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A B S T R A C T   

Microbially-induced calcium carbonate precipitation (MICP) is a promising grouting material for subsurface 
remediation due to its water-like viscosity and excellent penetration. Current studies of MICP-grouting for 
subsurface remediation of both rock fractures and highly-permeable rock matrix focus on the spatio-temporal 
distribution of precipitated bio-CaCO3 and the resulting reduction in permeability. Conversely, we focus on 
the improvement of mechanical response following MICP-grouting. We contrast the improved mechanical 
response of MICP-treated Berea sandstones with distinctly contrasting initial mechanical properties - contrasting 
associated pre- and post-treatment microstructures with various durations of MICP-grouting. Results indicate 
that although the precipitated CaCO3 mass with time within these two rock types is similar, significant differ
ences exist in the evolution of mechanical properties (UCS, Young’s modulus and brittleness). The evolution of 
mechanical properties for the low-strength sandstone (initial UCS 25.7 MPa) exhibits three contrasting phases: an 
initial slow increase, followed by a rapid-increase and then saturation and asympotic response. After ten cycles of 
MICP-grouting, UCS, elastic modulus and brittleness index for low-strength sandstone increase by 229%, 179% 
and 177% compared with before grouting. In contrast, the mechanical properties for the high-strength sandstone 
(initial UCS 65.1 MPa) are not significantly enhanced, increasing UCS by only 22%, 14% and 12%. Imaging by 
scanning electron microscopy (SEM) indicates that the cementing minerals fill the quartz framework for the high- 
strength sandstone but are sparse for the low-strength sandstone. Sandstone is a clastic sedimentary rock con
sisting of a framework of quartz grains bonded by cementing minerals. For the high-strength sandstone infused 
with a large mass of cementing minerals, the calcium carbonate crystals only precipitate in the gaps between the 
cementing minerals or adhere to the cementing minerals. This is only capable of relatively limited enhancement 
in the bio-bonding strength and volume of the quartz framework. For the low-strength sandstone with fewer 
cementing minerals, the precipitated calcium carbonate is evenly distributed on the surfaces of the quartz gains. 
The bulk strength is progressively increased with the ongoing bio-cementation between quartz gains. Cementing 
mineral contents not only exert a considerable control on the integral mechanical properties and penetration for 
the sandstone, but also have a direct influence on the microscopic distribution of bio-accumulated CaCO3, 
controlling the effectiveness of bio-cementation by incrementing the mechanical properties.   

1. Introduction 

Microbially-induced calcium carbonate (CaCO3) precipitation 
(MICP) is typically facilitated by the Sporosarcina pasteurii (S. pasteurii) 
bacterium. This bacterium mediates a series of biochemical reactions 

that induce the precipitation of calcium carbonate from calcium ions 
within a urea source (Bhaduri et al., 2016; Cardoso et al., 2020; Fan 
et al., 2009; Liu et al., 2017). S. pasteurii can catalyze the hydrolysis of 
urea into ammonium (NH4+) and carbonate (CO3

2− ) by secreting urease 
enzyme in its metabolism. When this hydrolysis reaction occurs in the 
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presence of dissolved calcium ions, the carbonate generated from the 
urea hydrolysis will first precipitate as amorphous calcium carbonate 
and then crystallize to vaterite or calcite - with the microorganisms 
acting as the nucleation sites for crystal growth (DeJong et al., 2010; Liu 
et al., 2020; Rebata-Landa, 2007; Van Paassen, 2009). The hydroxide 
(OH− ) generated from the hydrolysis of the urea results in a pH increase, 
providing favorable conditions for calcium carbonate precipitation. 
Ureolysis-driven calcium carbonate precipitation by S. pasteurii has 
attracted considerable attention as a bio-cement that can both 
strengthen and reduce the permeability of geomaterials (Cheng et al., 
2021; Liu et al., 2021; Salifu et al., 2016). Compared with cement-based 
or chemical grouts, MICP-grouting fluids have water-like viscosity 
(about 1.5 times that of water) and a very fine entrained particle size 
(0.5–5 μm for individual bacterial cells, average 2.8 μm (Minto et al., 
2017)), thus resulting in excellent penetrability. Thus, these fluids are 
optimal for sealing small aperture fractures and pores with only low 
injection pressures (Tobler et al., 2018). In addition, bio-CaCO3 is highly 
durable enabling sealing for >10,000 years compared with chemical 
grouts with limited lifespans of only ~10–20 years (Matsubara, 2021; 
Minto et al., 2017; Shaffer, 2010; Wu et al., 2019). Therefore, MICP is 
considered a promising alternative to cement and chemical grouts, 
especially for subsurface remediation. This includes in controlling the 
diffusion of contaminated groundwater, isolating deep geological 
disposal of nuclear waste, strengthening wellbore cements, enhancing 
oil recovery and in strengthening mylonitized-soft coal (Anbu et al., 
2016; Cunningham et al., 2014; Kirkland et al., 2019; Phillips et al., 
2018; Phillips et al., 2013; Song et al., 2021; Song and Elsworth, 2018; 
Song and Liu, 2020; Wu et al., 2017). 

