainage line. The base valve 

should be kept open until the level of water in the nylon tube starts to rise. Once the water 

level starts to rise, the base valve and the back pressure drainage valve (Fig.20) should be 

closed. The backpressure should then be dropped to zero and the line disconnected from 

the triaxial cell. The flushing is now complete and the triaxial system can be setup. 

 

Figure 19 Base Valve 

Figure 20 Back Pressure Valve 
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 As for the clean sand specimens, they are prepared in a similar way but without addition of 

bentonite.   

Permeation 

Suspension Preparation 

Bentonite should be first sieved through a No.200 sieve to eliminate all impurities. A bentonite 

suspension should then be prepared and for this purpose a mixing tank and a storage tank from 

which the suspension is pumped and injected are required. To begin with, the mixing water should 

be tested for pH, hardness, conductivity, and salt content if salt presence suspected, to determine 

the competence of the water used. Pretreatment of the mixing water should be done with sodium 

carbonate, if necessary, to decrease calcium hardness and sufficient time for reaction should be 

allowed. The addition of sodium carbonate should be done carefully given that it strongly impacts 

the pH value. To avoid the water testing and treatment, deionized deaired water should be used. 

Then bentonite should be added in a way to achieve targeted concentrations (the concentration of 

bentonite represents the mass of bentonite divided by the mass of the suspension). The dispersing 

agent, the sodium pyrophosphate, should be added at desired concentrations and mixed (the 

concentration of SPP represents the mass of SPP used to the mass of bentonite). Note that the 

optimal way would be to add half the SPP to the solution, followed by the whole bentonite mass 

and finally, the last half of SPP. Through a high shear mixing device like a high-speed mixer, 

dispersion should be carried out. Mixing using a high shear mixing device allows dispersion of 

individual bentonite crystals in the solution through high shear energy and should be done for 10 

to 30 minutes. The dispersion helps provide uniform rheological properties in the entire 

suspension. The mixing using a high shear mixing device can be done through intervals, however, 
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in between them, hand mixing should be done to prevent flocs from sticking on the sides and 

bottom of the mixing cup. After mixing, the suspension should be allowed enough time to hydrate, 

and its rheological properties should be tested. The bentonite is considered well hydrated when its 

viscosity and yield stress no longer significantly change. The hydration time is dependent on the 

degree of dispersion and is smaller for well mixed specimens.  For optimal use, pilot tests should 

be carried out on the bentonite being used to find the concentration and hydration time for the 

desired rheological properties to be reached. The yield stress and viscosity can be checked through 

a rheometer device. The suspension should then be transferred into a storage tank (Praetorius and 

Schößer, 2017). Note that if rested for long periods of time, the tank should be tightly sealed, and 

mineral oil should be added to its top to prevent the evaporation of the samples (El Mohtar and 

Rugg, 2011).  

 

 

 
Figure 21 Two Halves of the Top and Bottom Split Molds 
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Mold Assembly 

1. After preparation of the suspension, the three-way split mold should be used for the 

grouting process. The tree-way split mold should be assembled using the procedure 

described by El Mohtar and Rugg, 2011 as follows:  Both halves of the upper and lower 

portion of the split mold should be assembled individually on threaded rods in such a way 

that both upper and lower mold parts with holes for the locking screws are on the same set 

of threaded rods (Fig.21). The nuts on the threaded rods can be used to mark the location 

of the upper split mold. The space between the top and bottom split molds should be 

adjusted in a way to account for filter material and sand needed while keeping the spacing 

short enough so that the O-ring of the central split mold will overlap with the top and 

bottom half hence, guaranteeing a tight seal. After deciding on the length between the upper 

and lower split molds, the contact areas between them should be lightly greased to account 

for scratches and irregularities and ensure a tight seal.  

2. The central split mold should be assembled in a similar way to that of the sample former 

in the dry-mixed method. It should be cleaned; its joints should be greased then it should 

be closed using the steel hose clamps. Then, three O-rings should be placed on the top and 

bottom of the central split mold and lightly greased. The first O-ring on each side should 

be placed in the O-ring groove to allow for a good seal with the top and bottom molds. The 

other two O-rings are stretched on the central split mold to avoid any disturbance to the 

specimen when it is placed later.  

