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Lateral Responses of a Model Pile in Biocemented Sand

Yang Xiao, M.ASCE"; Armin W. Stuedlein, M.ASCE?; Xiang He, S.M.ASCE?; Fei Han, A.M.ASCE*;
T. Matthew Evans, M.ASCE®; Zhengyu Pan®; Hai Lin’; Jian Chu, M.ASCE?®; and Leon van Paassen®

Abstract: This technical note aims to investigate the effects of biotreatment on the response of a concrete model pile embedded in poorly
graded sand through lateral loading tests. The bending moment profiles along pile length were obtained from strain gauges collected during
the pile load tests. The pile deflection and soil resistance were derived from a bending moment profile based on beam theory. The ultimate
lateral resistance of the pile with biotreatment was 2.6 times as large as that without biotreatment. The bending moment for the pile in
biotreated soil is significantly smaller than that for the pile in untreated soil due to the reduction in curvature. The spatial distribution of
calcium carbonate generated during the biotreatment was obtained from 1,800 sand samples, which was also validated by the scanning
electron microscope images. Biotreatment of sand surrounding a pile is demonstrated to be a promising measure to effectively improve
the lateral capacity of the pile. DOI: 10.1061/(ASCE)GM.1943-5622.0002179. © 2021 American Society of Civil Engineers.

Introduction

The lateral resistance of a pile is controlled by the confining condi-
tion and the stiffness of the surrounding soil near the ground sur-
face (Meyerhof et al. 1981; Randolph 1981; Han et al. 2017).
When the lateral load applied on a pile exceeds its lateral capacity,
the pile undergoes excessive displacement and rotation, leading to
damage or failure of the superstructure above it (Knappett and
Madabhushi 2009). There are generally two categories of methods
that can be used to increase the lateral capacity of a pile: (1) chang-
ing the type or geometry of the pile, and (2) improving the strength
or stiffness of the surrounding soil. Various modifications to deep
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foundations have proven to be effective to improve lateral capacity:
use of steel casing with drilled shafts (Li et al. 2019) and adding
bearing plates or wings to piles (Bienen et al. 2012; Stone et al.
2018). Ground improvement methods that have been used to
strengthen the soil surrounding the pile include compacted granular
fill (Rollins et al. 2010b), soil mixing and jet grouting (Rollins et al.
2010a; Faro et al. 2015), and cement grouting (Yu et al. 2018). The
binding agents used in the latter methods are mainly cement and
chemical grout, which may be difficult to construct due to the
grout viscosity and use of heavier machinery (e.g., deep mixing
system and grout plants), although these agents could improve
soil properties (Kang et al. 2016; Rahimi et al. 2016). As an emerg-
ing technique in geotechnical engineering, biogrouting takes ad-
vantages of the natural biogeochemical process, presenting
advantages over the traditional grouting methods that employ syn-
thetic materials (Achal et al. 2015). Promising results have shown
that the biogrouting technique through a microbially induced cal-
cium carbonate precipitation (MICP) process for ground improve-
ment (Whiffin et al. 2007; van Paassen et al. 2010; DeJong et al.
2013; San Pablo et al. 2020) is effective due to the enhancement
in the strength and stiffness of soil (van Paassen et al. 2010;
Montoya and DeJong 2015; Yang et al. 2017; Xiao et al. 2019c;
Yang et al. 2019; Nafisi et al. 2020; Kashizadeh et al. 2021).
Recently, biogrouting has been utilized to enhance the shaft
resistance of pervious concrete piles subjected to axial loads in
compression (Lin et al. 2016) and in tension (Lin et al. 2018).
The mechanisms of this improvement involve the formation of
MICP-improved soil along the shaft of the pile. Xiao et al.
(2020b) developed a biogrouting technique to increase the toe re-
sistance of precast concrete piles by injecting biogrouting solutions
near the pile toe through a silicon tube embedded in the pile center.
Although these studies have shown the effectiveness of biogrouting
in the improvement of pile performance under axial loads, no at-
tempt has been made to assess the performance of laterally loaded
piles in soil strengthened by biogrouting. The main objective of this
technical note is to evaluate the effectiveness of MICP-based bio-
grout to improve lateral capacity of piles. The lateral load corre-
sponding to a lateral pile head deflection of 0.1D, with D being
the pile diameter, is defined as the ultimate resistance for the inter-
pretation of the test results (Chen et al. 2011; Nasr 2014). Instru-
mented model pile tests were performed to compare the pile
response with lateral loads in soil both with and without
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Fig. 1. (a) SEM image of the tested sands with the magnification of 100; (b) particle size distribution curve; (c) side view of the lateral loading test;
(d) top view of the lateral loading test; (e) image of adding solutions; and (f) schematic of the test model.

