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Abstract: This technical paper investigates the bearing performance of precast concrete piles embedded within calcareous sands with bio-
grouting at the pile toe. Loading tests of biogrout-improved and unimproved concrete model piles were conducted to evaluate the performance
of biogrout to enhance the toe bearing capacity of precast concrete piles. The total bearing capacity of the precast concrete pile with a
biogrouted toe was 4.4 times as large as that without biogrout. A series of index tests were performed using a penetrometer to estimate
the spatial distribution of strength of biocemented sands below the pile toe. It was found that the average strength of the biocemented sand
below the biogrouted pile toe gradually decreased with increasing vertical distance or lateral distance from the pile toe. The novel application
of biocement to treat bearing sands following pile installation represents a promising method to increase pile capacity.DOI: 10.1061/(ASCE)
GT.1943-5606.0002404. © 2020 American Society of Civil Engineers.
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Introduction

The mechanical characteristics of calcareous sand, as compared
with those of silica sand or granitic sand, are characterized by
its highly compressible and crushable response during loading
(Coop 1990; Hyodo et al. 1996; Coop et al. 2004; Lade et al. 2009;
Bandini and Coop 2011; Miao and Airey 2013; Xiao et al. 2019b;

Yu 2019). Previous studies have extensively investigated the behav-
ior of pile foundations in calcareous sediments, including their
toe-bearing capacity (Murff 1987; Yasufuku and Hyde 1995;
Yasufuku et al. 2001; Kuwajima et al. 2009; Zhang et al. 2013),
shaft resistance (Lee and Poulos 1988; Lehane et al. 2012), lateral
resistance (Dyson and Randolph 2001), and pile displacement
(White and Bolton 2004; Mao et al. 2018). Low bearing capacity
and large displacements are common for piles in calcareous sand
foundations (Murff 1987; Yasufuku and Hyde 1995; Zhang et al.
2013). These characteristics are primarily attributed to particle
crushing around the pile (Yasufuku et al. 2001; Coop et al. 2004).
Grouted piles using cementitious grout have been used to improve
the bearing capacity and deformation performance of deep founda-
tions in calcareous sand (Lee and Poulos 1991; Spagnoli et al.
2015; Doherty et al. 2016). However, grouting techniques based
on cement or chemical reagents result in additional energy con-
sumption and environmental pollution (Lee and Poulos 1991;
Doherty et al. 2016). In recent years, biogrouting using microbially-
induced calcium carbonate precipitation (MICP) has attracted
considerable attention because of its high efficacy, low viscosity co-
efficient, and environmental friendliness. In addition, this method
provides a substantial increase in strength and dilatancy, and a sub-
stantial decrease in hydraulic conductivity (DeJong et al. 2010; van
Paassen et al. 2010a; Chou et al. 2011; Al Qabany and Soga 2013;
Burbank et al. 2013; Chu et al. 2013; Martinez et al. 2013; Montoya
and Dejong 2013; Montoya et al. 2013; Montoya and DeJong 2015;
O’Donnell and Kavazanjian 2015; Cheng and Shahin 2016; Li et al.
2016; Terzis et al. 2016; Cheng et al. 2017; Cheng and Shahin 2017;
Cui et al. 2017; Jiang et al. 2017; Li et al. 2017; Gao et al. 2018;
Xiao et al. 2018; Montoya et al. 2019; Xiao et al. 2019a). Urea
hydrolysis is commonly used in MICP-treatment and involves the
following reaction (Nemati and Voordouw 2003; DeJong et al.
2006; Whiffin et al. 2007):

COðNH2Þ2 þ 2H2O → 2NHþ
4 þ CO2−

3 ð1Þ

Ca2þ þ CO2−
3 → CaCO3ðsÞ ð2Þ
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Stuedlein (2008) evaluated the performance of partially-
cemented and fully-cemented stone columns as a ground improve-
ment alternative, and pointed out that this approach was particularly
effective for stone columns that must bridge through locally soft
and weak soils. However, this approach considered cementitious
materials. Lin et al. (2016) presented a concept of a biogrouted-type
ground improvement that enhanced the shaft resistance by cement-
ing the surrounding sand. This biogrout significantly increased the
shaft resistance of permeable piles under axial compression (Lin
et al. 2016) and pullout loading (Lin et al. 2018). However, the
effect of biogrouting on toe-bearing resistance was not effectively
realized because of the long travel path for the flow of bacteria,
urea, and cementation media to the pile toe, resulting in calcium
carbonate (CaCO3) clogs along the flow path.