3. A latex membrane of 0.3 mm thickness should be cut to a length that covers the inside of 

the central split mold and reaches the O-rings. The membrane remains intact given the 0.6 

mm difference in diameter between the central and top and bottom split molds. 
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Subsequently, vacuum should be applied to the central split mold for the membrane to 

assume its shape.  

4. Afterwards, the central split mold should be positioned on the half of the assembly that 

contains the threaded holes for the locking screws in a way such that the O-rings fall 

approximately 5 mm within the edges of the top and bottom split mold and the vacuum 

lines are on a horizontal plane. Finally, the second half of the mold should be assembled, 

and the locking screws should be tightened in place with the inlet facing down.  

Permeation Procedure 

1. Then the sample preparation should begin. To aid in the permeation, a filter material, about 

40 mm thick (20 mm of fine aggregate and 20 mm of fine sand), should be placed in the 

bottom third of the split mold ensuring horizontal and vertical travel of the bentonite 

suspension. The top of the filter material should be at least 10 mm below the edge of the 

central split mold to allow for the permeated sand to start below the central split mold and 

hence to make way for trimming needed in case of caking at the bottom side. This setup 

allows an increased uniformity in the sample prepared. Then, sand is air pluviated into the 

mold in a similar way as that of the dry mixed sand-bentonite specimens, to achieve certain 

skeletal relative densities and with suction applied on the mold. Again, for the sake of 

trimming and uniformity, the sand should extend 10 to 20 mm above the central split mold. 

More filter material, about 10 mm in thickness (a layer of coarse aggregate), should be 

placed at the top of the specimen to prevent sand from escaping through the effluent tube. 

For a tight seal between the upper face of the split mold and the top cap, an O-ring should 

be placed in the groove of the upper face and covered with a thin layer of vacuum grease. 
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Last, the top cap is locked in position on the threaded rods using the four nuts (El Mohtar 

and Rugg, 2011).  

2. To reduce the duration of the saturation process, carbon dioxide (CO2) should be flushed 

through the specimen as it will dissolve into water at much lower pressures than air. The 

three-way split mold should be fitted with a pore pressure transducer at the bottom. A 

cylinder of compressed CO2 fitted with a regulator, an appropriate push fit fitting, a de-

airing block and pressure transducer are needed. The pressure transducer should be 

calibrated and connected to the VJ Tech miniScanner Pro. The CO2 compressed gas 

cylinder and regulator should be setup and secured vertically which can be done using a 

burette stand. The compressed air regulator, deairing block and pressure transducer should 

be connected to the three-way split mold through the bottom valve. The push fit fitting 

should be placed in the top valve and should be connected to a nylon tubing partially filled 

with water.  A pathway should be opened from the gas cylinder to the three-way split mold 

while adjusting the regulator to allow an increase in the pressure of CO2. The pressure 

transducer reading should be monitored to prevent CO2 pressures from becoming higher 

than the mold pressure applied to the specimen. The increase in CO2 pressure should be 

seen through increased bubbles in the nylon tubing. Based on the bubbles seen, the CO2 

pressure should be fixed to provide 2 to 4 bubbles per second while remaining below cell 

confining pressure. The duration of the flush is function of the sample size and material 

used but usually 1 to 3 minutes after the appearance of bubbles is enough. Once the flushing 

procedure is done, the CO2 pressure should be noted then the pressure of the gas cylinder 

should be brought to zero. The gas cylinder should be disconnected from the three-way 

split mold.  
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3. Then the specimen should be saturated using deaired water at a slow rate not to disturb the 

sand structure. The peristaltic pump can be used for the saturation procedure. About two 

pore volumes of de-aired water are flushed through the specimen until the flow of the water 

through the exit valve becomes constant indicating full saturation. All lines connected to 

the specimen should be saturated. 

4. Once saturation is guaranteed, the permeation procedure using a peristaltic pump may 

begin (Fig.22).  Flow rate should be set to a slow value to prevent soil structure disruption. 

The pressure should be monitored through the pressure transducer. Grouting is deemed 

successful when at least one full pore volume of bentonite suspensions is permeated into 

the specimen using less than 250 kPa pressure. Afterwards, the influent and effluent lines 

of the split mold are shut, and the specimen is allowed a period of rest. The resting period 

is needed to allow the bentonite suspension to regain minimal strength hence allowing for 

material trimming. 