Table 1. Physical properties of the silica sand used in the tests

Characteristic Symbol Values
Mean particle size (mm) Ds, 0.51
Coefficient of uniformity C, 4.4
Specific gravity Gy 2.69
Maximum void ratio €max 0.79
Minimum void ratio Cmin 0.39

biogrouting. Comparisons were made in terms of the loading—
displacement curves and bending moment profiles. The spatial dis-
tribution of calcium carbonate in the sand surrounding the pile was
quantitatively evaluated and the microstructure of the biocemented
sand was analyzed by a scanning electron microscope (SEM).

Materials and Methods

Characteristics of Sand and Model Pile

The test sand is a silica sand that was obtained from the Luyangpu
River, Fujian Province, China. Fig. 1(a) shows the SEM images of
the sand particles with angular to subangular shapes. Fig. 1(b)
shows the particle size distribution of the test sand. The physical
properties of the soil are summarized in Table 1. According to
the Unified Soil Classification System (ASTM D2487-06, ASTM
2006), the sand is classified as poorly graded. The solid circular
concrete pile used in this study is 45 mm in diameter and
700 mm in length. Sixteen strain gauges were installed symmetri-
cally on the two sides of the pile. As shown in Fig. 1(c), the strain
gauges were installed at a spacing of 80 mm along the pile length.
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All strain gauges were coated with epoxy to be protected from dam-
age. The sampling frequency for the strain gauges was 20 Hz in the
lateral loading tests.

Bacteria and Cementation Solution Preparation

A urease-producing bacteria strain Sporosarcina pasteurii [American
Type Culture Collection (ATCC) 11859] was used for the biocemen-
tation process. The bacteria was cultured in a liquid medium, which
consists of 20 g/ yeast extract, 12 mg/L MnCl,-H,0, 10 g/L
NH,4Cl, and 24 mg/L NiCl, - 6H,0 with a pH of 9.0 (Liu et al.
2019; Xiao et al. 2019a). The bacteria cultivation and preservation
procedures used in this study are same as those introduced by Xiao
et al. (2019b). The urease activity was approximately 2 mM urea/
min. The cementation solution is composed of equal mole concen-
tration of CaCl, and urea (0.5 mol/L).

Sample Preparation and Biotreatment

The model pile tests were performed in a square cuboid chamber
with a width of 600 mm and a height of 1,000 mm. The chamber
was reinforced by aluminum beams along the edges. The sand sam-
ple was prepared with the test pile fixed in the chamber to simulate
the case of a wished-in-place nondisplacement pile. The sample
preparation was performed in 20 lifts by air pluviation, and the rela-
tive density of the prepared sand sample was 68%. As shown in Figs.
1(c and d), the 45-mm-diameter circular concrete pile was embedded
600 mm in the test sand, and the distance from the pile toe to the
chamber bottom was 400 mm. Two model pile tests were carried
out to assess the effectiveness of biocementation in improving the lat-
eral pile capacity. For Test I (with biogrouting), the biogrouting
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process started with the injection of 1 L of bacteria solution around
the pile. A 110-mm-long PVC pipe with an inner diameter
(50 mm) slightly greater than the diameter of the pile [as shown in
Fig. 1(e)] was used to guide the flow of the solution. The bacteria
are distributed to the sand around the pile through gravity percolation
(Mahawish et al. 2019; Xiao et al. 2019b). After a retention of 2 h
after the injection of the bacteria solution, 3 L of the cementation sol-
ution was then introduced to the sand. The sand was then cured for
10 h to allow the calcium carbonate precipitation and cementation
among sand particles. This two-step procedure of injecting bacteria
and cementation solution was repeated six times to maximize the
strength of the biocementation. For Test II (a control test without bio-
grouting), the bacteria solution was replaced with deionized water,
all else being the same as Test I. The saturation of sand sample
was around 15% after the injections of solutions for both tests.

