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ABSTRACT: Microbial induced calcite precipitation (MICP) is an effective and innocuous method to improve the soil’s shear 
strength and stiffness economically and eco-friendly. In this study, the mechanical behavior of MICP treated specimens at low 
confining stresses is examined. Poorly graded silica sand with 30% relative density is used for testing. Bender element sensors are 
used to measure the change of shear wave velocity until the specimens reach a target shear wave velocity of 650-700 m/s. The results 
indicated that the variation in the hydraulic conductivity was less than 50% when results from treated and untreated specimens were 
compared. The shear modulus values normalized with respect to the confining stress reveal that crystal breakage may commence at 
approximately 0.05% strain. The treated specimens show more dilative tendency than untreated specimens. Based on the Mohr-
Coulomb failure criteria, at peak strength only the cohesion term is improved for the treated specimens, while no friction angle 
enhancement is observed. Soil improvement by MICP method at low confining range seems to be through enhancing the cohesion 
component of the strength at low strains. However, more repeatable and diverse testing should be conducted to confirm the results 
from this study. 

RÉSUMÉ : La précipitation par calcite microbienne induite (MICP) est une méthode efficace et inoffensive pour améliorer la résistance 
au cisaillement du sol et sa rigidité économique et écologique. Dans cette étude, le comportement mécanique des échantillons traités au 
MICP à des contraintes de confinement faible est examiné. Un sable de silice faiblement calibré avec une densité relative de 30% est 
utilisé pour les essais. Des capteurs d'élément de pliage sont utilisés pour mesurer le changement de la vitesse de l'onde de cisaillement 
jusqu'à ce que les spécimens atteignent une vitesse d'onde de cisaillement cible de 650-700 m/s. Les résultats indiquent que la variation 
de la conductivité hydraulique était inférieure à 50% lorsque les résultats des échantillons traités et non traités ont été comparés. Les 
spécimens traités présentent une tendance plus dilatée que les spécimens non traités. Sur la base des critères de rupture de Mohr-
Coulomb, à la résistance maximale, seul le terme de cohésion est amélioré pour les spécimens traités, alors qu'aucune amélioration de 
l'angle de la fiction n'est observée. L'amélioration du sol par la méthode MICP à faible plage de confinement semble être à travers 
l'amélioration de la composante de cohésion de la force à de faibles souches. Toutefois, des tests plus répétitifs et diversifiés devraient 
être effectués pour confirmer les résultats de cette étude.
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1  INTRODUCTION 

Many geotechnical failures such as liquefaction, erosion, scour, 
and rutting generally occur within a relatively shallow depth. Soil 
improvement is one of the most common solutions to strengthen 
soft soils. Soil improvement techniques include chemical 
stabilization (e.g. addition of cement or lime), mechanical 
stabilization (e.g. geosynthetics, piles, compaction), biological 
approaches (e.g. bio-mediation as presented by DeJong et al. 
2010). In addition, excavating and replacing the soft materials is 
an approach that is commonly employed during construction on 
soft soil profiles. In comparison to mechanical, chemical, and 
replacement approaches, the use of microbial induced calcite 
precipitation (MICP) as soil stabilization approach provides an 
eco-friendly alternative. MICP can potentially be applied in the 
field on a large scale without the need for heavy machinery, or 
harsh chemicals. 

In this study, MICP is used to improve the properties of loose 
sand. The focus is investigating the level of strength gained under 
low confining stress, and the corresponding change in the 
hydraulic conductivity with the induced cementation. The work 
scope includes triaxial and permeability testing on cemented and 
uncemented sand specimens at low confining stress. Results are 
presented and discussed. 

1 .1  Microbial induced calcite precipitation 

Microbial induced calcite precipitation has gained wide interest 
in recent years (e.g., Lin et al. 2015). This technique has the 

potential of applicability at shallow depth by surface percolation 
and injection techniques. MICP provides the advantage of 
inducing a process to enhance the soils’ properties (e.g. cohesion 
and friction angle) using eco-friendly materials (DeJong et al. 
2010). 

The MICP process uses urea hydrolysis to induce calcium 
carbonate precipitation. During this process the bacteria 
hydrolyze urea, which raises the local pH in the presence of water. 
The hydrolyzed urea (i.e. carbonate ion) precipitates in the 
presence of calcium ions to form calcium carbonate (CaCO3). 
Since the bacteria tend to be attached between soil particles in 
general and act as nucleation sites, the mineralization process has 
a preference to take place at the particle contacts, which leads to 
an increase in the strength and stiffness of the medium (DeJong 
et al. 2010). 