 

 

 

Figure 22 Schematic of Permeation Setup 

Using the Peristaltic Pump 
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5. After the resting period (about 48 hours), split mold disassembly should be done. The top 

cap should be removed first and then the split mold should be rested on its side with the 

locking screws facing upwards to allow for their removal. After the screw’s removal, the 

upper half of the top and bottom split mold should be removed. Afterwards, the filter 

material should be cut off and 5 to 10 mm of the treated sand should be left protruding 

from the central split mold before its removal from the top and bottom split molds.  

6. Once the central split mold is removed, the protruding grouted sand should be trimmed 

using a steel wire while being cautious to prevent any membrane piercing. Then, the 

membrane should be comprehensively cleaned to allow for a tight seal against the bottom 

and top of the triaxial cell during specimen placement.  

 

 

 

7. The triaxial base platens should be lightly greased to ensure a tight seal with the specimen’s 

membrane. A saturated filter paper (Fig.23) and porous stone should then be placed on the 

triaxial base platen. The top drainage lines should be connected, and the bottom drainage 

line should be attached to a pore pressure transducer. Both drainage lines should be flushed 

Figure 23 Filter Paper 
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with water to remove any excess air that may be present. This is different than what was 

done with the dry-mixed specimen were the lines and porous stones were dry to allow for 

CO2 flushing before water flushing. The specimen then should be placed vertically on the 

base platen while still inside the central split mold and still under vacuum. The top filter 

paper and porous stone should be placed, and the top platen should be aligned and set in 

place. Afterwards, the membrane should be rolled onto the top and base platen and 

tightened using the O-rings.  

8. Before removal of the central split mold, a vacuum should be applied to the specimen 

through the top and bottom pressure lines to keep the sample under confinement as the 

central split mold is disassembled. After 48 hours of vacuum, the central split mold should 

be disassembled, and the specimen’s height and diameter measured. The triaxial cell should 

then be assembled and testing performed in a standard way (El Mohtar and Rugg, 2011).  
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Triaxial Testing 

Static Triaxial Testing 

1. The prepared clean specimens should be back pressured for 24 hours with pressures 

ranging between 200 to 400 kPa to achieve B-values>0.95. The prepared sand-bentonite 

specimens on the other hand should be back pressured for 72 hours to ensure full hydration 

and swelling of the bentonite in the sand pores. Hence, backpressure all specimens for 72 

hours for easy comparison between all specimens. The backpressure saturation process can 

be done in various ways that are available in Standards and test books. The most common 

method consists of increasing the cell and backpressure into the sample gradually so that 

pore air is dissolved into pore water. Whilst backpressure saturation is performed, the pore 

pressure coefficient B is calculated by the VJ Tech software to determine the degree of 

saturation. B values higher than 0.95 are required since this is the threshold in most 

standards indicating full saturation. B = 
∆𝑈

∆𝐶𝑃
; ∆𝑈 is the change in pore pressure and ∆𝐶𝑃 is 

the change in confining pressure. The process is repeated until the desired B value and thus 

saturation are achieved.  

2. Then isotropical consolidation of all specimens should be done to achieve desired effective 

consolidation stresses (ranging between 50 to 200 kPa). For clean sands, consolidation 

stresses can be increased each 10 to 20 minutes. While for treated specimens, each stress 

should be maintained 24 hours before increasing it. The consolidation causes dissipation 

of the excess pore pressure in the sample through water drainage from the sample and from 

the drainage valve which allows for excess pore pressure dissipation. During isotropic 

consolidation, the change in sample volume will be equal to the volume of water that was 

removed from the sample, since this was already saturated in the previous stage.  The 

volume of water that drains out of the sample is recorded against the square root of time. 
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Similarly, the excess pore water pressure can be plotted against time. Once the sample 

stops changing in volume or the excess pore water pressure has been dissipated by 95% 

the consolidation process is complete. During undrained conditions, the drainage valve 

should be always kept close to prevent pore pressure dissipation.  

3. The drainage lines should be then closed in all cases, and the specimens sheared at different 

rates. The axial force (1) should be gradually increased while keeping the confining 

pressure (3) constant till failure. This is considered as the maximum shear force the sample 

can take. This stage is also referred to as the load stage, compression stage or shearing 

failure stage.  
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Dynamic Triaxial Testing 

The first two steps are identical to those of the static triaxial testing under undrained settings.  

