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ABSTRACT: This work aims to assess how the application of bentonite for soil liquefaction mitigation influences the soil 

fabric. Soil fabric controls the mechanical response of the soil through the interlocking forces between its particles. This is 

quantified using small-strain stiffness modulus Gmax. Maintaining or increasing Gmax is as important as increasing the cyclic 

resistance in any proposed mitigation measure against soil liquefaction. Previous studies have shown the effective use of 

bentonite in loose Ottawa sand samples for liquefaction mitigation using dry-mixing and permeation sample preparation 

techniques. However, resonant column tests on bentonite-treated dry mixed Ottawa Sand samples showed a decrease of the 

small strain stiffness modulus (Gmax) and thus a decrease in the shear strength of the treated soil compared to that of clean 

Ottawa Sand samples. This work investigated the effect of permeation on the small-strain stiffness of bentonite-treated loose 

Ottawa sand samples. Static triaxial tests and bender element tests on these samples showed that bentonite-treated sand 

samples at least maintained the same shear strength and small-strain stiffness moduli as those of clean sand samples. This 

work proves the effectiveness of the use of the permeation method using bentonite as a non-disruptive liquefaction mitigation 

technique. 
 

RÉSUMÉ: Ce travail vise à évaluer comment l'utilisation de la bentonite pour atténuer la liquéfaction des sols influence la 

structure du sol. La structure du sol contrôle la réponse mécanique du sol grâce aux forces d’imbrication entre ses particules. 

Ceci est mesuré par le module de module de cisaillement à petite déformation Gmax. Le maintien ou l'augmentation de Gmax 

est aussi important que l'augmentation de la résistance cyclique dans toute mesure d'atténuation proposée contre la liquéfac-

tion du sol. Des études antérieures ont montré l'utilisation efficace de la bentonite dans des échantillons de sable meuble 

d'Ottawa pour atténuer la liquéfaction en utilisant des techniques de préparation d'échantillons par mélange à sec et par 

perméation. Cependant, les essais sur colonne résonante sur des échantillons de sable d'Ottawa mélangés à sec et traités à la 

bentonite ont montré une diminution du module de cisaillement à petite déformation (Gmax) et donc une diminution de la 

résistance au cisaillement du sol traité par rapport à celle des échantillons de sable d'Ottawa propres. Ce travail a étudié 

l'effet de la perméation sur la rigidité à faible déformation d'échantillons de sable d'Ottawa meuble traité à la bentonite. Des 

essais triaxiaux statiques et des essais d'éléments de flexion sur ces échantillons ont montré que les échantillons de sable 

traité à la bentonite conservaient au moins les mêmes modules de résistance au cisaillement et de rigidité à faible déformation 

que ceux des échantillons de sable propre. Ce travail a prouvé l'efficacité de l'utilisation de la méthode de perméation utilisant 

la bentonite comme technique d'atténuation non perturbatrice de la liquéfaction. 
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1 INTRODUCTION 

Laboratory experiments have proven that the addition 

of 3% and 5% of plastic fines (bentonite) to sand 

increases the cyclic resistance by an order of 

magnitude in comparison to clean sand (El Mohtar et 

al., 2013; Haldavnekar et al., 2003). While extensive 

research has been conducted to study the effect of 

bentonite on the cyclic resistance of clean Ottawa 

Sand, the literature still lacks comprehensive 

information regarding the influence of bentonite on the 

fabric and strength of Ottawa Sand. El Mohtar et al. 

(2008) used the dry mix method to prepare sand 

mixtures with 3 and 5% bentonite (by mass of 

bentonite) and conducted static triaxial and resonant 

column tests to study the behaviour of the small strain 

stiffness modulus (Gmax) during flushing and 

hydration, back saturation, and consolidation stages. 