Current evaluations of MICP-grouting in rock focus on the evolution 
of permeability and associated microtextures of the MICP-treated frac
tured rock and permeable rock matrix, as well as the factors affecting the 
efficiency and distribution of ureolytic bacteria-driven calcium car
bonate precipitation (Minto et al., 2017; Minto et al., 2016; Mortensen 
et al., 2011; El Mountassir et al., 2014; Song et al., 2019; Tobler et al., 
2018; Tobler et al., 2014; Tobler et al., 2012; Wu et al., 2019). Few 
studies assess the impacts on mechanical properties of fractures and 
matrix after MICP-grouting. Peak fracture shear strength is shown to 
correlate with the percentage of the calcium carbonate cemented frac
ture area (Tobler et al., 2018). Prior studies have also explored the 
evolution of mechanical properties in Berea sandstone with the increase 
of calcium carbonate precipitation (Yasuhara et al., 2017). This study 
adopted urease enzyme instead of ureolytic bacteria to catalyze the urea 
hydrolysis into ammonium and carbonate, resulting in calcium car
bonate precipitation. Although the chemical mechanism of enzyme- 
induced carbonate precipitation (EICP) is essentially the same as that 
for ureolytic MICP, the calcium carbonate induced by these two path
ways has significant differences in crystal morphology and size (Meng 
et al., 2021a). More importantly, enzymatically induced calcium car
bonate lacks stickiness. Conversely, in the MICP process, ureolytic mi
croorganisms secrete urease enzyme to catalyze urea hydrolysis and also 
secrete extracellular polymeric substances (EPS) into their environment 
as high-molecular-weight polymer film (nanoscale thickness) that is 
cohesive (Sheng et al., 2010; Song and Elsworth, 2020). EPS not only 
imparts cohesion to the biomineralized calcium carbonate, but also 
plays a controlling role in capturing calcium ions, the precipitation and 
crystal growth of calcium carbonate (Tourney and Ngwenya, 2009). 
Therefore, the calcium carbonate induced by each of urease and ure
olytic bacteria has essential differences in mineralization mechanism, 
microscopic features and physical properties. 

In this study, we investigate the evolution of mechanical properties 
and associated microscopic structure of rock matrix penetrated by MICP- 
grouts. Specifically, two contrasting Berea sandstones with distinctly 
different initial mechanical properties are subjected to various durations 
of MICP-grouting. Changes in pre- and post-peak strength, elastic 
modulus and brittleness are measured and contrasted against the 
microscopic evolution of the rock matrix and the distribution of the bio- 

accumulated CaCO3 using SEM. Mechanistic models unifying these ob
servations between internal structure and the macro-mechanical char
acteristics are advanced. 

2. Experimental methods 

The experimental sequence is summarized in Fig. 1. The prepared 
sandstone cores are first characterized for initial porosity and perme
ability before being MICP-grouted in 2, 4, 6, 8 and 10 cycles. The post- 
treated cores are re-examined for porosity and permeability and the 
mass of calcium carbonate precipitated within each sample measured. 
Subsequently, uniaxial compression tests evaluate peak strength, brit
tleness and elastic modulus for these sandstone cores for contrasting 
durations of MICP-grouting cycles. Post-failure, the mineral composi
tions, micromorphology of the precipitated CaCO3 and its distribution 
within sandstone matrix are examined by X-ray diffraction (XRD) and 
scanning electron microscopy (SEM). 

