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A B S T R A C T

Bio-chemical reactions enable the production of biomimetic materials such as sandstones. In the present study,
microbiologically-induced calcium carbonate precipitation (MICP) is used to manufacture laboratory-scale
specimens for fracture toughness measurement. The mode I and mixed-mode fracture toughnesses are measured
as a function of cementation, and are correlated with strength, permeability and porosity. A micromechanical
model is developed to predict the dependence of mode I fracture toughness upon the degree of cementation. In
addition, the role of the crack tip 𝑇 -stress in dictating kink angle and toughness is determined for mixed mode
loading. At a sufficiently low degree of cementation, the zone of microcracking in the vicinity of the crack
tip is sufficiently large for a crack tip 𝐾-field to cease to exist and for crack kinking theory to not apply. The
interplay between cementation and fracture properties of sedimentary rocks is explained; this understanding
underpins a wide range of rock fracture phenomena including hydraulic fracture.
. Introduction

There is a growing interest in using our understanding of the
atural environment to inspire the invention of new materials and
hereby expand material property space [1,2]. This includes the de-
elopment of bio-mimetic materials [3,4], and the use of naturally
ccurring bio-chemical processes to create bio-mediated materials with
nique properties [5]. Bio-cementation techniques have emerged as an
nvironmentally-friendly approach to increase the strength of soils [6],
eal cracks in concrete [7], and manufacture low-carbon building
aterials [8]. Among existing bio-cementation techniques, microbio-

ogically induced calcium carbonate precipitation (MICP) has attracted
articular attention for its ability to control the degree of cemen-
ation in the production of bio-cemented sands that mimic natural
andstones [9].

MICP involves the distribution and settlement of urease-producing
acteria within a granular matrix, see Fig. 1. First, a suspension of
acteria are introduced into the medium. The bacteria settle near the
ontact points between sand particles, and the cementation liquid is
ntroduced repeatedly to generate calcium carbonate that binds the par-
icles together. The cementation liquid consists of urea and a calcium
ource, usually calcium chloride. Calcium cations are attracted to the
egatively charged cell walls of the bacteria and the microbes hydrolise
rea to produce carbonate anions. Calcium carbonate precipitates on

∗ Corresponding author at: Department of Civil and Environmental Engineering, Imperial College London, London SW7 2AZ, UK.
E-mail address: e.martinez-paneda@imperial.ac.uk (E. Martínez-Pañeda).

the bacterial wall, and consequently the position of the calcium car-
bonate crystals within the granular medium coincides with the location
of the bacterial cells at contact points between the particles of a fine-
grained sand [10]. The mass of cement between particles correlates
with the concentration of cementation solution and this provides a
means of generating specimens with selected levels of cementation. The
above strategy has recently been exploited in studies on the tensile and
compressive strength of artificial bio-mediated sandstones [11–14], and
was linked to the microscale response either via SEM or via acoustic
emissions [15], providing suitable grounds to develop simulation-based
approaches based on discrete and lattice element methods [16–20].
However, the fracture behaviour of bio-cemented sands remains unex-
plored despite its importance to phenomena such as hydraulic fracture,
groundwater decontamination and grouting.

In the current study the fracture of artificially bio-cemented sand-
stones is investigated by combining experiment and modelling. The
mode I and mixed-mode fracture responses are measured and are
correlated with permeability, porosity, and tensile and compressive
strengths of samples that have been manufactured using the same
MICP recipe. The crack path under mixed-mode macroscopic loading
is quantified, including the sensitivity of kink angle to the 𝑇 -stress
of the crack tip stress field. Test methods are detailed in Section 2,
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Fig. 1. The use of bacteria to fabricate cemented sands. A sketch of microbially-induced calcium carbonate precipitation (MICP).
and the experimental and modelling results are given in Section 3.
A micromechanical model is developed to predict the dependence of
toughness upon the degree of cementation (Section 4). Concluding
remarks are reported in Section 5.

