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A B S T R A C T   

Biocementation is a ground improvement technique that involves precipitating a mineral (commonly calcium 
carbonate, CaCO3) in the soil pore space to bind soil particles, in turn increasing the strength and reducing the 
permeability of the soil. Ureolysis (i.e. hydrolysis of urea) is the most researched calcium carbonate precipitation 
mechanism, which can be induced through either a microbial (MICP) or enzymatic (EICP) process. While lab
oratory tests and field trials have provided strong evidence of the efficacy of biocementation in strengthening 
granular materials, the role of the precipitate–grain interface and the surface chemistry of soil grains in bio
cementation are largely unknown. This study aims to address this gap. To this end, two geotechnically similar 
sand samples differing considerably in the amount of iron oxide and iron sulfate on grain surface are bio
cemented via EICP and tested for unconfined compressive strength (UCS). The biocemented sample containing a 
high concentration of iron oxide and iron sulfate exhibits almost 50% lower UCS than the other sample. To 
investigate whether surface chemistry can explain this considerable difference, interactions of CaCO3 with quartz 
(SiO2), hematite (Fe2O3), and marcasite (FeS2) as polymorphs of silicon dioxide, iron oxide, and iron sulfide, 
respectively, are simulated using molecular dynamics. The influence of water content at the precipitate–grain 
interface is also considered. Simulation results indicate that in dry conditions, CaCO3 has almost two times 
stronger affinity for SiO2 than Fe2O3 and FeS2, suggesting that biocementation is most effective for clean sands. It 
is also shown that water reduces the precipitate–grain adhesion.   

1. Introduction 

Biocementation is a potentially more sustainable alternative to 
ground improvement techniques that use additives with high embodied 
energy such as cement or environmentally harmful chemical stabilizers 
to treat problematic soils. It involves precipitating a mineral in the pores 
as a cementitious agent to bind soil particles, in turn increasing the 
strength, stiffness, dilatancy, and cyclic resistance of the soil and 
reducing its permeability. Laboratory studies and pilot field trials have 
demonstrated the efficacy of this technique in improving the bearing 
capacity of foundations [1], mitigating fluid and gas leakage through 
plugging wellbores [2,3], controlling fugitive dust [4], slope stabiliza
tion [5], water erosion control [6], land reclamation [7], liquefaction 
mitigation [8,9], and creating biocemented soil columns for ground 

improvement [10]. 
Precipitation of calcium carbonate (CaCO3) via urea (CH4N2O) hy

drolysis (a.k.a. ureolysis) is the most researched biocementation process 
[11]. This process involves microbial and enzymatic approaches where 
urease enzyme-producing bacteria and free urease enzymes extracted 
from microbes or plants are applied to catalyze ureolysis reactions to 
generate carbonate (CO3

2−) and alkalinity, resulting in the precipitation 
of CaCO3 in the presence of calcium ions, as shown in Eqs. 1 and 2: 

CH4N2O + 2H2O →urease 2NH+
4 + CO2−

3 (1)  

Ca2+ + CO2−
3 →CaCO3 (2) 

The microbial process is referred to as microbially induced carbonate 
precipitation (MICP) [12,13]. The enzymatic approach is known as 
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enzyme-induced carbonate precipitation (EICP) and circumvents the 
microbial processes (i.e. cultivation and fixation of bacteria) in MICP by 
using free urease enzymes [14–16]. 

Soil improvement using MICP and EICP typically involves incre
mentally enhancing strength by increasing the quantity of precipitation 
in the pores [17]. This approach, however, increases the cost and time of 
the treatment process because it entails applying multiple cycles of 
treatment and a higher concentration of ingredients. Therefore, efforts 
should be made to improve precipitation quality so that a target 
improvement level can be achieved at a lower quantity of precipitation. 
In this regard, understanding the underlying mechanisms that promote 
precipitation at interparticle contacts and lead to the formation of 
stronger calcium carbonate minerals with enhanced adhesion affinity 
for the surface of soil particles is imperative. Despite their merits and 
routine use in biocementation research, conventional laboratory tests 
cannot reveal and explain these mechanisms and how they are affected 
by the physics and chemistry of soil particles at the molecular level. 