2.1. Preparation of sandstone samples 

Two contrasting sandstones with distinctly different strengths and 
moduli are obtained from the Devonian in Ohio, USA (Berea sandstone). 
One has a higher permeability but lower strength, and the other has a 
lower permeability and higher strength. The sandstone blocks are cored 
into 1-in. (25.4 mm) diameter cylindrical samples and then trimmed to 
2-in. (50.8 mm) in length. We measure the initial porosity and perme
ability for these sandstone cores and select six cores of each type for 
which porosity and permeability are closest – and use these as the 
candidates for MICP-grouting. The petrophysical properties of these two 
types of Berea sandstone are shown in Table 1. The porosity is deter
mined by helium porosimetry, and the permeability is measured for 
steady flow based on Darcy’s law. Table 1 defines properties for the high 
permeability and low strength Berea and for the low permeability and 
high strength material – as referenced in the following text as low (HS) 
and high (LS) strength sandstones. 

2.2. Bacteria cultivation 

The particular strain of S. Pasteurii is purchased from the American 
Type Culture Collection (freeze-dried, ATCC 11859). The growth me
dium is the NH4-YE liquid medium (ATCC 1376). The strain is first 

Fig. 1. Summary of the experiential sequence.  
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activated and then cultured at 30 ◦C in a shaking water bath (200 r/min) 
for 24–36 h before harvesting at OD600 = 1.0. OD600 is an abbreviation 
referring to the optical density of a sample measured at a wavelength of 
600 nm - a standard classification in estimating the concentration of 
bacterial or other cells in a liquid (Sutton, 2011). The bacterial culture is 
then centrifuged at 4000g for 30 mins and the supernatant fluid removed 
and supplemented by NH4-YE growth medium. After repeating this 
centrifugation process once, the bacterial solution is stored at 4 ◦C prior 
to use. 

2.3. Experimental apparatus and MICP-grouting strategy 

The experimental apparatus for the MICP-grouting is illustrated in 
Fig. 2. The sandstone core is installed inside a fluoro rubber jacket and 
confined within a triaxial core holder capable of applying independent 
loading in the radial and axial directions. A dual cylinder syringe pump 
(ISCO 500D) with a control accuracy ±0.1 KPa is used to apply the 
radial and axial stresses with distilled water as a confining fluid. The 
sandstone core is constrained end-to-end between two cylindrical 
stainless steel loading platens with throughgoing flow connections and 
flow distributors (Wang et al., 2011; Zhi et al., 2019). The core and the 
platens are isolated from the confining fluid by the rubber jacket. The 
upstream platen is connected to a pump to inject MICP-fluids into the 
sandstone core. The experiment adopts a staged grouting strategy, that 
is, in a single grouting cycle, the bacterial solution is first injected into 
the sample, followed by the mixed solution of urea and calcium chloride. 
The bacterial solution and urea/CaCl2 solution are injected by separate 
pumps and tubing to prevent calcium carbonate precipitation from 
occurring in the pump and influent flow lines. The downstream platen 
outflows at atmospheric pressure. The sandstone core is loaded to 3.0 
MPa in both radial and axial directions throughout the MICP-grouting. 

The sandstone cores are grouted in repeated but discrete injection 
cycles. A single grouting cycle contained 10 mL of S. Pasteurii suspension 

(about twice the pore volume of sample) and 25 mL of the cementation 
solution (1.0 mol/L CaCl2 and 1.0 mol/L urea). The staged grouting 
strategy increases the residence time within the sample and potentially 
maximizes the efficiency of the grouting by producing a more homo
geneous calcium carbonate distribution along the rock column (Tobler 
et al., 2012). In addition, before injecting the bacterial solution, 0.056 g 
of calcium chloride is added to 10 mL of bacterial solution (i.e. per liter 
of bacterial solution contained 0.05 mol CaCl2). This is used to reduce 
the electrostatic repulsion between bacteria and sand grains, thus 
strengthening bacterial attachment and bacterial flocculation (Tobler 
et al., 2018; Tobler et al., 2012) in the subsequent calcium carbonate 
precipitation process. The experimental grouting schedule is shown in 
Fig. 3. In each subsequent grouting cycle, the MICP-fluids are reversed 
across the core (so that the prior injection outlet becomes the new inlet) 
to make the distribution of the calcium carbonate even more homoge
neous within the sample. In the two successive grouting cycles, we halt 
injection for one hour to allow for stagnation in the sample and to 
prepare for the next grouting cycle. This allows the urea/CaCl2 solution 
remaining within the pores of the sample to fully react. These two 
contrasting types of Berea sandstone are individually grouted by either 
2, 4, 6, 8 or 10 cycles of the MICP solution – requiring 5 individual 
samples. 

2.4. Measurements of permeability, porosity and calcium carbonate 
content of MICP-treated samples 

After the predetermined grouting cycle is completed, the samples are 
left within the core holder and with no throughflow for one hour before 
the permeability is then measured by injection of distilled water at 

Table 1 
Petrophysical properties of these two types of Berea sandstone.  