Lateral Loading Procedure

The two lateral pile loading tests were performed in accordance with
the standard loading procedure outlined in the standard [ASTM
D3966/D3966M-07(2013)el, ASTM 2013]. The lateral load was ap-
plied using a pulley system, which consisted of a fixed pulley mounted
on the edge of the test chamber, adjustable weights, and a set of steel
wires connecting to the weights and the loading points at the pile head
on their two ends, as shown in Fig. 1(f). The loading points on the pile
were located 2 mm above the sand surface. A dial gauge was placed
between the pile and an aluminum reaction beam to measure the lateral
displacement of the pile head.

Quantification of Precipitated Calcium Carbonate

After the pile loading tests, cemented sand samples were collected
at depth intervals of 0.4 m as the sand was gently removed from the
chamber layer by layer. A total of 1,800 sand samples (each weigh-
ing about 20-30 g) were obtained at different locations with respect
to the pile at 15 depths, producing a spatial distribution of the
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calcium carbonate (CaCQj) precipitated in the chamber. Those
samples were flushed with deionized water to remove residual
chemicals and then oven-dried at 60°C for 4 days. The CaCOj; con-
tent was measured using an acid washing method (Al Qabany et al.
2012; Feng and Montoya 2016; Xiao et al. 2020a; Ma et al. 2021).
Each sample was washed using an aqueous hydrochloric acid
(1 mol/L) solution. After the CaCO; precipitates were completely
dissolved, the sample was rinsed with deionized water for a mini-
mum of 10 times to remove the dissolved salts. The sample was
then oven-dried at 105°C for 24 h after washing. The difference
in the masses of the oven-dried sample before and after the acid
washing is the weight of CaCOj; in the sample.

Microstructure Analysis

SEM images were taken to investigate the microstructures of sand
samples before and after biogrouting. Prior to the SEM, the un-
treated sand sample and the sand samples collected near the pile—
sand interface were rinsed with distilled water, dried at 60°C for
24 h, and then coated with gold under vacuum. A Thermo Fisher
Quattro SEM instrument (Waltham, MA) was used to capture the
microstructures.

Experimental Results and Discussion

Load-Displacement and Bending Moment Responses

Fig. 2(a) compares the relationships between the lateral load and
displacement at the pile head obtained from Test I (with biogrout-
ing) and Test II (without biogrouting). The load—displacement
curve for the pile in the biotreated soil is significantly stiffer than
that in the untreated soil. Using a commonly accepted definition
of the ultimate lateral resistance of a pile as the load corresponding
to a lateral displacement of 0.1D, with D being the pile diameter
(Nasr 2014), the ultimate lateral resistance for the pile in the

Fig. 2. Lateral responses of piles: (a) lateral load versus lateral displacement; (b) comparisons of bending moment; (¢ and d) responses of pile in sand
with and without biogrouting at a lateral load of 200 N; and (e and f) responses of pile in sand with and without biogrouting at a lateral load of 400 N.
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biotreated soil was 1.31 kN, which was approximately 2.6 times
larger than the untreated soil (0.5 kN). The load—displacement re-
sponses for both piles were highly nonlinear: the lateral load in-
creased at a degrading rate with increasing lateral displacement,
and a significant lateral displacement was observed soon after the
ultimate load level when the pile—head displacement reached 0.1D.

The bending moment M in pile at depth z was calculated from
the strain gauge data by

ETAg(z)

M@)=Elp(z) = D

(M
where E = Young’s modulus of the pile; /=area moment of inertia
of pile cross section; ¢)(z) and Ae(z) = pile curvature and the differ-
ence between the tensile and compressive strains at depth z,
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respectively. The moment—curvature (M—¢) relationship [see the
inset of Fig. 2(a)] for the circular concrete piles was obtained by
performing a three-point bending test using a sampling frequency
of 20 Hz for the strain gauges following procedures prescribed in
ASTM C293/C293M-16 (ASTM 2016). The curing time for the
concrete pile in the three-point bending test was 14 days, which is
the same as that for the model piles used in the loading tests. The
bending moment M increases linearly with increasing pile curvature
¢ until a bending moment of 75 N - m is reached. The Young’s mod-
ulus of the concrete was estimated to be 29.9 GPa. Fig. 2(b) com-
pares the profiles of the bending moment along the pile length in
the biotreated and untreated sands at the applied loads of 200 and
400 N, respectively. For both cases, the bending moment initially in-
creases with depth to a peak value and then decreases, reaching