1 .2  Target depth of interest 

Surveys of liquefied sites indicate that most of liquefaction 
occurs at depth of less than about 15 m. This means the shallower 
deposits that are generally geologically young are susceptible to 
liquefaction (Idriss and Boulanger 2008). Scour mitigation 
targets another class of shallow soil deposits needing 
stabilization. Scouring begins from the mudline and progresses 
into the erodible depth where applied shear stresses are less than 
the critical shear value (i.e. scour depth) (Gabr et al. 2013). As 
presented by Richardson et al. (1991), several factors are related 
to the occurrence of scour (i.e. pile diameter, pile shape, sediment 
size, flow depth, flow velocity, Froude number, etc.). Richardson 
et al. (1991) suggested as a rule of thumb a scour depth that is 
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equal to two times of pile diameter (i.e. 2Dpile), a relatively 
shallow depth given the range of piles/shafts diameters. 

In a general range of the soil conditions, less than 100 kPa 
confining stress represents a confining stress at shallow depth. 
This is equivalent to depth range of approximately 7-12 m. 
Therefore, in this study, confining stresses equal to 10 kPa, 30 
kPa, and 50 kPa are selected for testing to assess the strength and 
hydraulic conductivity of the untreated and treated loose sand. 

2  TESTING PROGRAM 

2 .1  Material and specimen preparation 

Geotechnical properties of the testing sand are shown in Table 1 
(Gs: specific gravity, emin and emax: minimum and maximum void 
ratio, D50: mean particle size, Cu: uniformity coefficient, Cc: 
coefficient of curvature, USCS: unified soil classification system, 
SP: poorly graded sands). Specimens for triaxial testing are 
prepared by air pluviation method with relative density of 
approximately 30%. After a specimen is prepared, a target 
suction is applied. The dimensions of the specimen are measured 
as approximately 72 mm in diameter (D) and 144 mm in height 
(L). The specimens are vented during biological treatment. 
Therefore the specimens are under drained condition to avoid the 
effect of desaturation by gas generated during the ureolysis 
activity. 

Non-destructive shear wave sensors, bender elements, are 
sealed inside the top and bottom acrylic caps of the specimens, 
and the tip-to-tip distance is measured. A stainless steel wire is 
sealed around the receiving bender element for grounding 
(Montoya et al. 2012). A 10 V sinusoidal wave with 10 kHz 
frequency generated by a function generator (Agilent 33522A) is 
used as a source excitation. A digital oscilloscope (Agilent 
MSO6014A) with an amplifier (KROHN-HITE Co. Model 3364) 
is used to process the received bender element signal. 

2 .2  Bacteria and treatment 

A growth media is made following the ATCC 1376 recipe. 
Sporosarcina pasteurii (ATCC 11859) stock culture is added to 
the growth media and incubated at 30 ºC in a shaking incubator 
at 200 rpm. The bacteria are harvested when the optical density 
at a wavelength of 600 nm, OD600, is measured between 1.0-1.2 
(approximately 40 hours required). The suspended liquids are 
divided into 15 ml vials, then centrifuged at 4000 rpm for 15 
minutes. The supernatant is replaced by a fresh growth media 
prior to storing the bacteria for a maximum of 2 weeks. 

A biological solution (e.g. 0.333 M of Urea, 0.374 of 
ammonium chloride with bacteria suspension) is injected into the 
specimen initially at a constant flow rate of 10 mL/min using a 
peristaltic pump to attach bacteria to the sand particles. After 6 
hours retention time of the first injection, multiple cementation 
injections are introduced into the specimens consisting of 0.333 
M of Urea, 0.374 of ammonium chloride, and 0.05 M of calcium 
chloride (Feng and Montoya 2015). The specimen is treated until 
the target shear wave velocity is achieved. 

2 .3  Assessment 

Before the bio-treatment begins, the hydraulic conductivity of the 
prepared specimens is measured under a constant head test 
condition. After the bio-treatment is completed, the same process 
is applied to evaluate the change of the post-improvement of the 
hydraulic conductivity. The hydraulic conductivity is measured 
as a function of the pore volume passing through the specimen. 

After three pore volumes of flow, the hydraulic conductivity 
shows constant values. At such point, ten pore volumes of 
deaired water are flushed to wash the chemicals out of the 
specimen, so that no further reaction takes place (after finishing 
the treatment.) 

The shear wave velocity (Vs) is obtained by the bender 
elements’ tip-to-tip distance over the first arrival time. With 
multiple injections of the cementation solution, the specimen is 
treated until a target shear wave velocity of 650-700 m/s is 
achieved (Fig. 1). In some instances, a small amount of additional 
bacteria (bio-dosing) is injected with the cementation solution to 
enhance the activity when the increment of the shear wave 
velocity has decreased (Martinez 2012). Accordingly, the time to 
reach the target shear wave velocity per test specimen (i.e. 650-
700 m/s) can be different. The “target” shear wave velocity 
corresponds to a ‘moderately cemented’ specimen (Montoya and 
DeJong 2015). 