Name Porosity (− ) Permeability 
(mD) 

UCS 
(MPa)* 

Young’s Modulus 
(GPa)* 

Type-1 
(LS) 

19.17– 
19.45% 

102.1– 106.8 
(higher) 

25.71 
(lower) 

4.57 

Type-2 
(HS) 

17.27– 
17.33% 

17.2– 18.7 
(lower) 

65.11 
(higher) 

7.51  

* Uniaxial Compressive Strength (UCS) and Young’s Modulus are determined 
from one of the six sandstone cores of each type. 

Fig. 2. Schematic of the experimental apparatus for MICP-grouting.  

Fig. 3. Standard MICP-grouting strategy.  
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constant flow rate. The permeability is evaluated assuming steady flow 
and using Darcy’s law as, 

k =
QLμ
ΔpA

(1)  

where k is the permeability (m2), Q is the flow rate (m3/s), L is the core 
length (m), μ is the dynamic viscosity of the fluid (Pa⋅s), ΔP is the 
pressure difference from the inlet to the outlet (Pa), andA is the cross- 
sectional area of the sample (m2). 

Following the permeability measurement, the sandstone core is 
removed from the holder, dried at 80 ◦C for 24 h, and the porosity and 
calcium carbonate content determined. The change in the porosity of the 
sandstone cores post-grouting is determined by helium porosimetry. The 
calcium carbonate (CaCO3) content of the MICP-treated core is deter
mined by measuring the oven-dry difference in mass of the cores before 
and after -grouting and expressed as the mass of calcium carbonate per 
unit volume of sandstone (g/cm3). 

2.5. Changes in strength (UCS), modulus and brittleness of grouted 
samples 

The pre- and post-peak mechanical properties of the MICP-treated 
sandstone samples are measured for uniaxial compressive strength 
(UCS), Young’s modulus and brittleness. The uniaxial compressive tests 
are conducted according to ASTM D7012–14 (i.e., Standard Test 
Methods for Compressive Strength and Elastic Moduli of Intact Rock 
Core Specimens under Varying States of Stress and Temperatures). The 
axial load was applied at a constant strain rate of 0.1 mm/min 
throughout the testing. 

The Young’s modulus is calculated from the average slope of the 
straight-line portion of the stress-strain curve, as per ASTM D7012–14. 
Brittleness relates to the ratio of strength drop (peak to residual) relative 
to peak strength (Meng et al., 2021b; Meng et al., 2015) to define the 
brittleness index (BI) (Holt et al., 2015). Brittleness index is defined as 
(Meng et al., 2015), 

BI =
τp − τr

τp

lg|k|
10

(2)  

where τp represents uniaxial compression strength (UCS), τr is residual 
strength, and k is the slope of the line from the initial yielding point to 
the starting point of the residual strength. The absolute value of k is 
adopted as the measured slope is always negative. The value of BI ranges 
from 0 to 1 with a higher BI value indicating higher brittleness. 

3. Experimental results 

3.1. Permeability, porosity and calcium carbonate content of MICP- 
treated sandstone cores 

Changes in permeability with the progress of MICP-grouting cycles 
are shown in Fig. 4(a). Overall, the permeabilities for both of the LS and 
HS sandstones significantly decline with increasing duration of grouting. 
Specifically, the permeability of the high-permeability sandstone (LS 
sandstone in Fig. 4(a)) core reduces by ~96% from 105.7 mD to 4.19 mD 
after 10 cycles of grouting, while the permeability of the low- 
permeability sandstone (HS sandstone in Fig. 4(a)) with 10 cycles 
grouting declines from 18.4 mD to 0.20 mD, reducing by ~99%. We also 
compare the normalized permeability reduction between these two 
sandstone cores with increasing number of cycles of grouting by nor
maizing relative to the initial permeability (Fig. 4(b)). As shown in Fig. 4 
(b), the permeability reduction (effective permeability) for the low- 
permeability samples indicates greater sensitivity than that for the 
high-permeability samples for identical durations (numbers of cycles) of 
MICP-grouting. This is consistent with a presumed greater reduction in 
pore throat diameter occurring for the narrower pore throats of the low- 

permeability sandstones. 
Following the permeability measurement, the porosity of the sand

stone cores, subject to various numbers of MICP-grouting cycles, is 
determined by helium porosimetry. As shown in Fig. 5, the porosity 
decreases linearly with increasing cycling of bio-treatment. After 10 
cycles of MICP-treatments, the porosity of the high-permeability sample 
(LS sandstone) decreases from 19.19% to 10.88%, while the low- 
permeability sample (HS sandstone) decreases from 17.28% to 10.46%. 