3. Cyclic loading should be applied using the mechanical or hydraulic actuator of the dynamic 

system. The intensity of loading depends on many factors such as the effective stresses 

founded during consolidation, the difference between the cell and backpressure, soil type, 

soil moisture, load frequency and waveform type. Typically, the cyclic loading is the 

double of the isotropic effective stress multiplied by a stress factor. The stress factor ranges 

between 0 and 1 and has an impact on the number of cycles that a soil can endure. It should 

be noted however that in cohesionless soils like sand, negative axial stresses in cyclic 

loading should not exceed the effective stresses applied during consolidation given that it 

may cause the top platen to detach from the top surface of the specimen. 

During dynamic loading, the best way to characterize increase in pore water pressure is 

through the pore water pressure ratio: ru= 
∆𝑈

∆𝜎𝑎
′ , where ∆𝑈 is the change in pore water 

pressure and ∆𝜎𝑎
′ is the effective axial stress at the beginning of the cyclic loading. A ru 

value of 1 indicates failure given that the excess pore water pressure become equivalent to 

the initial effective stress hence implicating that the soil strength has become zero.  
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Bender Element Testing 

The shear modulus should be tested during flushing and flushing’s respective rest periods. It should 

also be tested throughout back pressuring as well as consolidation. The shear modulus should also 

be drawn against different confining pressures and checked against time. Additionally, it should 

be drawn against increasing shearing strains and loadings in static and dynamic triaxial testing. 

Hence, vertical bender element testing is followed. 

1. To perform the bender element test in a triaxial apparatus, the base pedestal and the top cap 

must have an embedded set of bender elements. Before starting the testing, the bender 

elements should be checked to achieve polarity by having the transmitted as well as the 

received signals moving on the same direction on the graph. The bender element should be 

calibrated by bringing the two bender element tips into contact and firing a signal. The 

outcome should be two signals moving in the same direction.  The reverse signal should 

be avoided thus, the base pedestal and the top cap must be marked so that the correct 

orientation is visible when installing the elements into the specimen. Additionally, during 

calibration, delay between the transmitted and received signals should be checked. The 

delay even if minimal impacts the shear wave velocity and can be detected by bringing the 

two elements together and firing a square-type signal. If a delay is detected it should be 

determined and accounted for in the test results. 

2. The specimens are then prepared as described under “Specimen Preparation”.  

3. Good contact should be ensured between the element tip and the soil sample so that the 

sample’s deformation yields a clear shear wave. The specimen placed on the base pedestal 

should not be rotated because this inhibits proper contact. After installation of the soil 
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sample on the base pedestal, the top cap should be placed on the top surface and should be 

slightly pushed so that the element penetrates.  

4. The membrane of the sample should be fixed, and the O-rings should be placed on the 

pedestal and the top cap to seal the membrane against the sample.  

5. At any point during the experiment, meaning at any point in static and cyclic testing, a 

signal can be sent to measure the small strain shear modulus. If the signal is not clearly 

captured by the receiver, the amplitude of the signal should be increased. Additionally, the 

receiver and transmitter should be set to operate at same frequencies for comparable results. 

 

 

 

 

6. When the wave is received and captured by the element a graph will be plotted ideally 

looking like the one in figure 24. However, in practice such a real graph is hardly 

achievable due to some deficiencies. Among them there is the near-field effect: it consists 

of a minor drop in the received signal which is wrongfully misinterpreted as a reversed first 

arrival. It is caused by waves travelling at different velocities producing insignificant 

disturbances in the sample. This discrepancy is common in samples with a short height due 

Figure 24 Correct Polarization of the Bender Element Set and 

Reversed Polarity 
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to the element tips being too near. Another issue can happen with P-waves. Given that they 

travel faster than S-waves they may reach the receiver element first and lead to 

overestimation of the time of travel. This effect can be minimized by ensuring correct 

setting of the direction of the bender element. The final problem is caused from electrical 

noise. This is due to bad insulation of the bender element which may lead to element failure 

and thus, it should be checked for damages. Additionally, mechanical movements can 

cause noise such as those originating from sample loading.  

7. An ideal graph should show the transmitted signal that includes several signals sent at 

smaller time intervals. The final transmitted and received signals are averaged to yield 

smoother signals that are more understandable. The averaging is obtained with the use of 

applied filters with varied intensity. The strongest the filter the smoother the obtained 

signal. However, the user should select the least heavy filter, which can produce reasonable 

results ("Introduction to Bender Element Testing", 2020). 