This technical paper aims to evaluate the feasibility of applying
the biogrouting method to precast concrete piles at the pile toe. To
validate the feasibility of this method, the load-bearing perfor-
mance of biogrout-improved and unimproved precast concrete
piles was evaluated using model-scale experiments. The cemented
soil strength and the effective zone of cementation were measured
to assess the effectiveness of biogrout to improve the mechanical
properties of the sand below the pile toe. The results show that the
capacity of the biogrouted pile toe increased significantly because
of the volumetric extent of cementation developed as result of the
biogrout treatment.

Materials Used in Biogrouting

Calcareous Sand

The calcareous sand used in this study and shown in Fig. 1(a)
was primarily composed of shell fragments and coral fragments
(Xiao et al. 2019c) and was collected from an island in the

South China Sea. The percent passing by weight and percent
retained by weight of this sand are shown in Figs. 1(a and b), re-
spectively. The mean particle size, coefficient of uniformity, and
coefficient of curvature are 0.49 mm, 3.06, and 1.11, respectively.
Based on the Unified Soil Classification System (ASTM 2017), the
test sand is classified as poorly-graded (SP). The particle shape of
this sand is predominantly subangular to subrounded, as shown in
the scanning electron microscope (SEM) image from Fig. 1(c). The
coral fragments are characterized by numerous internal pores as
clearly shown in Fig. 1(d). The specific gravity of this sand is 2.79,
while its minimum and maximum void ratios are 0.942 and 1.428
according to standards (ASTM 2016a, b).

A series of isotropically-consolidated undrained triaxial (ICU)
tests were conducted on the calcareous sand at confining pressures
ranging from 25 to 100 kPa to obtain the shear strength of the
material. Cylindrical specimens of 38 mm in diameter and 76 mm
in length were prepared using the under-compaction method (Ladd
1978) to achieve a relative density (ID) of 0.51 (equal to that of the
sand sample for a model pile, described subsequently). The dry
calcareous sand mixed with 6% deaired water by weight was
divided into six equal parts as six layers. Each layer that was
placed into a split mold was prepared with its relative density
slightly greater (1%) than the relative density of the layer below
it (Belkhatir et al. 2011). This method can compensate for the in-
crease in density of the lower layers because of the compaction
effort transmitted from overlying layers to obtain a homogeneous
specimen of uniform density over the specimen height, as pointed
out by Polito and Martin (2001). The tests were carried out at a
displacement rate of 0.2 mm=min until approximately 30% axial
strain (Fig. 2). Based on the results of the ICU test series, the cal-
careous sand exhibited a failure stress ratio of approximately 1.47
(M ¼ q=p 0 where q and p 0 are the deviatoric stress and mean
effective stress, respectively), yielding the critical-state friction an-
gle of 36.2° {ϕ 0 ¼ asin½3M=ð6þMÞ�}.
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Fig. 1. (Color) Characterization of the calcareous sand used in this study: (a) particle size distribution; (b) particle size density curve; (c) SEM image
of the calcareous sand with the magnification of 50; and (d) SEM image of the calcareous sand with the magnification of 200.
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Bacteria and Cementation Solution