2. Experiments

The experimental protocol is now outlined, including the MICP
parameters, sample preparation, and tests to measure mode I and
mixed-mode fracture, permeability, porosity and bulk material strength
(tensile and compressive). Silica sand was subjected to the MICP treat-
ment; it comprised rounded to sub-rounded particles (medium spheric-
ity) and a representative diameter (𝐷90) of 0.3 mm. The uniformity
coefficient 𝐷60∕𝐷10 was 1.38, thereby classifying the granular medium
as poorly graded (uniform distribution of particles). Cylindrical samples
of diameter 70 mm and height 150 mm were first prepared, and then
cut into smaller test coupons. Previous compressive strength measure-
ments have shown good reproducibility but it should be noted that the
scatter of the data increases with decreasing cementation level [9].

2.1. MICP parameters

MICP allows for control of the degree of cementation and thereby
the macroscopic mechanical properties. The treatment involved the
sequential injection of the bacterial solution (BS) and the cementation
solution (CS), as explained in the Introduction.

(i) The bacterium Sporosarcina pasteurii was used as its urease-synthesis
behaviour can be controlled in a relatively straightforward manner.
The growth medium comprised 20 g∕L yeast extract, 10 g∕L ammonium
sulphate, 20 g∕L agar, and 0.13 M tris buffer. After 24 h of incubation
at 30 °C, the culture was harvested and stored at 4 °C. The culture was
introduced into liquid nutrient broth without agar, and placed in a
shaking incubator for an additional 24 h to form the bacterial solution
(BS); the BS was then introduced into sand columns. The optical density
(OD), measured at a wavelength of 600 nm, OD , was between 1.5
2

600
and 2.0; the average urease activity was 0.8 (mM urea/h)/OD, as
measured by a conductivity assay on a BS diluted to an OD of 1.0 [21].

(ii) The cementation solution (CS) consisted of 0.375 M urea, 0.25 M
calcium chloride (CaCl2), and 3 g/L nutrient broth. Previous studies
have shown that this recipe gives an effective MICP treatment [22]. The
combination of MICP parameters resulted in a uniform distribution of
bacteria and chemicals without clogging. The rate of flow by gravity
injection is balanced by the rate of MICP reaction, due to the chosen
urease activity and concentration of the cementation solution. The long
retention times promoted the efficient formation of calcium carbonate.

2.2. Sample preparation and calcium carbonate content

The injection direction in the cylindrical specimens was from top
to bottom to give gravity-assisted permeation, thereby achieving uni-
form samples relative to other methods such as pumping. Before each
injection, the excess solution was allowed to drain while the sample
remained saturated. The time between two subsequent injections, the
so-called retention time, was 24 h. The degree of cementation was
controlled by the number of CS injections, as the amount of calcium car-
bonate precipitation increases with the concentration of cementation
solution, see Ref. [9] for additional details.

The calcium carbonate (CaCO3) content was measured according to
the standard ASTM D4373-21, as follows. 30mL of hydrochloric acid
(HCl) 2.5M was introduced into 30 g of a dried and ground sample in
order to generate carbon dioxide gas. Specifically, the CaCO3 reacts
with HCl as follows:

CaCO3(𝑠) + 2HCl(𝑎𝑞) → CaCl2(𝑎𝑞) + CO2(𝑔) + H2O(𝑙) (1)

The quantity of calcium carbonate was calculated by measuring the
mass of carbon dioxide released. To do so, the carbon dioxide gas
was released into a calcimeter chamber and the gas pressure was
measured using a pressure gauge. The gas pressure is related to the
released amount of CO and, from the stoichiometry of the above
2(𝑔)
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Fig. 2. The configuration of the mixed-mode fracture experiments, including the kink
rack extension 𝛥𝑎 and kink angle 𝜔.

reaction, the amount of calcium carbonate was calculated. The degree
of cementation is reported as the mass fraction of CaCO3.

Once the bio-cementation process had been completed, specimens of
70 mm diameter and 150 height were extracted from the molds. They
were oven-dried at a temperature of 105 ◦C to remove all excessive
soluble salts. The specimens were then cut into disks and a notch was
introduced using a small knife.