Consolidated drained (i.e. CD) triaxial tests (TruePath 
automated system by GEOTEC Co.) are used to evaluate the 
mechanical behavior of the bio-treated specimens. The shear 
wave velocity is also measured during shearing. 

Finally, the distribution of the precipitated calcium carbonate, 
is measured using gravimetric acid washing (1 M hydrogen 
chloride) technique throughout the specimen height. The mass of 
calcite is expressed in percent in terms of the mass of calcite 
divided by the mass of the uncemented soil. 

3  RESULTS 

3 .1  Distribution of precipitated calcite 

The average mass of calcite with depth is shown in Fig 2. The 
mass of calcite is different per specimen as the number of 
treatment cycles is not same. This is due to the initial shear wave 

 

Figure 2. Distribution of precipitated calcite 

Table 1. Material properties 

Gs emin emax D50 [mm] Cu Cc USCS

2.66 0.61 0.91 0.49 2.48 0.99 SP 

 

Figure 1. Improvement of shear wave velocity during treatment 
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velocity variation with the applied confining stress (i.e. p′) (Fig. 
1). Furthermore, the population of the bacteria could be different 
according to the prepared solutions. Data indicate that in this case, 
the average mass of calcite increases as the confinement 
decreases. The values of the mass of calcite shown in Fig. 2 
render the specimens categorized as ‘moderately cemented’ 
specimen (e.g. 2.5-4.5%). 

It is noted that the calcite distribution is less uniform as the 
number of treatment or the average mass of calcite increases (e.g. 
standard deviation σ10kPa: 0.9, σ30kPa: 0.33, and σ50kPa: 0.2). Also 
the largest mass of calcite is closer to the injection source 
(injection was from the bottom of the specimen) as the average 
mass of calcite increases, which is in agreement with previous 
observation by Martinez et al. (2014). 

3 .2  Hydraulic conductivity 

The hydraulic conductivities of untreated specimens (noted U) 
and treated specimens (noted T) are summarized in Table 2. In 
general, soils having hydraulic conductivity from 10-1 to 10-3 
cm/s are classified as clean sands (Das 2015). Although the 
hydraulic conductivity after treatment has been increased or 
decreased to a degree, basically the changes are viewed as 
insignificant given their order of magnitude. Thus, it is concluded 
that in this case the precipitated calcite does not affect the 
hydraulic conductivity of treated soils significantly given the 
moderate level of cementation (i.e. Vs=650-700 m/s). 

It is worth noting that the change in the hydraulic conductivity 
could be attributed to the magnitude and distribution of the 
precipitated calcite. The specimen with 50 kPa confinement 
shows higher hydraulic conductivity (e.g. 3.96×10-3 cm/s) after 
treatment than untreated condition (e.g. 3.0×10-3 cm/s). This 
specimen shows the most uniform, but the least average calcite 
distribution among the three specimens (Fig. 2). This might 
indicate a level of preferential path flow is generated in this case. 
While 3.4% of the mass of calcite leads to approximately 7% 
decrease in the porosity (e.g. Gs of calcite: 1.6), Garcia-
Bengochea and Lovell (1981) indicated that the hydraulic 
conductivity is largely controlled by flow through the larger 
pores. On the other hand, the specimens with 10 and 30 kPa 
confinements show higher level of calcite with the hydraulic 
conductivities decreased after treatment (e.g. 3.56×10-3 cm/s → 
2.18x10-3 cm/s for 10 kPa, 3.9×10-3 cm/s → 2.46×10-3 cm/s for 
30 kPa). Accordingly, it seems that the change in the hydraulic 
conductivity can be correlated with the magnitude of the 
precipitated calcite with perhaps a minimum level of 
precipitation needed to affect reduction on the hydraulic 
conductivity value. 

3 .3  Mechanical behavior at low confinement 

3.3.1   Mechanical behavior during shearing 
Relationship between strain and stress is shown in Fig. 3a. All of 
the untreated specimens show hardening until around 1% strain 
and maintain the deviator stress in a manner similar to an elasto-
plastic behavior, since the specimens are loose (e.g. Dr 30%). 
However, the treated specimens show rapid increase in deviator 
stress (i.e. q) at small strain (e.g. less than 1 %), and show post-
peak strain softening until around 7% strain, then finally nearly 
constant q. Since all specimens were treated until almost same 
shear wave velocity (i.e. 650-700 m/s), all treated specimens 
demonstrate similar stiffnesses before the peak strength. 

(a) 

(b) 

(c) 

(d) 
Figure 3. Mechanical behavior of untreated and treated specimens during 
shearing. (a) The relationship between strain and stress, (b) the variation 
of the shear wave velocity, (c) normalized shear wave velocity, and (d) 
mean effective principal stress and void ratio. 