Alkaliphilic bacteria of Sporosarcina pasteurii [American Type
Culture Collection (ATCC) 11859] was used to produce the bio-
grout. The medium used for the bacterial cultivation consisted
of 20 g=L yeast extract, 10 g=LNH4Cl, 12 mg=LMnCl2 · H2O,
and 24 mg=LNiCl2 · 6H2O with pH adjusted to 9.0 using NaOH
(Xiao et al. 2020). The bacteria were cultivated in an incubator
shaker at 200 revolutions per minute and 30°C for 36 h to reach
an optical density of 0.8–1.0. The bacteria were centrifuged at
4,000 g for 20 min and then resuspended by 0.9% sodium chloride
solution. The urease activity of the bacterial solution was found to
be approximately 1.8 mM urea/min using the method proposed by
Whiffin (2004). The bacteria were stored in a refrigerator at 4°C
until application (Mortensen et al. 2011). The cementation solution
used in the biogrouting process consisted of 0.5 mol=LCaCl2 and
0.5 mol=L urea (Cheng et al. 2013).

Experimental Details and Test Procedures

Test Pile and Pile Installation

Two test series were conducted: Test Series I, representing the
biogrouted model concrete pile, and Test Series II, focusing on
the unimproved model concrete pile. A test chamber, shown in
Fig. 3(a), consisting of an acrylic cuboid box reinforced by an alu-
minum beam and a reaction frame, was used to evaluate the per-
formance of the model concrete piles. The dimensions of the
chamber are 600 mm in width and 1,000 mm in height. The precast
concrete model pile was 50 mm in diameter and 640 mm in length,
as shown in Fig. 3(a). In order to accommodate delivery of biogrout
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Fig. 2. (Color) Shear behavior of the tested calcareous sand: (a) devia-
tor stress versus axial strain; and (b) effective stress path and failure
line.

Model pile

Lower steel
plate

Hydraulic
jack (HJ2)

460 mm

600 mm 600 mm

View of pile-loading system

Reaction frame

(b)

Steel spacer
beam

50 mm

(a)

640 mm

50 mm
Inlet port

Outlet portWeights

Upper steel
plate

Reaction beam

Upper steel
plate

C
em

en
ta

tio
n 

so
lu

tio
n

Pile cap
Load cell

Displacement
gauge

B
ac

te
ria

 s
ol

ut
io

n 

Hydraulic pump (HP1)Peristaltic pump

Model chamber

W
ei

gh
ts

Hydraulic jack
(HJ1)

Reaction frame

Hydraulic pump (HP2)

Pipe

Pipe

8 mm

540 mm

100 mm

Hydraulic jack
(HJ1)

Reaction beam

Lower steel
plate

Model pile
540 mm

100 mm

460 mm
Model chamber

600 mm 600 mm

Pipe

Fig. 3. (Color) Model chamber and loading system: (a) schematic diagram of the model chamber with biogrouting system and test pile; and
(b) schematic diagram and photograph of the test pile loading system.
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to the pile toe, a silicone tube with an inner diameter of 8 mm, and
inlet and outlet ports at the pile head and toe, were positioned along
the pile axis prior to casting the model concrete pile. The sand sam-
ple was prepared in layers and had 50 layers in total. Each layer that
was placed into the chamber was prepared with its relative density
slightly greater (1%) than that of the lower layer using the under-
compaction method (Ladd 1978; Polito and Martin 2001; Belkhatir
et al. 2011). The final relative density of the sand sample, i.e., 0.51,
was determined by the total mass and target volume of the sand in
the chamber. When the depth of the sand sample reached 460 mm
in thickness, the model pile was placed on top of the sand sample to
just bear on it and was supported using a supporting frame. An
additional 540 mm thickness of sand was pluviated and compacted
around the pile using the procedure described earlier to result in an
embedded pile length of 540 mm.

In order to evaluate the response of the model concrete pile at
stress magnitudes more representative of the field conditions, the
stress state was raised using a surcharging system. A lower steel
plate with thickness equal to 18 mm and with a circular hole in
the center to allow free passage of the pile was placed on the surface
of the sand sample to allow placement of a uniformly distributed
stack of 5 kg weights. An upper steel plate of 18 mm thickness was
placed on the stack of weights to facilitate placement of a hydraulic
jack (HJ1) between the plate and the reaction frame. HJ1 was used
to apply a total surcharge pressure of 50 kPa at the surface of the
sand sample.