2.3. Fracture toughness tests

Three-point bend tests on semi-circular disks of radius 𝑅 = 70 mm
were conducted to determine the mixed mode I and II fracture tough-
ness, see Fig. 2. The test procedure followed the ISRM standard for
fracture toughness measurement [23]. The samples were loaded quasi-
statically under displacement-control at a rate of 0.05 mm/min. An
initial notch of normalised length 𝑎∕𝑅 = 0.4 was introduced, either
parallel or inclined at an angle 𝛼 with respect to the loading direction
to give Mode I and Mixed-mode loading, respectively. The notch incli-
nation angle 𝛼 was of magnitude 0◦, 15◦, 30◦, 45◦, and 60◦ in order
o span a wide range of mixed-mode behaviours. The span length is
∕𝑅 = 1.6. The mode I fracture toughness for the choice 𝛼 = 0 is
stimated from the peak load 𝑃𝑚𝑎𝑥 as

𝐼𝑐 = 𝑌
𝑃𝑚𝑎𝑥

√

𝜋𝑎
2𝑅𝑡

(2)

where 𝑡 is the sample thickness and the calibration factor 𝑌 is given by

= − 1.297 + 9.516 𝑆
2𝑅

−
(

0.47 + 16.457 𝑆
2𝑅

) 𝑎
𝑅

+
(

1.071 + 34.401 𝑆
2𝑅

)( 𝑎
𝑅

)2
(3)

For mixed-mode loading, the mode I and mode II stress intensity
actors 𝐾𝐼 and 𝐾𝐼𝐼 , respectively, are related to the applied load 𝑃 by

𝐼 =
𝑃
√

𝜋𝑎
2𝑅𝑡

𝑌𝐼
(

𝛼, 𝑎
𝑅
, 𝑆
𝑅

)

and 𝐾𝐼𝐼 =
𝑃
√

𝜋𝑎
2𝑅𝑡

𝑌𝐼𝐼
(

𝛼, 𝑎
𝑅
, 𝑆
𝑅

)

(4)

here the geometry factors 𝑌𝐼 and 𝑌𝐼𝐼 have already been obtained
s a function of 𝛼, 𝑎∕𝑅, and 𝑆∕𝑅 using finite element analysis [24].
imilarly, the elastic 𝑇 -stress [25] is given by

= 𝑃
2𝑅𝑡

𝑌𝑇
(

𝛼, 𝑎
𝑅
, 𝑆
𝑅

)

(5)

where the calibration function 𝑌 has already been reported in Ref. [24]
3

𝑇 .
2.4. Relevant material properties

Fracture toughness measurements were complemented by experi-
ments aimed at correlating the degree of cementation of bio-cemented
sands with relevant material properties: unconfined compressive
strength (UCS), tensile strength, porosity, and permeability [9,10,14].
All tests were conducted on samples prepared using the same MICP
protocol and over the same range of cementation (CaCO3 mass fraction)
as used for the fracture toughness measurements.

Uniaxial compression tests were conducted on cylindrical samples
by compressing them in the axial direction, in accordance with the
standard ASTM D7012-14. The samples had a diameter of 70 mm and
height of 150 mm, and the applied loading rate was 1.14 mm/min. The
tensile strength was measured by means of the so-called Brazilian or
indirect splitting test [26], using disk samples of diameter 70 mm and
thickness 30 mm, in accordance with the standard ASTM D2936. The
relationship between porosity 𝑝 and CaCO3 mass fraction was obtained
from the bulk dry density 𝜌 by using the usual relation:

𝑝 = 1 −
𝜌
𝜌𝑠

(6)

where 𝜌𝑠 is the weighted average density of silica and CaCO3 [9]. The
permeability was measured by falling head tests, using the injection
molds as rigid wall permeameters after all excess soluble salts had been
removed by flushing with de-ionised water.

3. Results

3.1. Mode I fracture

The dependence of mode I fracture toughness 𝐾𝐼𝑐 upon mass frac-
tion �̄� of CaCO3 is given in Fig. 3a, while the tensile strength 𝜎𝑡𝑓 and

compressive strength 𝜎𝑐𝑓 are plotted as a function of mass fraction �̄�
n Fig. 3b. Note that both 𝐾𝐼𝑐 and 𝜎𝑡𝑓 increase almost linearly with
̄ whereas 𝜎𝑐𝑓 scales with �̄� in a non-linear fashion, consistent with
he literature [27]. As the degree of cementation increases, such that
̄ increases, the porosity and permeability both decrease, see Fig. 3c.
his behaviour is consistent with the notion that cementation fills pore
pace and leads to a drop in permeability and to an increase in both
acroscopic strength and fracture toughness. The range of porosities
easured (0.32 to 0.37) is close to that exhibited by weak natural

andstones. A similar toughness-porosity relationship has been reported
or sintered steels [28,29] due to the feature-in-common that discrete
ecks exist between particles.