Results showed that the Gmax sharply drops after 

flushing the dry mixed samples with water. This was 

explained by the formation of a weak soft lubricant 

layer around the sand particles that is prevented from 

swelling due to contact stresses. As a consequence, the 

interlocking forces between the sand particles are 
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disturbed, hence, decreasing the Gmax. During the 

consolidation stages at effective stress of 50 kPa, the 

Gmax increased with time to values below those 

observed for clean sand samples. Moreover, El Mohtar 

et al. (2013) found that the yield stress friction angle 

of 3% and 5% dry mixed sand with bentonite samples 

decreased from 23o for a clean sand to 18o and 17o, 

respectively. The implications drawn from these 

findings suggested that the dry mix method altered the 

fabric of the sand and reduced the interlocking forces 

between the sand particles. 

In this study, bentonite was introduced into a sand 

sample by permeation in an attempt to best represent 

the method that would be used on site. Bender element 

tests were performed on two types of samples: clean 

Ottawa Sand and permeated Ottawa Sand with 2% 

bentonite (by dry mass of sand). Samples were 

prepared at low relative densities (<35 or 40%). Gmax 

values were obtained during the flushing and hydration 

(for clean sands), aging (for permeated samples), and 

over a range of consolidation stresses (50-300 kPa). 

Finally, strength properties were obtained following 

the shearing stage. 

The results of the bender element tests were used to 

investigate the impact of the permeation method on the 

Gmax and its correlation with the stress level. The 

preliminary findings provide insights on the effect of 

the selected laboratory sample preparation method on 

the fabric and strength of treated sand. 

2 EXPERIMENTAL PROGRAM 

2.1 Materials 

The sand used for this study is Ottawa Sand C 778; a 

uniform clean fine to medium sand (D50=0.4mm and 

Cu=1.7), having a specific gravity Gs=2.65, and 

minimum and maximum void ratios emin=0.48 and 

emax=0.78. The bentonite used is a commercial 

bentonite from Fisher Scientific finer than 0.075 mm. 

SPP (sodium pyrophosphate decahydrate) is used to 

decrease the yield stress and viscosity of the bentonite 

grout during permeation. 

2.2 Sample preparation 

Clean sand and permeated clean sand with 2% 

bentonite (by dry mass of sand) samples were prepared 

and tested. The clean sand samples were used as the 

reference samples to examine the effect of bentonite 

permeation on the fabric and the shear strength of the 

sand. 

The clean sand samples were prepared directly on 

the triaxial machine. Ottawa Sand was air pluviated at 

zero drop height using a funnel to produce a loose 

sample with relative density below 35%. After 

assembling the samples and confining them at 25 kPa, 

CO2 was flushed through the sample at a small rate for 

15 mins to replace the air voids. Then, three pore 

volumes of distilled deaired water were flushed at a 

low gradient of 8 mL/min from the bottom to the top 

of the sample to achieve initial partial saturation while 

preventing the disturbance of the sand particles. 

 

 
Figure 1. a) 3-way split mold b) Permeated sample after 

disassembly. 

 

The permeated samples were prepared in a 3-way 

split mold, shown in Figure 1(a), that was first 

proposed by El Mohtar & Rugg, (2011). Due to 

impracticalities in performing the permeation process 

on the triaxial setup since cohesionless samples 

grouted with uncemented materials would collapse 

under their own weight, the mold provides adequate 

confinement to the sample during permeation. First, 

filter materials were first placed at the bottom of the 

mold consisting of a 20 mm layer of fine aggregates 

(diameter >4.75 mm) and a 20 mm layer of course sand 

(1.2>diameter>1.75 mm) to ensure a uniform 

permeation. A 10 mm layer of Ottawa Sand was placed 

above the filter material to allow for trimming any 

caking that would occur during the permeation 

process. Then, Ottawa Sand was air pluviated into the 

central section of the mold at zero drop height to 

achieve a relative density with a range of 33-42%. The 

properties of the clean sand and permeated samples are 

presented in Table 1. After air pluviation, another 10 

mm layer of Ottawa Sand was placed on top of the 

central mold again for trimming purposes. Finally, a 

20 mm layer of filter material was placed on top to 

prevent the sand from piping out of the mold during 

flushing and permeation. The CO2 and distilled 

deaired water flushing procedures were done similar to 

the clean sand specimens. Bentonite suspensions with 

water to bentonite ratio of 8.55, equivalent to 2
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Table 1. CS and PM sample properties. 