Delivery of Biogrout to the Pile Toe

The silicone tube cast within the model pile facilitated delivery of
the bacteria and cementation solution. A two-phase injection strat-
egy (Martinez et al. 2013; Safavizadeh et al. 2019) was used in this
study, and consisted of the injection of bacterial solution followed
by injection of cementation solution. The criteria for selecting the
injection rate are as follows: (1) to maintain the production effi-
ciency of CaCO3 (Al Qabany et al. 2012); (2) to avoid the erosion
of CaCO3 crystals and small-sized grains (Jiang et al. 2017); and
(3) to prevent the clogging of the sand because of CaCO3 precipi-
tation close to the injection well (Safavizadeh et al. 2019). The in-
jection rate cannot be too fast based on the former two criteria and
cannot be too slow based on the last criterion. An injection rate of
100 mL=h meets these criteria and was used in this study for the
improvement of sand below the model pile.

For Test Series I, the process in the first phase initiated with
pumping 200 mL of bacteria solution at the rate of 100 mL=h,
as shown in Fig. 3(a). The bacteria solution was allowed to perco-
late through the sand sample from the pile toe. A retention of 2 h
after the injection of bacteria solution was adopted to allow bacteria
to attach to sand particles. In the second phase, 1,000 mL of ce-
mentation solution was pumped into the sand sample at the same
rate. The sand sample was then cured for 10 h to allow the minerals
to precipitate and bond the sand particles. The two-phase injection
procedure lasted 24 h, which was repeated six times. Increasing
urease activity is the most effective way to expedite the procedure
(Hammad et al. 2013), which needs to be further studied. For com-
parison, the bacteria solution used in Test Series I was replaced
with deionized water for the untreated pile in Test Series II with
all other test conditions remaining the same.

Loading System

Axial loading tests were carried out to evaluate the improvement in
toe-bearing capacity of the model concrete piles. In order to deliver
the necessary pile displacement, a steel loading cap was placed on

the pile head, and the hydraulic jack (HJ2) and a load cell were placed
on the cap in series and shimmed with a steel spacer beam to engage
the upper steel plate [Fig. 3(b)]. Two displacement dial gauges
mounted to the steel test chamber and placed on the steel spacer beam
resting on the pile head were used to measure the vertical displace-
ment. The axial load was applied in increments of 0.2 kN using
HJ2 and was kept constant until the penetration rate was less than
0.01 mm=min (Yasufuku and Hyde 1995; ASTM 2013). The appli-
cation of load was terminated when the pile head displacement
continued with little or no increase in bearing resistance.

Evaluation of the Biogrout Strength

The uncemented sand above the toe of the model concrete pile was
gently removed without disturbing the cemented sand after the ax-
ial loading test of Test Series I. The biocemented sand was found
below the pile-toe elevation. A pocket penetrometer was used to
investigate the strength and distribution of the biocemented sand
(Cheng and Cord-Ruwisch 2012). The pocket penetrometer test
was performed by pushing the penetrometer tip on the biocemented
sand at a target location, and the unit tip resistance corresponding to
the fracture of the biocemented sand was recorded as the penetra-
tion strength at that location. CaCO3 formed heterogeneously be-
low the model pile toe during the MICP-treating process, and the
strength of the biocemented sand varied vastly as a function of the
location with respect to the pile toe. Since a penetrometer tip has a
specific range in calibrated strength, several tips with different
strength ranges were used depending on the strength of the bioce-
mented sand to ensure the accuracy of the measurements. Each tip
with the strength gage was calibrated to ensure consistent readings
prior to measuring penetration strength. Measurements were made
at different locations with respect to the pile toe. At least four mea-
surements were conducted at each selected location.