Subsequently, we further measure the change in oven-dry mass of the 
sandstone cores before and after grouting to obtain the precipitated 
calcium carbonate mass for different MICP-treatments (Fig. 6(a)). The 
calcium carbonate content within the samples is expressed as the mass of 
calcium carbonate per unit volume of sandstone (g/cm3). The measured 
calcium carbonate content of high-permeability samples (LS sandstone) 
is slightly higher than that of the low-permeability samples (HS sand
stone) for equivalent durations of MICP-grouting. Previous studies have 
indicated that the injected microfluid velocity of the cementation solu
tion (urea-Ca2+) can affect the efficiency of the MICP-reactants. When 
the reaction rates of the microbially-driven urea hydrolysis and calcium 
carbonate precipitation are faster than the input rate of urea-Ca2+ so
lution, more calcium ions can be precipitated under the same conditions 
(Al Qabany et al., 2012; Song and Liu, 2020). In other words, a lower 

Fig. 4. Variation in permeability and normalized (effective) permeability after 
0, 2, 4, 6, 8 and 10 cycles of MICP-grouting. (a) Permeability. (b) Normalized 
permeability. 
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fluid velocity of urea-Ca2+ solution through the pore can contribute to a 
higher CaCO3 precipitation efficiency. The low-permeability sandstone 
presumably has narrower pore throats than the high-permeability 
samples, resulting in the microfluid velocity through the pore spaces 
within the low-permeable sample being higher than that for the high- 
permeability sample at the identical volumetric flow rates. Therefore, 
the harvestable calcium carbonate mass within the high-permeability 
samples is larger than that of the low-permeability samples for iden
tical durations of MICP-treatment. In addition, we quantitatively 
calculated the change in the conversion rate of calcium ions in the urea- 
Ca2+ solution with increasing MICP-treatments. The Ca2+ conversion 
rate is defined as, 

Ca2+ conversion rate (%) =
mn

M × n
× 100% (3)  

where mn represents the mass of precipitated calcium carbonate within 
the sandstone core after n cycles of MICP-grouting, M represents the 
maximum theoretical mass of calcium carbonate precipitation that can 
be synthesized in a single MICP-grouting. That is, 100% of the calcium 
ions within the urea-Ca2+ solution of a single grouting cycle is precipi
tated into calcium carbonate (each cycle of MICP-grouting can produce 
up to 2.5 g of calcium carbonate). Fig. 6(b) shows the average Ca2+

conversion rate after 2, 4, 6, 8 and 10 cycles of MICP-grouting, respec
tively. Clearly, with increasing MICP-cycles, the efficiency of precipi
tation of the microbially-mediated calcium carbonate gradually 
decreases – potentially as the consequence of the increase in microfluid 
velocity. As the precipitated CaCO3 continuously accumulates, the pore 
spaces become progressively narrower, resulting in an increase in the 
flow velocity of the urea-Ca2+ solution through the pore throats and a 
reduction in the efficiency of microbially-induced calcium carbonate 
precipitation. 

3.2. Evolution of mechanical properties 

We determine trends in peak strength, Young’s modulus and brit
tleness of these sandstones with increase in the number of MICP- 
grouting cycles by measuring pre- and post-peak strengths of the sam
ples. The stress-strain curves for these two sandstone cores following 
various durations/cycles of MICP-grouting are shown in Fig. 7 - with 
corresponding peak strengths also marked. Overall, the low-strength 
samples (LS-HP sandstone, Fig. 7 (a)) indicate a proportionately 
higher gain in peak strength with an increase in grouting cycles. After 