 

bentonite by dry mass of sand, and 0.5% SPP by mass 

of bentonite were prepared using a high shear mixer. 

The permeation process was done at 8 mL/min and 

pressures below 100 kPa after 3 pore volumes of 

distilled deaired water were flushed into the sample. 

All the flushing and permeation procedures were done 

using a peristaltic pump (see setup in Figure 2). 

Permeation stopped when the pressure build-up 

reached a steady state or when sufficient amount of 

bentonite escaped from the top outlet of the mold. 

After that, the mold was kept still for 72 hours to allow 

the bentonite to swell and hydrate before 

disassembling the mold and placing the sample on the 

triaxial machine for testing. 

 

 
Figure 2. Permeation setup. 

2.3  Static triaxial and bender element testing 

A VJTech static triaxial machine was used to conduct 

consolidated undrained triaxial tests on both the clean 

sand and permeated specimens. First, a flushing and 

hydration stage for the clean sand samples and an 

aging stage for the permeated samples at a 

confinement of 25 kPa were done to ensure that the 

bentonite fully swells and hydrates for additional 72 

hours. Second, back saturation begins to fully saturate 

the samples and reach a Skempton’s B>0.95 (Black & 

Lee, 1973). The back pressures during this stage 

ranged between 500 and 600 kPa. Third, isotropic 

consolidation stages were done at effective pressures 

of 50, 75, 100, 200, and 300 kPa. Finally, undrained 

shearing was conducted to find the shear properties of 

the samples. 

A VJTech bender element system embedded in the 

triaxial machine was used to fire S-wave signals from 

the top piezoelectric element placed in the top cap of 

the sample to the bottom piezoelectric element placed 

in the bottom cap of the sample. The travel time 

required for the S-wave to reach the bottom of the 

sample was used to calculate the shear wave velocity, 

knowing the height of the sample beforehand. The 

travel time was found using the peak-to-peak method. 

The small strain stiffness modulus (Gmax) was 

calculated using equation (1): 

 

 

where, 𝜌 is the bulk density (Mg/m3) of the sample and 𝑣𝑠 is the shear wave velocity (m/s). Since bender 

element testing is non-destructive, it was conducted 

throughout the aging and consolidation stages of the 

triaxial testing at pulse frequencies 15 kHz, 10 kHz, 

and 5 kHz and amplitude 12 mV to study the behaviour 

of Gmax and compare the values between the clean sand 

and permeated specimens. 

3 RESULTS 

3.1 Effect of flushing and hydration/aging on 

Gmax 

Figure 3 shows the behavior of Gmax during the 

flushing and hydration period of clean sand (CS) 

samples and during the aging period of permeated 

(PM) samples. The data corresponding to these 

samples is representative of other tested samples. The 

clean sand sample shows a sudden rise in Gmax after 

flushing the sample with water due to the increase of 

bulk density (𝜌) and Gmax remains constant after 

flushing because there is no change in the soil fabric 

with time. The permeated samples were prepared in 

the 3-way split mold and kept undisturbed for 72 hours 

for the bentonite to hydrate and to be able to 

disassemble the samples without it collapsing. After 

disassembling the samples (see Figure 1(b)), they were 

placed on the triaxial machine and confined at 25 kPa. 

Bender element signals were fired throughout the 72 

hours of confinement. The permeated specimens 

showed almost a constant behavior of Gmax with time. 

This is because the time needed for the bentonite to 

fully hydrate in the pore space is between 36 and 72 

hours as discussed in El Mohtar (2008) and after that 

amount of time, no significant change in the soil fabric 

is observed. 