Molecular dynamics (MD) is a powerful technique in computational 
statistical mechanics that is used to study the temporal evolution (i.e. 
fluctuations and conformational changes) of atomistic and molecular 
systems [18]. MD simulations can handle a broad range of complexity at 
the nano- and microscales and provide insight into phenomena that 
would otherwise remain unobserved or poorly understood if only con
ventional laboratory characterization techniques were used. The 
demanding computational cost of MD simulations, however, bounds 
their applicability to length and time scales in the order of nanometers 
and nanoseconds. MD has extensively been used to study physical, 
chemical, and biological systems. Examples of the application of MD in 
the geo-biophysical chemistry context include studying the contact 
angle of soil minerals [19], phase composition behavior of nano-size 
pores in frozen soils [20], oil recovery [21], soil sorptive potential 
[22], nucleation of heavy metals on clay particles [23,24], flocculation 
and aggregation of clay particles [25], and efficacy of bioderived mol
ecules in reducing the diffusion of free radicals into bituminous com
posites [26]. To the best of our knowledge, however, MD has not been 
used to study the biocementation of soils. 

In the present work, we used a combination of laboratory experi
ments and MD simulations to study the influence of grain surface 
chemistry and interfacial water content on the strength of sands bio
cemented via EICP. We treated two geotechnically similar sand samples 
of considerably different surface chemistries using EICP, as described in 
Section 2.1. The samples exhibited substantially different unconfined 
compressive strengths (Section 3.1). Described in Sections 2.2 and 3.2 
are MD simulations that we carried out to probe the role of grain surface 
chemistry and interfacial water content in causing this difference. 

2. Materials and methods 

Details of the preparation and testing of EICP-treated sand samples 
and the MD simulations are provided in this section. 

2.1. Laboratory experiments 

Two different batches of the Ottawa 20/30 sand both conforming to 
ASTM C778 and found to be similar in geotechnical properties but 
distinct in chemical characteristics (Table 1) were biocemented using 
the EICP technique—Ottawa sand is naturally round and smooth grains 
of nearly pure quartz that is mined from deposits near Ottawa, Illinois, 
and Le Sueur, Minnesota—The two batches were purchased about eight 
years apart and are herein designated as Ottawa 1 (Fig. 1a) for the older 
batch and Ottawa 2 for the more recent one (Fig. 1b). 

The EICP treatment solution used in this study comprised 1.0 M urea, 
0.67 M calcium chloride dihydrate, and 50 mL/L jack bean crude extract 
(Canavalia gladiata) obtained from the process described in Ref. [28]. 
Columns of Ottawa 1 and Ottawa 2 sands, 102 mm (4 in) in height and 
51 mm (2 in) in diameter, were prepared in acrylic columns. The bottom 

of the columns was closed with an adhesive cap to minimize leakage of 
the solution. The EICP solution was percolated from the top of the col
umn until the sample was almost saturated (i.e. the amount of solution 
added was slightly more than the initial pore volume, ~80 mL, to ensure 
that the soil was soaked during the treatment). The treated columns 
were cured for a period of 36 h. At the end of the curing period, the pore 
solution was drained. This procedure was repeated two more times to 
complete a three-cycle treatment for each sample. Note that the amount 
of solution added in the second and third cycles was lower than in the 
first cycle due to pore-clogging. At the end of the treatment, the 
cemented sand columns were removed from the acrylic columns and 
placed in a water bath to remove soluble salt precipitates (Fig. 1c). After 
rinsing, the top and bottom surfaces of the treated sand columns were 
flattened using sandpaper and placed in a compression instrument to 
measure unconfined compressive strength (UCS)—the UCS test provides 
a quick measure of compressive strength for rocks and soils that possess 
sufficient cohesion to permit testing in the unconfined state—The final 
height-to-diameter ratio after flattening the surfaces was 1.5 (77/51 
mm/mm). The columns were loaded to failure at a constant axial 
compression strain rate of 1.27 mm/min following ASTM D2166. The 
stress-strain plot was established, and the peak stress was considered as 
the strength of the specimen. 

2.2. MD simulations 

MD simulations were carried out to gain insight into the adsorption 
of calcium carbonate precipitates in both dry and hydrated conditions 
onto the grain surface of Ottawa 1 and Ottawa 2. Binding energy and 
work of adhesion (and the contribution of van der Waals [vdW] and 
electrostatic interactions to them) and density profiles of matter sur
rounding the grain surfaces were used to quantify, describe, and 
compare the absorptions and interactions involved. 

Binding/interaction energy is derived by taking the difference in 
energy between the adsorbed/bound state and the isolated-components 
state. For a two-component system consisting of components m and n, 
the binding energy between m and n can be calculated as: 

ΔEmn = Emn–(Em + En) (3)  

where Emn is the total energy of the system in the adsorbed/bound state, 

Table 1 
Geotechnical and chemical characteristics of Ottawa 1 and Ottawa 2 [27].   