10 cycles, the uniaxial compressive strength (UCS) for the low-strength 
sandstone sample increased from 25.71 MPa to 58.96 MPa, ~2.3 times 
that of the untreated sample. Conversely, the UCS for the high-strength 
sample (HS-LP sandstone Fig. 7 (b)) only increases by ~22% from 65.11 
MPa to 79.36 MPa. Subsequently, we calculate Young’s modulus and 
brittleness for these biotreated samples from these same stress-strain 
data. We then define the correspondence between CaCO3 content and 
UCS, Young’s modulus, and brittleness. As shown in Fig. 8(a)-(c), the 
evolution of mechanical properties for the high-strength and low- 
strength sandstone samples significantly differs with increasing cal
cium carbonate content. The mechanical properties for the low-strength 
sandstone are impacted most. After ten cycles of MICP-grouting in the 
low-strength sandstone, UCS, Young’s modulus and brittleness index 
increase by 229%, 179% and 177% relative to pre-grouting, Trends in 
evolution with the accumulation of calcium carbonate presents in three 
contrasting stages. For the initial CaCO3 accumulation, there is only a 
negligible increase in strength, stiffness or brittleness. As the calcium 
carbonate mass continues to accumulate, the mechanical properties in
crease rapidly before finally reaching a plateau at large concentration. 
By contrast, the evolution of the mechanical properties of the high- 
strength sandstone increase constantly, and at low rate, throughout. 

Fig. 5. Variation in porosity for the sandstone samples after 0, 2, 4, 6, 8 and 10 
cycles of MICP-grouting. 

Fig. 6. Variation in CaCO3 content and the average Ca2+ conversion rate of 
MICP within these two sandstones after 0, 2, 4, 6, 8 and 10 cycles of MICP- 
grouting. (a) CaCO3 content. (b) Average Ca2+ (urea-Ca2+ cementation solu
tion) conversion rate. 
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After ten cycles of MICP-grouting, the UCS, Youngs’s modulus and 
brittleness index only increase by 22%, 14% and 12% relative to pre- 
grouting. This observed and distinctly different evolutionary trend of 
mechanical behavior for these two sandstones is likely associated with 
the calcium carbonate distribution and related cementation within the 
intergranular spaces of the sandstone. We conduct microscopic charac
terizations of the biotreated samples to further explore this posit. 

4. Microscopic phenomena and discussion 

We determine the mineralogy of the precipitated calcium carbonates 
by X-ray diffraction (XRD) on the powdered sandstone both before and 
after MICP-grouting. The microscopic morphology of the microbially- 
induced calcium carbonate, as well as its distribution within the inter
granular spaces, are examined by scanning electron microscopy (SEM) 
to define microscopic processes mediating bio-cementation. 

4.1. Crystalline forms of microbially-induced calcium carbonate 

The untreated and 10-cycle-treated MICP-grouted samples are 
examined by XRD. As shown in Table 2, the XRD results suggested that 
the raw Berea sandstone is mainly composed of quartz and small 
amounts of microcline, muscovite and kaolinite, while the calcite and 
vaterite contents increase significantly in the MICP-treated sample. 

Vaterite and calcite, representing two polymorphs of calcium carbonate, 
are the microbially-produced components. The XRD results also imply 
that more than 60% of the generated calcium carbonate is calcite. 

Fig. 7. Stress-strain curves for these two sandstone samples with increased 
MICP-grouting. (a) Low strength sandstone. (b) High strength sandstone. 

Fig. 8. Correspondence between CaCO3 content and (a) UCS, (b) Young’s 
modulus, and (c) brittleness index. 
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4.2. Cumulative process of microbially-induced calcium carbonate 

We scan then compare the micro textures of fracture surfaces 
resulting from the compressive failure of the samples to define bio- 
CaCO3 accumulation and induced intergranular bonds for these two 
Berea sandstones. Fig. 9(a)–(c) are SEM images of the original LS 
sandstones, and after four- then ten-cycles of bio-grouting, respectively. 
Clearly, only few cementing minerals infill the quartz framework in the 
untreated LS sandstones (Fig. 9(a)) – reflected in its so low bulk strength 
(UCS for LS sandstone is only 25.7 MPa). Sandstone is a clastic sedi
mentary rock consisting of a framework of quartz grains bonded by 
cementing minerals. Cementing minerals contents exert a considerable 
control on the bulk strength. With the gradual precipitation of 
microbially-mediated calcium carbonate, the early precipitates of 
CaCO3 are dispersed on the surfaces of the quartz grains and occupy the 
rims of the pore spaces (Fig. 9(b)). As the microbially-mediated 

mineralization continuously accumulates, the surface coatings thicken 
and then fill. Consequently, the adjacent quartz grains are bonded, and 
the bonding strength is continuously enhanced with an increase in the 
bio-cementation area (Fig. 9(c)). 