It is expected that internal flaws exist in cemented rocks of char-
cteristic length 2𝑎0 (such as the diameter of a penny-shaped crack,
r the length of a through-crack) which much exceeds the particle
iameter 𝐷. Consequently, the tensile strength 𝜎𝑡𝑓 is given by the
riterion 𝐾𝐼 = 𝜎𝑡𝑓

√

𝜋𝑎0 = 𝐾𝐼𝑐 and the scatter in flaw size results in a
scatter of tensile strength, as noted previously [14]. It is instructive to
plot the measured tensile strength versus fracture toughness for the bio-
cemented sand of the present study in Fig. 3d, and to include published
data [30] for a range of cemented rocks. In addition, we make use of
the relation between tensile fracture strength 𝜎𝑡𝑓 and fracture toughness
𝐾𝐼𝑐 , as given by 𝜎𝑡𝑓

√

𝜋𝑎0 = 𝐾𝐼𝑐 , to determine the critical defect size

𝑎0 = (1∕𝜋)(𝐾𝐼𝑐∕𝜎𝑡𝑓 )
2 that best fits the data. Taken together, the results

show that bio-cemented sands have low values of both strength and
fracture toughness relative to that of other rock-like materials. For the
highest levels of cementation considered, bio-cemented sands can attain
a tensile strength comparable to that of mudstone, but with a lower
fracture toughness. The critical defect size 𝑎0 that provides the best
fit to the bio-cemented sands data decreases with increasing �̄�: low
cemented bio-sands have critical defects as large as 5–10 mm, but as
the degree of cementation increases 𝑎0 is on the order of 1 mm. This
is a smaller critical defect size than that of most rock-like materials
and comparable to that of shale [31]. We note in passing that the
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Fig. 3. Experimental characterisation of the mechanical behaviour of bio-cemented sands: (a) Mode I fracture toughness 𝐾𝐼𝑐 , (b) tensile strength 𝜎𝑡
𝑓 and compressive strength 𝜎𝑐

𝑓
as a function of cementation, (c) permeability and porosity as a function of cementation, and (d) correlation of tensile strength 𝜎𝑡

𝑓 to fracture toughness for a range of cemented
rocks.
defect size 𝑎0 in the cemented bio-sands and in naturally occurring
cemented rocks [30] is typically two orders of magnitude larger than
the particle size 𝐷. Recall that the ASTM Standard E18201 demands
that the crack length 𝑎 = 28 mm in the test program must exceed
2.5(𝐾𝐼𝑐∕𝜎𝑡𝑓 )

2 = 2.5𝜋𝑎0 in order for the test to give a valid measure
of fracture toughness. Consequently, fracture toughness measurements
based on a crack length of 𝑎 = 28 mm are valid only for 𝑎0 less than
3.5 mm. Thus, the 𝐾𝐼𝑐 tests are valid for �̄� ≥ 5% by making use of
Fig. 3a, b and d. This raises the immediate question of whether the bio-
cemented sand behaves in the manner of an elastic-brittle solid when
subjected to mixed mode loading.

We further note that the critical defect size 𝑎0 can be interpreted as
the transition flaw size between strength-control and toughness-control.
When a rock contains cracks much larger than 𝑎0 its tensile strength
is governed by its fracture toughness. In contrast, when small cracks
are introduced (shorter than 𝑎0), they have no effect upon the tensile
strength of the rock as the tensile strength is set by the largest intrinsic
flaw size of length 𝑎0 [32].