Property Ottawa 
1 

Ottawa 
2 

Geotechnical 
Properties 

Mean grain size (D50) (mm) 0.73 0.73 
Coefficient of uniformity (Cu) 1.21 1.22 
Coefficient of curvature (Cc) 0.97 0.97 
Percentage passing 75-μm (No. 
200) sieve <0.1 <0.1 

Specific gravity (Gs) 2.66 2.66 
Maximum void ratio (emax) 0.69 0.78 
Minimum void ratio (emin) 0.46 0.50 

Chemical 
Properties 

pH of sand–DI* water suspension 9.1 4.5 
pH of sand–0.01 M CaCl2 

suspension 8.0 4.4 

EC of sand–DI water suspension 
(mS/m) 5 11 

[Mg2+] in soil–DI water 
suspension (mM) 

0.03 0.09 

[Ca2+] in soil–DI water 
suspension (mM) 

0.12 0.26 

[Cl−] in soil–DI water suspension 
(mM) 0.16 0.15 

[SO4
2−] in soil–DI water 

suspension (mM) 0.05 0.43 

Mass fraction of iron (g kg−1) 0.11 2.80 
Mass fraction of aluminum (g 
kg−1) 

0.02 0.07  

* deionized. 
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and Em and En are the potential energies of components m and n in 
isolation and at thermodynamic equilibrium. ΔEmn represents 
nonbonded interactions and consists of electrostatic (ΔEes) and vdW 
(ΔEvdW) interactions (depending on the system, it may include other 
contributions such as polar solvation energy and non-polar solvation 
energy [29]). A negative value for the binding energy of a bound system 
indicates adsorption (favorable gain in energy in the adsorbed state 
compared with the isolated state). Therefore, more negative values for 
binding energy mean that more energy must be supplied to the system to 
overcome the attractive force between the components [30,31]. 

Thermodynamic work of adhesion is defined as the energy required 
to separate a unit area of two components forming an interface and can 
be expressed as: 

Wmn = ΔEmn/A (4)  

where A is the interfacial area between the components. 
In the MD simulations, the calcium carbonate precipitates were 

considered to be composed of calcite crystals since the organic matter of 
the crude urease extract are unlikely to inhibit calcite precipitation in 
the soil [28], and no other agents (such as Mg2+) favoring the formation 
of other polymorphs of calcium carbonate (i.e. aragonite and vaterite) 
were included in the treatment solution. There is also no report of the 
presence of non-calcite calcium carbonate polymorphs in the pre
cipitates [32,33]. Note that CaCO3, calcium carbonate, and calcite are 
hereafter interchangeably used. In addition to quartz (SiO2) represent
ing clean sands and silts, two mineral substrates of hematite (Fe2O3) and 
marcasite (FeS2) were also included in the MD simulations. Precipitated 
from groundwater, these iron oxide and iron sulfide minerals exist in the 
St. Peter sandstone in the vicinity of Ottawa, Illinois, and Le Sueur, 
Minnesota, where Ottawa 20/30 is mined [34–37]. Ottawa 2 has been 
shown to contain a higher amount of iron and sulfate and is darker in 
color in comparison with Ottawa 1 [27], suggesting that the surface of 
Ottawa 2 grains is more heavily coated with iron oxide and iron sulfide. 

The precipitates were modeled as dry and hydrated calcite. The dry 
models comprised a slab of calcite atop a substrate. The calcite slab 
consisted of 91 calcite unit cells each containing 12 calcite molecules. 
The substrates included quartz, hematite, and marcasite polymorphs of 
silicon dioxide, iron oxide, and iron sulfide, respectively. The unit cell 

information of calcite and the substrates was sourced from the American 
Mineralogist Crystal Structure Database [38], as summarized in Table 2. 

The hydrated models were created by replacing the middle one, 
three, or five rows of calcite cells with H2O molecules at a density of 1 g/ 
cm3, giving water contents (ww) of 11%, 66%, and 200%—water content 
was defined as the mass of water per mass of dry calcite (i.e ww = mH2O/ 
mCaCO3). Fig. 2 shows the initial configuration of a 66% hydrated model 

Fig. 1. Photos of a) Ottawa 1, b) Ottawa 2 (the darker texture is due to presence of iron oxide, Fe2O3, and iron sulfide, FeS2, on grain surfaces), and c) Ottawa 1 after 
three EICP treatment cycles. 