Nerical posiion, z Loy

®

Fig. 3. Distribution of calcium carbonate in the biotreated sand for the model pile: (a) overview of the calcium carbonate distribution; and at the slices
of (0) z=0.1m; (¢) z=0.2m; (d) x=—-0.1m; () x=0m; (f) x=0.1 m; (g) y=0.1 m; (h) y=0m; and (i) y=—-0.1 m.

© ASCE

06021027-4

Int. J. Geomech.

Int. J. Geomech., 2021, 21(11): 06021027



Downloaded from ascelibrary.org by OREGON STATE UNIVERSITY on 12/15/21. Copyright ASCE. For personal use only; all rights reserved.

nearly zero close to the base of the pile. The maximum bending mo-
ment was 30 N - m for Test II (untreated sand), which was 3.2 times
greater (9.3 N -m) than that for Test I (biocemented sand) at an ap-
plied load of 400 N. The maximum bending moment in the pile
was found at a slightly greater depth in the biotreated sand than in
the untreated sand.

Figs. 2(c—f) show the soil surface near the pile in Tests I and /1,
respectively, taken at lateral loads of 200 and 400 N. Cracks at the
soil surface started to occur at a lateral load of 200 N and propa-
gated into larger cracks near the pile head with a continuous in-
crease in lateral load. Note that the cracks occurred mostly along
directions with small angle with respect to the loading direction
in front of the pile in untreated sand, whereas the major cracks
were almost perpendicular to the loading direction on the side of
the pile in the biotreated sand, similar to responses of cased drilled
shafts in medium stiff to stiff plastic soils reported by Li et al.
(2019). According to the strain wedge theory (Ashour et al.
1998), the opening fan angle (the angle between the edge of the mo-
bilized soil wedge in front of the pile and the loading direction) is
dependent on the internal friction angle of the soil. The greater fan
angle observed for the biotreated soil reflects the increased internal
friction angle caused by the biocementation process.

Distribution of Calcium Carbonate in Sand

Fig. 3(a) shows the spatial distribution of the CaCOj3 content in
sand after the load test was performed. Figs. 3(b—i) show the distri-
bution of the CaCO; content within several selected cross sections
of the biocemented sand. The origin of the coordinates in Fig. 3 is
positioned at the intersection between the pile axis and the ground
surface. Brighter color in the figure represents greater CaCOj; con-
tents. As shown in Figs. 3(b—i), the maximum CaCO; content was
found near a depth of 0.1 m. The effective CaCOj; precipitation
was mainly found within the depth of 0.2 m [bright color in
Figs. 3(d-i)], whereas the CaCO; distribution is heterogeneous
[Figs. 3(d—f)]. The CaCOj distribution perpendicular to the loading
direction is more symmetrical than in the loading direction. For ex-
ample, as shown in Fig. 3(e), most of CaCOjs precipitates behind the
pile. The star-shaped distribution near the ground surface might have
resulted from the formation of preferential flow paths when the sol-
utions were injected through the PVC pipe. However, the CaCO;
distribution becomes more uniform with increasing depth as the
biocementation solution evenly spreads in sand when flowing
through the sand under gravity. Note that the CaCO; content in
front of the pile along the loading direction (approximately 3%—
5%) within the depth of 0.2 m is much lesser than that (around
6%—8%) behind the pile, as shown in Figs. 3(d—f). Had the
CaCO; precipitation in front of the pile been as large as that behind
the pile, the lateral pile resistance would have been even greater than
that observed in the present study.