8. After the graphs are established, the time of travel of the wave should be established. 

However, given the many factors that may impact the shear wave arrival a scrupulous way 

of calculating the travel time should be used. Among the methods in use, the Peak-to-Peak 

as well as the Start-to-Start method are the most used given their reliability. Reinstating 

the importance of synchronization between the transmitted and received signal, the use of 

an oscilloscope is crucial. The oscilloscope helps guarantee that only one plot is drawn for 

analysis. The transmitted signal is very well defined, and its characteristics can be seen 

very clearly. This is not the case of the received signal. Hence the user must decide on a 

method of interpretation: 
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a. Peak-to-Peak: Here, the time of travel represents the peak between the transmitted and first 

received signal and it ignores the first arrival of the shear wave velocity given that it can 

be affected by the near field effect. The Peak-to-Peak method is the most commonplace. 

Nevertheless, it may be misleading given the complexity of determining the peak of the 

received signal which can be affected by the coupling of two or more waves.   

In this case, the first peak should be picked. 

b. Start-to-Start: In this method, the time of travel represents the time between the start of the 

transmitted signal and the start of the received signal. This method is more reliable if the 

near-field effects are eliminated.  

If ideal conditions are prevailing, both methods should give similar times of travel. The 

method that the user believes as most accurate should be selected.  

More information about equipment operation can be found in the VJ Tech manual.  

Other Tests 

Once done with the triaxial and bender element testing, the specimen should be disassembled from 

the triaxial cell. The specimens should be then cut into three pieces: top, middle, and bottom. The 

water content of each should be determined to calculate the void ratio and consequently the skeletal 

relative density. The saturation should be assumed as 100% due to the back pressure saturation 

process which is not stopped until a B-value higher than 0.95 is reached. By calculating the skeletal 

void ratio and relative density, it can be verified whether the desired values accounted for during 

air-pluviation were achieved. The bentonite content from all three parts should be determined 

using hydrometer analysis. The bentonite all over should be within a trivial deviation by mass of 
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dry sand from the targeted value. Bentonite concentrations at the base of all specimens prepared 

by permeation are expected to be marginally higher than the top but the clay content throughout 

can be described as uniform. 
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Expected Results 

Before flushing, the small strain shear modulus is expected to be the very similar for all samples: 

clean sand, dry mixed and permeated. Once flushing begins, the low water gradient causes very 

low strains who subsequently do not alter particle to particle contact. In the clean specimen Gmax, 

is expected to remain constant given that the sample stays unaltered. For the treated specimens 

however, Gmax is expected to drop with flushing. With time, Gmax proceeds to increase as the 

bentonite hydrates and swells in the pores. In the dry mixed specimens, Gmax is believed to increase 

but remain significantly lower than that of the clean specimens. For the permeated specimens, Gmax 

is anticipated to increase and reach values equal to the clean specimens. In the samples prepared 

using the dry-mixed procedure, the sand grains become coated with fines due to the fine’s high 

specific area while the rest of the bentonite occupies the void space. Once the bentonite in the pore 

space gains access to water it hydrates and swells leading to a pore fluid. Nevertheless, the 

bentonite particles trapped at the sand particle contacts are not permitted to swell due to the contact 

stresses. The trapped clay particles do not impact Gmax significantly when the sample is dry. 

However, once water is introduced in hydration a floating fabric is formed around the sand 

particles in the dry mixed specimen, decreasing the particle sand contacts and thus decreasing the 

shear modulus of the specimens. This weak soft clay surface developed on the sand particles is not 

expected to happen in the permeation process hence Gmax should supposedly be maintained. The 

fact that the friction angles remain constant with permeation and no cohesion is developed further 

point towards this speculation as permeation seems to maintain the specimen’s fabric.  

In the back pressure saturation stage, a very similar behavior is theorized for all specimens. After 

application of the first back pressure, the stiffness is assumed to decreased slightly from the initial 

Gmax then rebuild overtime. The same behavior is expected to happen for all the back pressures 
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applied. The expected dip in stiffness value is presumably caused by the temporary change in 

effective stresses during back pressure application (El Mohtar et al., 2008). 