Table 2 
Unit cell dimensions of solid components of simulated models [38].  

Material a 
(Å) 

b 
(Å) 

c (Å) α 
(◦) 

β 
(◦) 

γ 
(◦) 

Interacting surface 
orientation 

Calcite 4.99 4.99 17.06 90 90 120 (104) 
Fe2O3 5.04 5.04 13.77 90 90 120 (100) 
FeS2 3.37 4.44 5.39 90 90 90 (100) 
SiO2 4.92 4.92 5.40 90 90 120 (100)  

Fig. 2. a) side and b) top views of quartz–water-calcite model at ww = 66%. 
The 5-Å gap between the quartz slab and the calcite/water mixture was selected 
to be smaller than the cutoff distance. 
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over SiO2 (quartz). 
Assumptions adopted in the MD simulations included i) the crude 

urease extract would not interfere with the adhesion of the precipitates 
to the sand grain surface and ii) calcite crystals had already formed in 
the solution (i.e. no nucleation occurred on the grain surface). 

Simulations were carried out with LAMMPS [39] and visualized with 
OVITO [40]. For each case, three simulations were performed with 
different seed numbers to account for randomness, and mean values and 
error bars are reported. Periodic boundary conditions in all directions 
and a time step of 1 fs were used in all simulations. The potentials used to 
describe interactions among the constituents are provided in Table 4. 
Nonbonded electrically neutral interactions were described by the 
Lennard–Jones (LJ) potential and the Lorentz-Berthelot rules, and long- 
range electrostatic interactions were solved by the PPPM method [41] 
with an accuracy of 10−4 on the forces (Table 3). Nonbonded in
teractions were truncated at a cutoff distance of 12 Å, the largest 2.5σ of 
all the atoms involved. 

The dimensions of the components of the simulated models are 
summarized in Table 4. The thickness of the substrates (z dimension) 
was chosen to be greater than the cutoff distance of 12 Å to ensure that 
the bottom layer of atoms in the substrate would not interact with the 
precipitate, simulating a semi-infinite space. 

The precipitate–substrate system was brought to relaxation by first 
placing the precipitate at an initial distance of 5 Å (< cutoff distance of 
12 Å) above the substrate and then allowing it to interact with the 
substrate under the NPT ensemble until the energy of the system pla
teaued, indicating equilibrium. The energy and force convergence 
thresholds were set at 10−4 eV and 10−6 eV/Å, respectively. All simu
lations were carried out at 300 K using the Nosé–Hoover thermostat and 
barostat [47,48]. 

3. Results and discussion 

3.1. Laboratory experiments (UCS tests) 

Results of the UCS tests of EICP-treated Ottawa 1 and Ottawa 2 
samples are shown in Fig. 3. The jagged shape of the plots, especially 
past the first peaks, points to spontaneous debonding along the shear 
band. The UCS of the treated Ottawa 1 sample peaked at 67.9 kPa at 
0.8% axial strain and then fluctuated in a descending trend to reach 4.0 
kPa at 4.0% axial strain. The UCS of the treated Ottawa 2 sample, in 
contrast, showed its first peak of 34.3 kPa at 1.1% strain and sustained it 
for 1.0% more strain before sharply falling to zero at 2.9% strain. The 
area under the stress–strain plots represents toughness (the total strain 
energy absorbed by the material before failure) and was calculated to be 
75.4 and 48.6 J.m−3 for Ottawa 1 and Ottawa 2, respectively. Put 
another way, elastoplastic deformations in the treated Ottawa 1 sample 
resulted in the dissipation of 1.55 more energy before failure than that in 
the treated Ottawa 2 sample. This considerable difference in the 
behavior of these two geotechnically similar samples can be attributed 
to the significantly less amount of iron oxide and iron sulfide on the 

surface of the particles of Ottawa 1 compared with that of Ottawa 2. MD 
simulations shone light on this hypothesis, as described below. 

3.2. MD simulations 

As an example, the history of binding energy between dry/hydrated 
calcite and the SiO2 substrate as the configuration evolved from its 
initial state to the equilibrium (i.e. stable/relaxed) state is shown in 
Fig. 4. It can be seen that time to equilibrium decreased with increasing 
water content. This observation points to the hydrophilicity of quartz 
[52] and suggests that it has more affinity for water than calcite. 