Experimental Results and Discussion

Load-Displacement Pile Response

Fig. 4(a) shows the axial stress applied to the pile head, qpile, versus
the displacement, δ, normalized by the pile head diameter, D, for
the untreated pile with the confining pressure of 50 kPa at the sur-
face of the sand sample. The axial stress qpile is defined as qpile ¼
Qtotal=ðπD2=4Þ where Qtotal is the total resistance. For the purposes
of comparison to previous studies on pile load tests, the ultimate
bearing resistance of the pile was interpreted from the qpile-δ=D
curves at δ=D ¼ 0.1 (Briaud and Tucker 1988; Neely 1991; Lee
and Salgado 1999; Briaud et al. 2000; Comodromos et al. 2003;
Paik and Salgado 2003; Paik et al. 2003; Randolph 2003; Gavin and
Lehane 2007; Xu et al. 2008; Seo et al. 2009; Basu and Salgado
2014; Han et al. 2017a, b, 2019a, b). The bearing capacity of the
pile in the calcareous sand with ID ¼ 0.51 for Test Series II was
1.16 MPa in this work. This was higher than 0.76 MPa of the pile
in the calcareous sand with ID ¼ 0.4 but lower than 1.91 MPa of the
pile in the calcareous sand with ID ¼ 0.9 under a surcharge of
50 kPa from the work by Yasufuku and Hyde (1995) where the
pile diameter and embedded pile length was 20 and 90 mm, respec-
tively. This basic trend of the bearing capacity with relative density
is reasonable as anticipated in previous studies (Meyerhof 1977;
Kuwajima et al. 2009; Reddy and Stuedlein 2017), although the dif-
ferences in the gradation of calcareous sand could also affect the
bearing capacity.

Fig. 4(b) presents the qpile-δ=D response of the biogrouted pile
tested in this study in comparison to the biogrouted pervious con-
crete pile reported by Lin et al. (2016). The total resistance
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observed for the biogrouted pile bearing in calcareous sand with
ID ¼ 0.51 was 5.09 MPa, which was approximately 4.4 times
as large as that of the untreated pile in this study. In the study
(Lin et al. 2016), the total resistance for biogrouted pervious
concrete pile bearing in poorly graded sand with ID ¼ 0.29 was
approximately three times as large as that of the untreated pervious
concrete pile. Biogrout around the shaft of the pervious concrete
pile in Lin et al. (2016, 2018) mainly increased the shaft resistance,
whereas the biogrout at the pile toe in this study mainly enhances
the toe bearing resistance, as revealed in the forensic investigation
described subsequently.

In order to estimate the increase in toe bearing resistance result-
ing from the biogrout treatment, a simplified load transfer analysis
was conducted. The average unit shaft resistance, fs, associated
with piles in normally-consolidated granular soils is commonly
computed using the following equation (Neely 1991; Stuedlein
et al. 2012; Reddy and Stuedlein 2017):

fs ¼ σ 0
v0Ks tan δ 0 ¼ σ 0

v0Ks tanϕ 0 ð3Þ

where σ 0
v0 = average vertical effective stress; Ks = horizontal earth

pressure coefficient; and δ 0 = interface friction angle. In the current
study, δ 0 is assumed equal to ϕ 0, as the normalized interface rough-
ness of the model pile is close to the threshold value of about 0.3
(Han et al. 2018; Rauthause et al. 2020).

By experimental design, the magnitude of the shaft resistance
for the biogrouted pile is the same as that of the untreated pile.
The shaft resistance, Qs, is calculated as

Qs ¼ fsAs ð4Þ

where As = area of the shaft. The toe-bearing resistance of the
model piles of Test Series I and Test Series II was calculated using
the following equations:

Qt ¼ Qtotal −Qs ð5Þ

where Qt = toe-bearing resistance, respectively.
According to Eqs. (3)–(5), biogrouting at the pile toe in this

study greatly increased the toe shearing resistance from 0.92 kN
(i.e., Qt ¼ Qtotal −Qs ¼ 2.28–1.36 ¼ 0.92 kN) for the untreated
model pile to 8.63 kN (i.e.,Qt¼Qtotal−Qs¼9.99–1.36¼8.63kN)
for the biogrouted model pile while the shaft resistance of the bio-
grouted model pile was not changed as the sand around the shaft
was not improved. Thus, the toe-bearing resistance of the bio-
grouted model pile was 9.4 (¼ 8.63=0.92) times as large as that
of the untreated model pile.