During consolidation, Gmax is expected to increase when moving to higher confining pressures for 

all samples. Gmax is believed to keep increasing with time because of secondary consolidation 

however at a significantly slower rate.  

With increasing shear strains, under loading representative of earthquake conditions, Gmax for the 

clean specimens is expected to decrease most significantly for the same strain, followed by the 

dry-mixed specimens and finally the permeated ones. Even so Gmax for the permeated specimen 

marginally decreases above the threshold shear strain as excess pore pressure start building up.  

To summarize, for all stages other than shearing, the small strain shear stiffness of the permeated 

specimens is expected to be unchanged from the clean one due to the non-disruptive nature of the 

passive remediation technique in contrast to dry mixing. With increased shearing, Gmax of the 

permeated specimens should decrease at less significant rates than the dry mixed specimen which 

is also slower than the clean specimen due to the thixotropic nature of the formed pore fluid.  

The results are expected to emphasize the effectiveness of passive site remediation using bentonite 

suspensions as a liquefaction mitigation technique. The shear modulus is expected to be unchanged 

hence showing that the sand maintains its strength.  
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Conclusion 

The expected results should prove passive site remediation using bentonite suspensions as an 

effective means of mitigating liquefaction. The permeated sand parameters are expected to be 

unchanged, and the sand integrity maintained. The small strain shear modulus is believed to remain 

unchanged due to permeation, hence, showing strength conservation. Additionally, the stiffness is 

believed to slightly decrease with increasing shear strains in contrast to clean samples where the 

decrease is more substantial. The results of the study should serve as an incentive to begin grouting 

using bentonite in sites that are prone to liquefaction hazards. The road to passive site remediation 

with bentonite on site is still a long one. The ideal sodium pyrophosphate and bentonite 

concentrations for specific sites are yet to be determined. Further, the uniformity of the permeation 

process on a site scale is still a pressing concern. Response of soils other than sands should also be 

investigated since sand may not always be the dominant nor be the only stratum encountered. 

Additionally, the long-term properties of bentonite suspensions should be studied. The noticeable 

variation in temperatures between seasons in some countries may impact the bentonite properties. 

Villar and Lloret (2004), studied the influence of temperature changes on permeability, swelling 

and water retention of bentonite. Permeability was targeted using a high-pressure oedometer 

equipment and was seen to increase with temperature as bentonite became more porous. Swelling 

potential was tested under vertical load tests. As temperature increased, the swelling potential of 

the bentonite decreased irrespective of the dry density and the vertical load applied. Water 

retention was explored using a cell method and a sensor cell method. Both methods showed that 

the water retention of bentonite decreased with temperature. Additionally, temperature increase 

has been shown to decrease the liquid limit and the plasticity index of bentonite while keeping the 

plasticity limit unchanged (Estabragh et al., 2016). The studies regarding the response of 
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bentonite’s properties to change were conducted on temperatures that are unrealistic in everyday 

life, between 20⁰C and 250⁰C, and hence the impact of seasonal temperatures fluctuations should 

be investigated. Furthermore, soil pH can influence the grout used. Large amounts of strongly 

alkaline waste liquors and leachates are produced annually by the mining and mineral ore 

processing industries. These liquid wastes are stored in impoundments where the aqueous phase 

evaporates resulting in leachates having extreme ionic strength and, depending on the 

geochemistry of the ore, possibly extreme pH as well. Because smectites are important minerals 

controlling bentonite performance, knowledge of smectite reactivity to leachates of extreme pH is 

important. Strongly alkaline pH cause changes to the mineralogy of bentonites which might impact 

their performance (Gates and Bouazza, 2010). They can influence the pore structure, fabric of the 

bentonite and the activity of water. Together these reactions can be expected to result in a collapsed 

fabric with greater hydraulic conductivity. An elevated pH will cause the disintegration of the 

smectite structure into an illite thus significantly decreasing the swelling capacity of bentonite. 

Hence, the reaction of bentonite to extreme pH conditions should be explored in fields where pH 

may be an issue. Aging in real settings should be delved deeper into. Aging should not be limited 

to a predetermined number of laboratory days but should be studied over years. It is impacted by 

the types of cations present in the soil as they dictate whether collapse due to phase separation is 

plausible. Different aspects of bentonite feasibility in the field are still uncharted. The pragmatic 

application of this method is still a milestone to be reached.   
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