The influence of substrate and water content on the work of adhesion 
(W) between the precipitate and the substrates is shown in Fig. 5. 
Comparison of W values associated with dry conditions indicates that 
calcite had the strongest affinity for SiO2, suggesting that stronger 
interfacial bonds are formed between calcite precipitates and the silica 
surface of the sands in the dry state (5.4 J/m2 for SiO2 vs. 2.7 J/m2 and 
3.0 J/m2 for Fe2O3 and FeS2, respectively). The ratio between the W of 
SiO2 and the average W of Fe2O3 and FeS2 (i.e. 2.9 J/m2) is 1.89, which 
is, from the engineering perspective, in close agreement with the ratio of 
1.55 calculated earlier for the toughness of the treated samples. 
Although surface chemistry and interfacial water content are expected 
to exhibit a heterogeneous distribution within soils, this good agreement 
between the W and toughness ratios provides evidence that toughness 
can capture and represent the changes in local binding energies within 
the samples as they undergo deformation. It can also be seen in Fig. 5 
that while electrostatic and vdW interactions had comparable 

Table 3 
LJ and Coulomb values used for nonbonded interaction calculations.  

Species ε (eV) σ (Å) q (e) Ref. 

Ca [CaCO3] 2.072805E-02 2.3700 +1.668E+00 

[42] 
C [CaCO3] 3.824715E-03 3.8200 +9.990E-01 
O [CaCO3] 6.031950E-03 3.0900 −8.890E-01 
C-O [CaCO3] 2.718930E-01 1.1970 na 
O [H2O] 4.423140E-03 3.1880 −8.300E-01 [43] 
H [H2O] 0.000000E+00 0.0000 +4.150E-01 
Fe [Fe2O3] 1.214200E-02 2.0900 +6.450E-01 

[44] O [Fe2O3] 1.084100E-02 2.4100 −4.300E-01 
Fe [FeS2] 2.878080E-05 4.1564 +2.000E+00 

[45] S [FeS2] 2.233252E-03 3.9064 −1.000E+00 
Si [SiO2] 1.734500E-03 3.2000 +1.700E+00 

[46] 
O [SiO2] 2.536852E-02 2.7000 −8.500E-01  

Table 4 
Size of components of simulated models and respective force fields.  

Component x (Å) × y (Å) × z 
(Å) 

Potential 

CaCO3 
65.97 × 66.00 ×
15.64 

combination of Buckingham and harmonic 
bonding, bending, and torsion 

FeS2 
70.02 × 71.04 ×
16.17 Buckingham [49] 

Fe2O3 
70.53 × 69.80 ×
13.77 

Buckingham [49] 

SiO2 
68.82 × 68.12 ×
16.22 

Tersoff [50] 

H2O varied by weight 
fraction 

TIP3P model [51]  

Fig. 3. Unconfined compressive stress-strain curve of EICP-treated Ottawa 1 
sand (black) and EICP-treated Ottawa 2 sand (red). Strain rate = 1.27 mm/min. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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contributions to W in dry FeS2 and SiO2 cases, that in the dry Fe2O3 case 
was overwhelmingly dominated by vdW interactions. This difference 
can be attributed to considerably higher charge densities in FeS2 and 
SiO2 than in Fe2O3 (Table 3). 

Results shown in Fig. 5 indicate that hydration influenced the work 
of adhesion, W, differently, depending on the substrate. In the case of 
Fe2O3, W almost linearly decreased by 15% from the mean value of 2.7 
J/m2 in dry conditions to 2.3 J/m2 at w = 200%. W between FeS2 and 
the precipitate remained practically insensitive to hydration. The 
CaCO3–SiO2 work of adhesion exhibited the highest susceptibility to the 
presence of water. It reduced by 20% from 5.4 J/m2 to 4.3 J/m2 upon 
the addition of 200% water to the interface and continued to sharply 
decrease at higher water contents. vdW interactions appeared to pri
marily be responsible for these reductions. 

MD simulations also provided insight into the adsorption of aqueous 
species (Owater and Hwater) and Ca onto the substrates. Fig. 6 shows the 
one-dimensional density profiles of these species as a function of dis
tance from the substrates in dry and wet (ww = 66%) conditions. The 
height of the density profiles represents the percentage of each atom 
type in the vicinity of the substrates calculated by normalizing the 
number of atoms of a given type and host molecule in a region with 
respect to their total number in the entire model. Note that distance was 
calculated from the substrate atom having the highest z coordinate. 
Therefore, negative values of distance indicate penetration of the pre
cipitate/water atoms, especially smaller atoms of H and O, into the 
substrate (see Fig. 7 for SiO2). 