By contrast, the SEM images for the high-strength sandstone indicate 
a significant difference from the low-strength sandstone. Figs. 10(a), (b) 
and (c) are the SEM images for the original “LP-HS” sandstones, and 
after four- then ten-cycle of bio-grouting, respectively. The cementing 
minerals filling the quartz framework for the high-strength sandstone 
are clearly more than for the low-strength sandstone (Fig. 10(a)). This 
petrophysical observation is well aligned with the initial mechanical 
strengths for these two sandstones (UCS for LS sandstone is only 25.7 
MPa, while HS sandstone is 65.1 MPa). Sandstone is a clastic sedimen
tary rock consisting of a framework of quartz grains bonded by 
cementing minerals. Larger masses of cementing minerals can enhance 
the bonding strength between quartz grains, thereby imparting a higher 
bulk strength. With the increased duration of MICP-grouting, most of the 
precipitated calcium carbonate crystals populate the gaps between the 
cementing minerals or adhere to cementing minerals, as shown in the 
SEM images of Fig. 10(b) and (c). 

In addition, it is worth noting that with the accumulation of bio- 
CaCO3, the microscopic failure of the LS sandstone under uniaxial 
compression changes from intergranular fracture to transgranular frac
ture, implying that the bio-CaCO3 effectively enhances the bonding 
strength and bonding areas between quartz grains. In contrast, the 
microscopic failure of the HS sandstone is dominated by transgranular 
fracture. These microscopic observations are consistent with trends in 
the variation in mechanical properties for these two sandstones with the 
increasing accumulation of bio-CaCO3. 

Table 2 
Mineral composition of Berea Sandstone both before then after 10 cycles of 
MICP-grouting, as recovered from XRD.  

Minerals HP-LS Berea Sandstone LP-HS Berea Sandstone 

Untreated (wt 
%) 

MICP-treated 
(wt%) 

Untreated (wt 
%) 

MICP-treated 
(wt%) 

Quartz 91.6 79.5 89.6 82.4 
Microcline 5.5 5.2 6.5 5.8 
Muscovite 2.3 1.9 0 0 
Kaolinite 0.4 0.2 3.9 2.2 
Calcite 0.2 8.3 0 6.0 
Vaterite 0 4.8 0 3.6  

Fig. 9. Textures of bio-accumulation of CaCO3 within LS sandstone.  
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4.3. Evolution of mechanical behavior after MICP-grouting 

This work quantifies the evolution of mechanical properties of 
sandstones associated with evolving microstructures following MICP- 
grouting. Trends in the evolution of mechanical properties in these 
two sandstones that develop distinct microscale textures indicate sig
nificant differences. Sandstone is a clastic sedimentary rock consisting of 
a quartz framework of grains bonded by cementing minerals. The 
bonding exerts a considerable control on the ensemble mechanical 
properties and penetration of grout into the sandstone, and therefore 
also has a direct influence on the microscopic distribution of bio-CaCO3 
and its resulting cementation efficiency. 

For the low-strength sandstone with fewer cementing minerals, the 
precipitated calcium carbonate is relatively evenly distributed on the 
surfaces of the quartz gains. As this mass continuously accumulates, the 
narrow pore spaces between quartz grains are first bonded by the 
precipitating calcium carbonate, with the bonding strength progres
sively strengthened with the ongoing bio-cementation. In addition, these 
narrow pores also exert a key control on the flow distribution of the 
MICP-grout. Once the narrow pores fill and plug, the MICP-grout will no 
longer flow through to the adjacent large pores, and the CaCO3 accu
mulation in the large pores spaces also stagnates. The meager calcium 
carbonate precipitated in the large pores is therefore an ineffective bond 
to support the quartz framework-due to its limited accumulation. Based 
on the foregoing, in the initial stage of MICP-grouting, the intergranular 
bonding sites and bonding strength of bio-CaCO3 are relatively limited 
as a result of the limited and isolated CaCO3 accumulation. 

Consequently, the incremental increase in the ensemble mechanical 
properties with fewer cementing minerals is initially comparatively 
gentle. This intergranular dislocation leads to macroscopic failure under 
uniaxial compression. As the precipitated CaCO3 continuously occupies 
the surfaces of quartz grains, the bonding areas in the narrow voids is 
gradually enhanced and thus the ensemble mechanical properties in
crease rapidly an increase in CaCO3 mass. Therefore, the microscopic 
failure under uniaxial compression changes from intergranular fracture 
to transgranular fracture. Until the narrow pore spaces are almost filled 
by the precipitated calcium carbonate, the growth rate in mechanical 
properties ultimately approaches an asymptote. This mechanistic 
explanation for the strength gain in the sandstone with fewer cementing 
minerals (low-strength sandstone) is consistent with its evolution in 
mechanical properties with the accumulation of CaCO3. A schematic for 
the cumulative process of bio-CaCO3 within low-strength sandstone 
(fewer cementing minerals) is illustrated in Fig. 11. 