 
Table 2. Hydraulic conductivity of the specimens before and after
treatment 

Confinement [kPa] 10 30 50 

Before (U) [10-3 cm/s] 3.56 3.90 3.00 

After (T) [10-3 cm/s] 2.18 2.46 3.96 
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The strain-stress relationship can be analyzed in view of the 
variation of the shear wave velocity (Fig. 3b). The shear wave 
velocity of untreated specimens (solid lines in Fig. 3b) remains 
nearly constant (e.g. 150-200 m/s) over the range of the induced 
strain values. In contrast, a significant decline of the shear wave 
velocity occurs at 0.1-0.3% strain (dotted lines in Fig. 3b), while 
the peak stress occurs at strain level of 0.3-0.7%. This implies 
that the precipitated calcite crystals between particles de-bonds 
at 0.1-0.3% strain. The overall yield at the macroscale takes place 
after the de-bonding. The reduced shear wave velocities, with 
increasing strain of the treated specimens, converge to the same 
value (e.g. around 300 m/s).  

Additionally, by converting the shear wave velocity to the 
shear modulus normalized with respect to the confining stress (i.e. 
G/(p′∙pa)1/2; G: shear modulus, pa: atmospheric pressure), the 
effect of confining stress can be removed and the degradation of 
cementation is explained more clearly (Fig. 3c). This 
normalization approach is according to Montoya and DeJong 
(2015). As shown in Fig. 3c, in comparison to Fig. 3b, the rapid 
decrease in the normalized shear modulus value begins at the 
earlier strain compared to that indicated by the shear velocity (i.e. 
at 0.05% strain). The normalized shear modulus of the untreated 
specimens remained nearly constant over the range of the 
induced strain values. The normalized shear modulus of the 
treated specimens decreases until a strain level of 0.7%, which 
corresponds to the peak strength, and remained nearly constant 
thereafter. Thus, the majority of the change in shear wave 
velocity occur before the peak strength. 

Furthermore, a remarkable change of the treated specimens is 
the dilative tendency during the shearing (Fig. 3d). The change 
of the void ratio, or the volumetric strain, indicates the dilative 
tendency for both treated and untreated specimens. The untreated 
specimens have 1.8-2.7% volumetric strain (or Δe: 0.03-0.05), 
while the treated specimens have higher dilative tendency as 4.6-
6% volumetric strain (or Δe: 0.08-0.11). It is observed that the 
failure mode for the untreated specimen is generally bulging 
shape, while the treated specimen shows clear shear band. 

3.3.2   Strength parameters 
The cohesion and friction angle at the peak stress and the 7% 
strain are derived by Mohr-Coulomb failure criteria. 
Interestingly, the treated specimens are improved by exhibiting 
an increase in the cohesion, not the friction angle (e.g. 0→46 kPa; 
35º→35º). This observation is in disagreement with the results 
reported by Feng and Montoya (2015) where confining stresses 
ranging from 100-400 kPa were used. MICP cemented 
specimens by Lin et al. (2015) with relatively low confining 
stress values (e.g. 25-100 kPa) showed similar observation. 
Although not conclusive at this time, this may imply that at low 
confining stress, the MICP treated specimen tends to be 
improved mainly through an increase in the cohesion component, 
while the improvement of the friction angle is dominant at high 
confining stresses. There could be a transitional zone from 
cohesion-dominant to friction angle-dominant improvement 
depending on the value of the confining stress. This is 
speculation that requires further study. 

After failure, the strength is less attributed to cohesion (e.g. 
0→3 kPa) and more to friction angle (e.g. 35º→39º). It is 
speculated that the broken crystal bridges could affect the friction 
angle with precipitated calcite on the surface of the particles at 
large stain (i.e. after failure). 

4  CONCLUSION 

The microbial treated sand specimens at low confining stresses 
were studied with respect to calcite distribution, hydraulic 
conductivity, shear wave velocity, strain-stress relationship, and 
strength parameters. The distribution of precipitated calcite 
varies according to the confinement level and the number of 

treatments. The results indicated that the variation in the 
hydraulic conductivity was less than 50% when results from 
treated and untreated specimens were compared. The failure of 
treated specimens occurs at a range of 0.3-0.7% strain, while the 
untreated specimens required 0.2-3% strain to reach the ultimate 
stress. The shear modulus values normalized with respect to the 
confining stress reveal that crystal breakage may commence at 
approximately 0.05% strain. The treated specimens show more 
dilative tendency than untreated specimens. Based on the Mohr-
Coulomb failure criteria, at peak strength only the cohesion term 
is improved for the treated specimens, while no fiction angle 
enhancement is observed. At residual strength (e.g. 7% strain), 
the friction angle increases due to increased angularity from 
broken bonds with less effect of the cohesion. Soil improvement 
by MICP method at low confining range seems to be through 
enhancing the cohesion component of the strength at low strains. 
However, more repetitive and diverse testing should be 
conducted to confirm the results from this study. 
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