Distribution of Measured Point Strength Below
the Pile Toe

Penetration strength tests were performed at different locations
below the pile toe as the biocemented sand below the pile toe
was excavated layer by layer. Based on these test data, the spatial
distribution of the strength of the biocemented sand was recon-
structed using MATLAB version R2018a in a Cartesian coordinate
system with the origin fixed at the pile toe, as shown in Fig. 5.
Figs. 5(a and b) show the strength distribution at cross sections with
x ¼ 0 cm and y ¼ 0 cm, respectively. Figs. 5(a and b) clearly show
that the strength was highest near the pile toe and decreased with
increasing distance from the pile toe. Biocemented sand specimens
at four locations were carefully collected to investigate effect of
depth and radius on the strength and microstructures using SEM
images (as will be introduced in the next section). Position A
(x ¼ 0 cm, y ¼ 0 cm, z ¼ 0 cm) and Position B (x ¼ 0 cm, y ¼
0 cm, z ¼ 10 cm) are shown in Fig. 5(a) to indicate the depth-
dependent distribution of strength. The strength below the pile toe
decreased from 710 kPa (at Position A) to 330 kPa (at Position B),
as depth increased from 0 to 10 cm. Fig. 5(b) shows that the
strength decreased from 290 kPa at position C (x ¼ 2.8 cm, y ¼
0 cm, z ¼ 15 cm) to 21 kPa at Position D (x ¼ 13.5 cm, y ¼
0 cm, z ¼ 15 cm), as the radius increased.

Moreover, as presented in Figs. 5(a and b), variation in strength
was observed at different locations with the same depth and radius
but in different directions (i.e., strength distribution was asymmet-
ric), which is attributed to the heterogeneity during the biogrouting
process (DeJong et al. 2006; Ivanov and Chu 2008; van Paassen
et al. 2010b; Lin et al. 2016; Jiang and Soga 2017; Lin et al.
2018; Nassar et al. 2018; Gomez et al. 2019; Pan et al. 2019;
Wang et al. 2019). The previously mentioned phenomena suggest
that when the bacteria and cementation fluid flowed from the outlet
port, calcium carbonate was generated along the preferential flow
path that was influenced by gravity and local CaCO3 clogging, as
also reported by van Paassen et al. (2010b). The calcium carbonate
cementation gradually decreased along the seepage path and away
from the pile toe because of a decrease in urease activity with in-
creasing distance from the outlet port, as pointed out by Whiffin
et al. (2007) and Nassar et al. (2018). On the other hand, the hetero-
geneous distribution of the calcium carbonate also affected the
distribution of strength.

Fig. 5(c) presents a reconstructed biogrout bulb with spatially-
varying strength computed by removing those locations with zero
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Fig. 4. (Color) Normalized settlement against applied pile stress:
(a) comparison of the untreated pile in this study to the results reported
by Yasufuku and Hyde (1995); and (b) comparison of biogrouted pile
in this study and Lin et al. (2016).
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strength from all sections including two sections in Figs. 5(a and b),
which is similar to the observed biogrout bulb. Note that the
strength measured after the pile loading test is lower than the initial
pretest strength, such that these measurements are biased to a de-
gree following the penetration-imposed shear and axial strains
within the biogrouted sand. Thus, the measured strength represents
the cementation strength that remained following loading.

Microstructure of Cemented Calcareous Sand

Considering the changes in the strength shown in Fig. 5, a strong
correlation between the presence of calcium carbonate and the ce-
mented sand strength was speculated, where the higher the calcium
content, the higher the strength measured. Fig. 6 shows the micro-
structure of the biocemented calcareous sand at four positions in
Figs. 5(a and b). Figs. 6(a and b) show the microscale properties
of the biocemented sands at Position A and Position B from differ-
ent depths shown in Fig. 5(a). A greater amount of large crystals
was observed in Fig. 6(a) than that observed in Fig. 6(b), which
leads to a higher strength of the biocemented sand at Position A
than that at Position B, as shown in Fig. 5(a). Figs. 6(c and d) show
the microscale properties of the biocemented sands at Position C
and Position D (the same depth) with different radii shown in
Fig. 5(b). A tendency of decreasing calcium carbonate with increas-
ing radius was observed in Figs. 6(c and d), leading to a decrease in
the average strength with increasing radius, as mentioned before in
Fig. 5(b). In summary, the amount of calcium carbonate decreased
radially and vertically with increasing distance from the pile toe.