Comparison of Fig. 6a (Ca in dry conditions) with Fig. 6b (Ca in 
hydrated conditions) indicates that the Ca atoms were partially dis
placed by the water molecules, explaining the overall reductions 
observed earlier in W as a result of hydration (Fig. 5) and suggesting a 
higher affinity of the substrates for water than for calcite. Density pro
files of Hwater and Owater in the vicinity of SiO2 and FeS2 are similar 
(Fig. 6c,d). In the vicinity of for Fe2O3 surface, however, a significant tail 
is observed for Hwater toward the surface, suggesting preferential 
orientation of the water molecules on the surface and the formation of 
hydrogen bonds between water molecules and the surface. This recon
figuration of water molecules can be attributed to the hydrophilic 
character of Fe2O3 [53,54]. 

The relaxed configuration of precipitates (ww = 66%) on the sub
strates shown in Fig. 8 provides an account of the observations made 
from the density profiles. It can be seen that some water molecules 
diffused into the precipitate–substrate interface and partially displaced 

the calcite molecules (Supplementary Videos 1–12). It can also be 
observed that the water confined in the calcite slit rose along the slit 
walls to form a concave meniscus, indicating the hydrophilicity of 
calcite (i.e. calcite–water adhesion > water–water cohesion), as shown 

Fig. 4. History of binding energy between CaCO3 and the SiO2 substrate at 
different water contents. The energy level-off indicates equilibrium. More 
negative energy values indicate stronger binding. 

Fig. 5. Work of adhesion between calcite and a) Fe2O3, b) FeS2, and c) SiO2 
substrates at different water contents. Contributions of vdW and electrostatic 
(es) interactions to the total energy are shown. 
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in other studies [55,56]. 
Results of MD simulations demonstrated that the interaction be

tween calcite and the substrates could significantly be affected by the 
mineralogy and surface chemistry of soil grains, suggesting that the 
difference in the UCS of the EICP-treated sands can be due to the in
fluence of coating minerals on the inter-particle bond strength. Calcite 
was found to interact with the substrates through two mechanisms: i) 
adhering to the substrate via nonbonded interactions, which were 

weaker in the presence of iron minerals on the surface, and ii) diffusing 
into the crystal structure of the substrates. As shown in Fig. 6 and Fig. 7, 
more calcite molecules diffused into silica than the other substrates both 
in dry and wet conditions. This observation suggests a stronger inter
locking between calcite and silica at the molecular scale and conse
quently a higher interfacial bond strength and explains the higher bond 
strength in the EICP-treated Ottawa 1 sand that had a less amount of iron 
minerals on the surface. 

Fig. 6. Density profiles of a) Ca (dry), b) Ca (ww = 66%), c) OH2O (ww = 66%), and d) HH2O (ww = 66%) atoms as a function of distance from the top atom of 
substrates. Negative distance values indicate penetration of the precipitate/water atoms into the substrate. 

Fig. 7. Penetration of H2O and Ca2CO3 atoms into SiO2 (ww = 66%). Note: where SiO2 atoms have been removed for better visualization, and H2O atoms have been 
depicted by smaller particles to avoid confusion with Ca atoms. The z = 0 line represents the elevation of the substrate atom having the highest z coordinate. 
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4. Conclusion 

Two types of Ottawa sand sharing identical geotechnical properties 
but differing in surface chemistry were treated via enzyme-induced 
carbonate precipitation (EICP) and tested for unconfined compressive 
strength (UCS). The considerable difference observed between the UCS 
of the two samples was hypothesized to be attributed to surface chem
istry. This hypothesis was tested using molecular dynamics simulations 
of the interactions between calcite as the representative of minerals 
precipitated through EICP and substrates representing the surface of soil 
grains. The substrates included quartz (SiO2), hematite (Fe2O3), and 
marcasite (FeS2). Both dry (calcite–substrate) and hydrated (calci
te–water–substrate) models were simulated. Simulation of the dry 
models revealed that calcite had the strongest affinity for SiO2, sug
gesting that clean sand provides the most favorable host for precipita
tion. It was also observed that the presence of water led to reduced 
precipitate–grain adhesion. This study is the first to simulate bio
cementation at the nanoscale and demonstrates the capability of atom
istic simulations to illuminate the mechanisms governing 

biocementation. 
Supplementary data to this article can be found online at https://doi. 

org/10.1016/j.bpc.2022.106793. 
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