3.2. Mixed-mode fracture

As shown in Fig. 2, the mixed mode experiments are conducted
such that the initial crack is inclined at an angle 𝛼 relative to the
direction of applied load. Samples are produced for a wide range of
𝛼 values and CaCO3 mass fractions. The direction of crack growth is
characterised by the so-called kink angle 𝜔, see the inset of Fig. 2. The
stress intensity factors that characterise the stress state at the tip of
the kink crack (𝐾𝑘

𝐼 , 𝐾
𝑘
𝐼𝐼 ) is related to the stress state at the tip of the

1 Standard Test Method for Measurement of Fracture Toughness.
4

original parent crack, as characterised by the stress intensity factors 𝐾𝐼
and 𝐾𝐼𝐼 [33]. The 𝑇 -stress associated with the parent crack additionally
contributes to the stress intensity at the tip of a kink crack of finite
length 𝛥𝑎. Following He and Hutchinson [34] and He et al. [35], the
stress intensity factors at the tip of the kink crack are given by

𝐾𝑘
𝐼 = 𝐴𝐼 (𝜔)𝐾𝐼 + 𝐵𝐼 (𝜔)𝐾𝐼𝐼 + 𝐶𝐼 (𝜔)𝑇

√

𝛥𝑎 (7)

𝐾𝑘
𝐼𝐼 = 𝐴𝐼𝐼 (𝜔)𝐾𝐼 + 𝐵𝐼𝐼 (𝜔)𝐾𝐼𝐼 + 𝐶𝐼𝐼 (𝜔)𝑇

√

𝛥𝑎 (8)

where the coefficients 𝐴𝑖, 𝐵𝑖 and 𝐶𝑖 depend upon the kink angle 𝜔 and
are provided in Refs. [34,35].

The stress intensity factors (𝐾𝐼 , 𝐾𝐼𝐼 ) at the point of failure are deter-
mined from the critical applied load 𝑃 , sample dimensions (𝑎∕𝑅,𝑆∕𝑅)
and initial crack angle 𝛼 via Eq. (4). The locus of measured (𝐾𝐼 , 𝐾𝐼𝐼 )
at the initiation of crack growth is generated for selected values of 𝛼
in Fig. 4a, for selected values of CaCO3 mass fraction �̄�. Unstable fast
fracture accompanies the initiation of crack growth for all crack lengths
and crack orientations. The values of (𝐾𝐼 , 𝐾𝐼𝐼 ) are normalised by the
mode I fracture toughness for each cementation level (as reported in
Section 3.1). The failure locii in Fig. 4a are sensitive to the cementation
level. This suggests that the damage zone is sufficiently large and
diffuse at the point of instability that the initiation of crack growth
cannot be reduced to the classical criterion of a critical value of 𝐾𝑘

𝐼
and 𝐾𝑘

𝐼𝐼 = 0 and 𝛥𝑎 = 0, as commonly assumed as for crack tip kinking
in brittle solids [36,37]. However, in order to assess whether (7) and
(8) can be used to reproduce the data of Fig. 4a, it is first necessary
to determine an appropriate value of length 𝛥𝑎 for the putative kink at
the crack tip.

Our strategy is as follows. We determine a best-fitting value of
𝛥𝑎 such that the predicted value of crack kink direction 𝜔 (such that
𝐾𝑘 = 0) is in agreement with the observed value of kink angle, over
𝐼𝐼
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Fig. 4. Mixed-mode fracture experiments: (a) critical stress intensity factors measured as a function of cementation (�̄�) and mode mixity (initial crack angle); (b) measured and
redicted kink angles 𝜔 for the 𝐾𝑘

𝐼𝐼 = 0 criterion upon considering different values of the 𝑇 -stress coefficient, as characterised by 𝛥𝑎∕𝑎 = 0.01; (c) estimated values of 𝐾𝑘
𝐼 , normalised

y 𝐾𝐼𝑐 , for the choice of 𝛥𝑎∕𝑎 that provides the best fit to the measured kink angles; and (d) comparison between the measured and deduced kink angles for the choices 𝛥𝑎 = 0.01
nd 𝛥𝑎 = 0, taking into account the role of the 𝑇 -stress.
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he full range of values of initial crack angle 𝛼 and cementation level
̄ . Then, with this value of 𝛥𝑎 adopted as a material constant, the value
f 𝐾𝑘

𝐼 is determined as a function of 𝛼 and �̄�. Classical kinking theory
uggests that 𝐾𝑘

𝐼 is invariant and equals the mode I fracture toughness
f the solid, 𝐾𝐼𝐶 .