Based on the amount, distribution, and morphology of CaCO3,
four stages for CaCO3 precipitation could be distinguished, namely,
particle-pore patching, particle coating, particle bonding, and void
filling. During the first stage, calcium carbonate precipitated at the
particle surfaces, which led to particle-pore patching of the coral
sand structure, as shown in Fig. 6(d). During second stage, as
the amount of calcium carbonate increased, the sand particles be-
came coated and gradually enveloped by crystals, as depicted in
Figs. 6(a–d). During third stage, bonds may have formed at the
point of contact of the sand particles, as depicted in Figs. 6(a–c).
During the fourth stage, as the precipitation of calcium carbonate
further increases, large crystals grow epitaxially and fill the void of
the sand matrix, as shown in Fig. 6(a). These stages for CaCO3

precipitation in calcareous sand would be different from that in
silica sand where relatively large crystals were observed in MICP
treatment. The differences in the precipitation pattern can be attrib-
uted to the differences in precipitation mechanisms. The CaCO3

crystals in calcareous sand can grow immediately on the existing
grain surfaces, because the mineral of calcareous sand is CaCO3

and grain surface of calcareous sand can be interpreted as crystal
nucleation. Thus, the CaCO3 crystals could be precipitated as
sheets of tiny calcite crystals to patch internal pores of calcareous
sand or coat grain surfaces of calcareous sand, as observed in
Figs. 6(c–d). In contrast, the CaCO3 precipitation in silica sands
involves crystal nucleation for growth of relatively large crystals
(Kim et al. 2020).

Conclusions

This technical paper presents research on a novel biogrouted
precast concrete pile. The toe-bearing capacities of piles with
and without biogrouting in calcareous sand was compared using
model tests. The strength of the biocemented sand below the
biogrouted pile toe was measured with a pocket penetrometer. Ad-
ditionally, SEM images of cemented sand samples were also pre-
sented. The following conclusions can be drawn from this study:
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1. The total resistance of the biogrouted pile in calcareous sand
with the relative density of 0.51 was approximately 4.4 times
as large as that of the untreated pile bearing in the same sand
with the same relative density. The enhanced capacity of the
precast biogrouted pile was attributed to the increase in toe-
bearing resistance which was about 9.4 times as large as that of
the untreated pile.

2. The average strength of the biocemented sand below the bio-
grouted pile toe gradually decreased as the vertical distance or
lateral distance from the pile toe increased according to the test
results for estimating the spatial distribution of strength using a
penetrometer. The strength distribution was also verified by the
distribution of calcium carbonate obtained from SEM images
where the amount of calcium carbonate decreased radially and
vertically from the pile toe. The calcium carbonate exhibited
four effects: particle-pore patching, particle coating, particle
bonding, and void filling. Increasing the amount of calcium car-
bonate led to an increase in particle bonding.
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Notation

The following symbols are used in this paper:
As = area of the pile shaft (mm2);
D = pile head diameter (mm);
fs = average unit shaft resistance (MPa);
ID = relative density;
Ks = horizontal earth pressure coefficient;
l̄ = average lateral distance (cm);

M = failure stress ratio;
p0 =mean effective stress (MPa);
Qs = shaft resistance (kN);
Qt = toe bearing resistance (kN);

Qtotal = total resistance (kN);
q = deviatoric stress (MPa);

qpile = axial stress applied to the pile head (MPa);
x, y, z = spatial position in the Cartesian coordinate (cm);

δ = displacement of the pile head (mm);
δ 0 = interface friction angle (degree);

σ0
v0 = average vertical effective stress (MPa); and
ϕ0 = failure friction angle (degree).
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