Sample 
Height 
(cm) 

Diameter 
(cm) 

Skeleton Relative 
Density (%) 

Skeleton Void Ratio 
esk 

Average % 
Bentonite  

CS_20230831 9.7 4.9 33 0.68 - 

CS_20230928 9.8 4.9 42 0.65 - 

PM_20230710 10 5.0 37 0.67 1.95% 

PM_20230724 10 5.0 35 0.67 2.00% 

PM_20230911 10.1 5.0 41 0.66 1.74% 
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Figure 3. Gmax monitoring throughout the flushing and 

hydration/aging stages of CS and PM samples. 

3.2 Effect of consolidation on Gmax 

Figure 4 shows the Gmax results during the staged 

consolidation phases performed at 50, 75, and 100 kPa 

effective stresses. One clean sand sample 

(CS_20230928) was only consolidated at 50 kPa 

effective stress to obtain shearing results at this 

effective stress for at least one clean sand sample. The 

initial data point of each data set indicates the Gmax 

value at the end of the flushing and hydration/aging 

stages. The curves indicate that the Gmax values 

increase after dissipating the excess pore pressure and 

remain almost constant throughout the primary 

consolidation stage. The data also shows that the Gmax 

exhibit greater values under higher effective stresses 

as can also be seen in Figure 5, where Gmax increases 

linearly with effective stress during consolidation. 

This can be attributed to the increase of interlocking 

forces between the sand particles at higher confining 

stresses. 

It can also be seen in Figure 4 that the Gmax values 

of the permeated samples increase to values equal or 

slightly higher than those observed for the clean sand 

samples prepared at a loose state. These results suggest 

that unlike the dry mix method, the permeation method 

does not form a weak lubricating layer of bentonite 

coating around the surface of sand particles but 

instead, the grouted bentonite slurry fills the void 

space between the sand particles without affecting the 

frictional forces between the sand particles. Although 

the permeated samples were prepared using the same 

procedure, there was a slight difference in the Gmax 

values between them. This can be attributed to the 

slight variation of properties of the samples (relative 

density and bentonite content). 

 
Figure 4. Gmax monitoring throughout staged consolidation 

stages at 50, 75, and 100 kPa effective stresses. 

 

 
Figure 5. Gmax versus effective confining stress. 
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3.3 Effect of bentonite permeation on shear 

strength 

The shearing results of the 2% permeated specimens 

were consistent with those in the literature stating that 

the permeated specimens do not show a true undrained 

instability state (UIS) point, which is the point at 

which a loose or a medium loose sand start showing a 

tendency to liquefy and flow (Rugg et al., 2011). The 

yield stress friction angles were found at the 

corresponding UIS at the location of the initial change 

of slope in the stress-strain curves as shown in Figure 

6. The yield friction angles were found using the 

Mohr’s circle method. As reported in Table 2, for the 

permeated sand, the UIS friction angle is equal to that 

of the clean sand (19o). At the critical state, the 

permeated sand has a critical friction angle of 33o, 

which is almost equal to that of the clean sand (32o). 

Consistent with the literature, the results indicate that 

the shear strength of the sand samples is not affected 

by the permeation grouting of bentonite. 

 

 
Figure 6. Consolidated Undrained Deviatoric Stress versus 

Axial Strain showing UIS. 

 
Table 2. Yield and Critical Friction Angles of 0 and 2% 

bentonite-sand samples. 

4 CONCLUSION 

These results offer interesting insights on the different 

effects of laboratory sample preparation methods to 

introduce bentonite into a sand medium. In this study, 

preliminary results show that the fabric and the 

strength of Ottawa Sand, represented by Gmax and 

friction angles, are not detrimentally affected by the 

bentonite in the pore space introduced through the 

permeation method. More samples need to be tested to 

reach a wide comparison between the fabric of the 

clean sand and the permeated samples in order to pave 

the way for onsite bentonite permeation applications. 
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