A post-morten examination of the samples was conducted to measure
he sensitivity of observed kink angle 𝜔 to 𝛼 and �̄�, see Fig. 4b.
redictions of 𝜔 are included by making use of Eq. (8) such that 𝐾𝑘

𝐼𝐼 = 0
or 𝑎∕𝑅 = 0.4 and 𝑆∕𝑅 = 0.8. The theoretical estimates are obtained
or selected values of 𝛥𝑎∕𝑎 in order to assess the role of the 𝑇 -stress.
he choice 𝛥𝑎∕𝑎 = 0.01 provides a good fit, and we note in passing
hat the choice 𝛥𝑎∕𝑎 = 0.01 corresponds to 𝛥𝑎 = 𝐷, where 𝐷 is the
article diameter. This gives the putative crack length a clear physical
nterpretation and lies within the regime of 𝑇 -stress dominance [38].
he need to include the role of 𝑇 -stress in the prediction of kink angle

s emphasised in Fig. 4d: the assumption of a negligible 𝑇 -stress, or
quivalently the assumption that 𝛥𝑎 = 0, underestimates the crack
inking angle as the degree of mode mix increases.

We proceed to use Eq. (7) to predict the value of 𝐾𝑘
𝐼 in each mixed-

ode experiment, assuming that (𝛥𝑎∕𝑎 = 0.01, see Fig. 4b). The results
iven in Fig. 4c show that the inferred value of 𝐾𝑘

𝐼 is almost insensitive
o the degree of mode mix. Further, the 𝐾𝑘

𝐼 values are close to the mode
fracture toughness at high �̄� values. Some deviation is observed at

ow cementation levels, which is attributed to the diffuse nature of the
racking process [36,37] and the similar size of the initial flaw and the
ransition flaw size of the material. The low sensitivity of the inferred
𝑘
𝐼 values to the degree of mode-mixity and their closeness to 𝐾𝐼𝑐 (for
igh values of �̄�) suggest that elastic-brittle fracture mechanics and a
5

ocal mode I kinking criterion are appropriate for bio-cemented sands,
articularly at high cementation levels.

. Discussion: A micromechanical model for particle fracture

A micromechanical model is now developed to predict the mode I
racture toughness of bio-mediated sandstones. Consider the idealised
roblem of a mode I 𝐾-field in the vicinity of the crack tip in a specimen
hat contains silica sand particles. The particles are treated as spheres
f diameter 𝐷 and are coated by a layer of CaCO3 of thickness 𝑡𝑏,
s shown in Fig. 5. The main purpose of the analysis is to develop
caling laws for fracture toughness and so the above idealisation of
article geometry is adequate for our purposes. Assume a simple cubic
rrangement of sand particles, and restrict attention to a representative
nit cell of side length 𝐷 at the tip of a long crack. The tensile load on
crack tip particle is related to the macroscopic stress at that location
∞ according to

= 𝜋𝐷2𝜎∞

4
(9)

Write the radius of the bonded contact between particles as 𝑑 and the
average tensile stress acting over the bonded contact as 𝜎𝐿, such that

𝑃 = 𝜋𝑑2𝜎𝐿 (10)

Consequently, the local contact stress 𝜎𝐿 is related to the macroscopic
stress 𝜎∞ by 𝜎𝐿 = (𝐷∕2𝑑)2 𝜎∞.