Microstructure of Biotreated Sands at the Soil-Pile
Interface

Sand samples [50 mm apart from the sand—pile interface, see
Fig. 1(c)] were collected to analyze their microstructure after bio-
treatment. Fig. 4 presents SEM images for the microstructure of
the biocemented sands collected at five locations (soil surface, 0.1,
0.2, 0.3, and 0.5 m in depth) behind the pile. It is obvious that the
CaCO; content is larger at the depth of 0.1 m [Fig. 4(b)] than that
in other depths, which validates the measured results of the
CaCOj distribution in the former section. The CaCOj; crystals are
observed at the surface and contacts of sand particles and in the
pore space, as shown in Figs. 4(a—d). The observed precipitation
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patterns indicate that the growth of CaCOj3 during the MICP process
can be divided into three stages. During the initial stage, the amor-
phous CaCOj crystals are formed and randomly attached to sand par-
ticles. In the second stage, the number and size of crystals increase
due to the accumulation of calcium and carbonate ions induced
by the MICP process. This leads to the formation of the bonding
at the pore throat between sands particles [Figs. 4(b and c)]. During
the third stage, the voids are filled by CaCOj as the crystals contin-
uously grow, resulting in a significant decrease of pore volume as
shown in Figs. 4(b and c). The sand particles were not enveloped
by CaCOj; crystals even at a relatively high precipitation content
in the present study [Fig. 4(b)]. This may be due to the fact that
the precipitation occurred in unsaturated state rather than in saturated
state, in which the void fluids are more likely accumulated at the con-
tacts of sand particles rather than coated on the surface of sand par-
ticles (Cheng et al. 2013).

Implications for Field Application

The model pile tests presented in this study verified the effective-
ness of biotreatment to enhance the lateral bearing capacity of
piles. In addition to the large increase in the ultimate lateral resist-
ance, biogrouting with MICP significantly reduces the displace-
ment at a given lateral load. The zone of precipitation reached a
depth of 0.3-0.4 m at the laboratory scale and under gravity. For
field application, an array of injection and extraction wells can be
arranged along the desired pile length to facilitate economical
and more uniform distribution of the biocementation solutions
(van Paassen et al. 2010; Gomez et al. 2017).

Conclusions

This note investigates the lateral response of circular concrete
piles in medium-dense sands both with and without biotreatment.
Static lateral loading tests were performed on instrumented model
piles embedded in untreated and biotreated sands. The spatial
distribution of the precipitated CaCO; in the biotreated sand
was obtained by performing acid washing on 1,800 sand samples
collected after the loading test. SEM images of cemented sand
samples were used to analyze the microstructure of cemented
sands along the sand—pile interface. The following conclusions
can be drawn:

1. Biotreatment by gravity percolation resulted in the cementation
of sand and significant improvement in the lateral pile capacity.
The ultimate lateral resistance of the pile within the biotreated
sand is 2.6 times as large as that of the pile in the untreated
sand. The increased strength of the biotreated sand resulted in
a lower maximum bending moment than that for the pile in
the untreated sand for a given lateral load magnitude.

2. The maximum CaCO; content was found near a depth of 0.1 m,
which was also validated by results of the SEM images. The
CaCO; mainly distributed within a depth of 0.2 m and the
distribution is heterogeneous. The SEM images show that
the CaCOj; can precipitate on the surface of sand particles for
increasing roughness, at the contacts of sand particles for
increasing bonding strength, and in the pore void for increasing
density, all of which could increase the lateral resistance of a pile.
The scope of the present study is limited to model-scale piles

monotonically loaded with near-zero load eccentricity. Future stud-

ies using full-scale instrumented piles should be performed to ver-
ify the findings reported in this paper for application to large-scale
conditions.

© ASCE

06021027-6

Data Availability Statement

All data, models, and algorithms generated or used during the study
appear in the published article.

Acknowledgments

The authors would like to acknowledge the financial support from
the National Science Foundation of China (Grant Nos. 41831282,
51922024, and 52078085). Dr. T. Matthew Evans was
supported by the US National Science Foundation (Grant No.
CMMI-1933355) during this work. This support is gratefully
acknowledged.

Notation

The following symbols are used in this paper:

D = pile diameter;

E = Young’s modulus the pile;

M = bending moment in pile;

1 = area moment of inertia of the pile cross section;
Ae(z) = difference between the tensile and compressive strain in a
pile cross section at depth z; and
¢(z) = curvature.
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