For the high-strength sandstone with a large mass of cementing 
minerals, the evolution of mechanical behaviors and its associated 
microstructure in response to calcium carbonate accumulation indicate 
clear differences with the sandstone with less cementing mass. Higher 
mineral contents can ensure sufficient bonding area and bonding 
strength between the quartz grains, thereby resulting in high bulk 
strength. This demonstrates the principal application of the method in 
its efficacy of bio-CaCO3 cementation for improving mechanical prop
erties. In addition, the narrow pore spaces within the quartz framework 
provide optimal sites for bio-cementation. However, for the highly 
cemented sandstone, these narrow pores are more likely to be narrowed- 

Fig. 10. Textures of bio-accumulation of CaCO3 within HS sandstone.  
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down and occupied by the cementing minerals during natural diagen
esis. This causes the available nucleation sites and growth spaces for bio- 
accumulated CaCO3 in the narrow pore spaces to be significantly 
restricted. As we have observed, the precipitated calcium carbonate 
crystals precipitate within the gaps between the cementing minerals or 
adhere to cementing minerals, which is relatively limited in enhancing 
the bonding strength and area within the quartz framework. These dual 
mechanisms likely explain why the mechanical behaviors of high- 
strength sandstones rich with cementing minerals do not show a sig
nificant increment with the CaCO3 accumulation. 

This study reveals the evolution of mechanical properties of sand
stones associated with evolving microstructures following MICP- 
grouting – increases in UCS and deformation modulus. More impor
tantly, it provides a basis to understand the linked characteristics of 
permeability reduction after MICP-grouting under changing in-situ 
stress conditions, which is of great significance for MICP-grouting to 
reduce leakage from carbon sequestration reservoirs and to enhance 
sweep efficiency of oil reservoirs. Current studies of MICP-grouting for 
permeability reduction in rock fractures and highly-permeable rock 
matrix rarely consider the coupling with the stress field. This is un
doubtedly the focus of our next work. 

5. Conclusions 

This work investigates the mechanical behaviors and associated 
microstructure of low-strength and high-strength Berea sandstone sub
ject to various durations of MICP-grouting. Observations indicate that 
although the generated CaCO3 mass within these two media is relatively 
similar for identical durations of MICP-grouting, significant differences 
exist the increases in both strength and deformability (UCS magnitudes, 
Young’s Modulus and brittleness). The variations in mechanical prop
erties for low-strength sandstone (initial UCS = 25.7 MPa) with bio- 
accumulation of CaCO3 undergo three contrasting phases: an initial 
slow increase, followed by a rapid-increase and then saturation and 
asymptotic response. After ten cycles of MICP-grouting, UCS, Young’s 
modulus and brittleness index for low-strength sandstone increased by 
229%, 179% and 177% compared with before grouting. By contrast, the 
evolution of mechanical properties for high-strength sandstone do not 
show a significant increment with CaCO3 accumulation. In contrast, 
after ten cycles of MICP-grouting, UCS, elastic modulus and brittleness 
index for high-strength sandstone only increased by 22%, 14% and 12% 
compared with before grouting. 

Imaging by scanning electron microscopy (SEM) indicates that for 
the low-strength sandstone with fewer cementing minerals, the gener
ated calcium carbonate precipitation accumulates evenly on the surfaces 
of the quartz gains. As this mass continuously accumulates, the narrow 
pore spaces between quartz grains are first bonded by the precipitated 
calcium carbonate, with the bonding strength progressively strength
ened with the increase in area of bio-cementation. Until these narrow 
pore spaces are almost filled, the growth rate in mechanical properties 
approaches an asymptote. For the high-strength sandstone with a large 
mass of cementing minerals, the efficacy of bio-CaCO3 cementation for 
mechanical properties is likely concealed by the presence of cementing 
minerals. The calcium carbonate crystals only precipitate in the gaps 
between the cementing minerals or adhere to the cementing minerals. 
This is only capable of relatively limited enhancement in the bonding 
strength and area of the quartz framework. Cementing minerals within 
quartz framework not only exert a considerable control on the integral 
mechanical properties and penetration for the sandstone, but also have a 
direct influence on the microscopic distribution of bio-accumulated 
CaCO3, controlling both the cementation efficiency and the increment 
of mechanical properties. 
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