Recall that the dominant term in the series expansion of mode I

crack tip stress at a distance 𝑟 directly ahead of the crack tip is given
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Fig. 5. A micromechanical description of fracture in bio-cemented sands. Silica sand particles of diameter 𝐷 are surrounded by a thin layer of binder CaCO3, of thickness 𝑡𝑏. The
neck extends over a length 2𝑑.
by 𝜎 = 𝐾𝐼∕
√

2𝜋𝑟. This stress field gives rise to the load 𝑃 over the unit
cell directly ahead of the crack tip, where

𝑃 = ∫

𝐷

0

𝐾𝐼
√

2𝜋𝑟
𝐷 d𝑟 =

2𝐾𝐼𝐷
√

𝐷
√

2𝜋
(11)

Assume that crack advance occurs when the average contact stress
𝜎𝐿 at the neck immediately ahead of the crack tip attains the critical
value 𝜎𝑐 . Then, the plane strain fracture toughness 𝐾𝐼𝑐 follows from
Eqs. (10) and (11) as

𝐾𝐼𝑐 =
𝜋3∕2
√

2

( 𝑑
𝐷

)2
𝐷1∕2𝜎𝑐 (12)

The mass fraction of binder is small and so the volume of binder
can be approximated by 𝑉𝑏 ≈ 𝜋𝐷2𝑡𝑏, along with 𝑑2 ≈ 𝐷𝑡𝑏. Thus, the
mass ratio �̄� of binder to sand reads:

�̄� = mass CaCO3
mass silica =

𝜌𝑏
𝜌𝑠

6𝑑2

𝐷2
(13)

where the subscripts s and b denote sand and binder, respectively,
and 𝜌 denotes density. The above considerations suggest that the mode
I fracture toughness scales with the degree of cementation, and the
tensile failure strength of the binder according to:

𝐾𝐼𝑐 =
𝜋3∕2
√

2

�̄�𝜌𝑠
6𝜌𝑏

𝐷1∕2𝜎𝑐 (14)

We proceed to investigate the ability of Eq. (14) to predict the
sensitivity of fracture toughness to the degree of cementation. Assume
that the density of silica sand and of CaCO3 binder equals 𝜌𝑠 = 2.65
Mg/m3 and 𝜌𝑏 = 2.71 Mg/m3, respectively. The typical particle has a
diameter of 𝐷 ≡ 𝐷90 = 0.3 mm, and the local critical stress is taken to
be 𝜎𝑐 = 29 MPa. Close agreement between the predictions of the model
and experimental measurements is evident in Fig. 6, demonstrating the
ability of the model to give the observed scaling of 𝐾𝐼𝑐 with CaCO3
mass fraction �̄�.

5. Conclusions

We have used microbiologically induced calcium carbonate precip-
itation (MICP) to generate bio-treated sandstone-like materials with
a controlled degree of cementation. This enables us to shed light on
the interplay between cementation and relevant material properties
(porosity, permeability, tensile and compressive strengths). Moreover,
the relationship between cementation and fracture behaviour is inves-
tigated. Mode I and mixed-mode fracture experiments are conducted
and combined with theoretical analysis to gain mechanistic insight. A
particle-level, micromechanical fracture model is developed to establish
6

Fig. 6. Micromechanical model predictions of fracture toughness 𝐾𝐼𝑐 versus degree of
cementation, as given by the mass fraction of CaCO3.

a correlation between the mode I fracture toughness 𝐾𝐼𝑐 and the mass
fraction �̄� of CaCO3. In addition, crack kinking theory is used to gain
mechanistic insight into the role of 𝑇 -stress upon the observed crack
kinking angle. The main findings are:

• Fracture toughness, tensile strength and compressive strength
increase with cementation, while permeability and porosity de-
crease. Porosity is the main source of defects and consequently the
ratio of compressive to tensile strength decreases with decreasing
cementation as a result of the associated increase in porosity.

• For the range of �̄� values considered, bio-cemented sands ex-
hibit low values of fracture toughness and strength relative to
other rock-like materials, with only mudstones providing similar
strengths. The critical defect size of the bio-cemented sands is
𝑎0 = 1 mm, which is comparable to that of shale rock.

• The measured crack kinking angles increase with the degree of
mode-mixity and can be adequately captured by including the
role of the 𝑇 -stress.

• The mode I kink tip fracture toughness 𝐾𝑘
𝐼 can be inferred from

the mixed-mode experiments for all initial crack angles. At low
cementation values, microcracking is more diffuse and linear
elastic fracture mechanics does not apply for the specimen size
adopted in the fracture tests.

• A micromechanical model for fracture toughness is supported by
the experimental data, demonstrating its ability to capture the
sensitivity of fracture toughness to the degree of cementation.
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