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A B S T R A C T   

The development of techniques for concrete repair will reduce environmental impacts associated with concrete 
usage by extending the lifespan of existing structures. This study investigates microbially induced carbonate 
precipitation (MICP) for treating fractured concrete. Our results demonstrate the excellent penetrability of MICP 
with precipitates well-distributed along core length. Some individual treatment cycles resulted in – one order of 
magnitude reduction in core permeability. Treatment efficiency is shown to be dependent on fracture network 
characteristics, i.e. number of fractures, fracture orientation, initial hydraulic aperture. Furthermore, bridging of 
precipitates across fracture surfaces resulted in a recovery of 26–50% of initial tensile strength.   

1. Introduction 

Concrete constitutes a large proportion of the built infrastructure, 
with global cement demand for building construction alone reaching 
close to 2 Gt in 2020 [19]. Concrete assets are often exposed to harsh 
environmental conditions including exposure to seawater, freeze-thaw 
cycles, temperature cycles, and, on nuclear sites, exposure to radiation 
[18,25,30]. The formation of micro-cracks in concrete is common due to 
its relatively low tensile strength, imposed loading and environmental 
conditions [48]. As micro-cracks form, they contribute to increasing 
concrete permeability, which enhance the ingress of undesirable fluids 
(e.g., corrosive chemical compounds) contributing to further expansion 
of cracks and ultimately corrosion of reinforcement, with negative im
pacts on mechanical performance and durability[25,45,48,53]. 
Reducing the permeability of degraded concrete is key to minimising 
further deterioration. 

The development of inexpensive, low embodied carbon materials 
and methods for concrete repair will reduce the environmental impacts 
associated with concrete usage by extending the lifespan of existing 
structures [33]. Conventional concrete repair techniques include the use 
of cement or bitumen for surface patching and injections of cement or 
synthetic polymers (e.g., epoxy resin) into deeper fractures 
[1,23,26,49]. The application of these traditional repair methodologies, 
however, can be limited by: (1) particle size and high viscosities, 
resulting in poor penetration into small aperture cracks, e.g. ultrafine 
cement viscosities range between 15.4 and 21.5 cP (ULTRAFINE SD™); 

(2) shrinkage of cements during curing, which may leave pathways for 
fluid flow; (3) delamination due to the contrast in material properties 
between concrete and repair materials, e.g. epoxy resins have a different 
thermal expansion coefficient to concrete and are sensitive to humidity 
and alkaline environments, which can result in blistering and delami
nation [34,40]; (4) poor long-term performance of chemical repair 
techniques [2,13]; and (5) associated negative hazards of repair mate
rials to the environment and human health [48]. 

Calcium carbonate biomineralisation, and in particular microbially 
induced carbonate precipitation (MICP) has been investigated for a 
range of engineering applications including ground improvement 
[10,51,8], bio-bricks production [28], surface protection of concrete 
and stone [22,27], crack repair in concrete [29,38,54], production of 
self-healing concrete [20,47], among other applications [7,36]. MICP 
has a number of characteristics which makes it a promising novel 
alternative for concrete repair: (1) the low viscosity of fluids used for 
MICP treatment (about 1.5 cP, [44] and small bacteria particle size (~2 
μm in length, ~0.5micron in diameter) which enables micro-fractures to 
be penetrated [3], (2) the ability to reduce fracture permeability due to 
calcium carbonate precipitation [31,46], (3) the similarity of chemical 
and physical properties between calcium carbonate precipitates and 
typical binding cement, e.g. both have high calcium content and bulk 
densities ranging from 1 to 1.4 g/cm3 [56] ensuring excellent adhesion 
to surfaces [31,46], (4) MICP treatment can result in strength recovery 
[21], and (5) potential low application costs of approximately £2.5/m3 

concrete [39]. 
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Previous studies have relied on pouring/dripping/spraying treat
ment solutions onto concrete blocks or immersing concrete blocks fully 
in treatment solutions [14,27,48,53]. These approaches are not practical 
for in situ application, particularly for application to vertical surfaces of 
existing structures. Furthermore, studies treating natural/induced frac
tures and artificially planar fractures in concrete have mainly evaluated 
crack repair on the basis of visual assessment of the repair at the surface 
or very close to surface [20,41,48,50] alongside determination of bulk 
mechanical or hydraulic properties. Limited studies have investigated 
calcium carbonate distribution into fractures after injected treatments, 
exceptions to this have included visualisation of carbonate precipitates 
formed in artificial polycarbonate, granite and cement fractures 
[15,24,55]. In the aforementioned studies, the fractures treated via 
MICP were all single, smooth planar fractures. 

This study provides a comprehensive experimental and analytical 
investigation of MICP treatment of 3D fracture networks in degraded 
concrete. The aims of this paper are to: 

Evaluate permeability reduction with progressive cycles of MICP 
treatment. 
Evaluate the potential of MICP to contribute to tensile strength 
recovery. 

Assess the distribution of calcium carbonate precipitated in 3D 
fracture networks within degraded concrete. 
Determine the influence of fracture network characteristics on MICP 
treatment efficiency. 

2. Underlying concepts 

2.1. Microbially induced carbonate precipitation (MICP) 

In this study, the biomineralisation process investigated is micro
bially induced carbonate precipitation via urea hydrolysis (MICP). This 
process relies upon the urease enzyme produced by a bacterium (Spor
osarcina pasteurii), to catalyse the breakdown of urea to produce 
ammonia and carbonic acid. Ammonium ions are formed when 
ammonia dissolves in water, with an associated production of hydroxide 
ions resulting in a pH increase. As pH increases, carbonic acid is con
verted to bicarbonate ions and subsequently carbonate ions. In the 
presence of calcium ions in a high pH environment, the precipitation of 
calcium carbonate is promoted [16,17,32]. 

Table 1 
Concrete cores properties before MICP treatment.  

Core ID Permeability Initial Tensile Strength Mass First Treatment Flow rate Initial Average Velocity Post-Treatment Analysis 

[m2] [MPa] [g] [ml/min] [cm/s] 

C1L  2.35⋅10− 13  3.86  167.05 1  0.99 Tensile strength & SEM 
C2L  8.85⋅10− 15  1.87  171.93 0.25  0.90 SEM 
C3L  4.46⋅10− 15  2.60  162.32 0.4  0.90 Tensile strength 
C4LC  7.98 x10− 15  1.93  172.46 0.3  0.98 None- Control 
C5AS  4.27⋅10− 14  –  164.84 0.5  0.95 SEM 
C6AS  5.85⋅10− 14  –  173.70 0.5  0.90 SEM 
C7ASC  –  –  – –  – SEM- Control  

Fig. 1. Concrete specimens preparation. Concrete cores C1L, C2L, C3L and C4LC displayed an initial permeability value lower than the permeability threshold chosen 
in this study. These specimens were loaded under Brazilian test conditions. Consequently, concrete permeability increased by the activation of pre-existing fractures 
and the creation of new fissures as can be seen on the X-CT images (*typical intact concrete permeability value from [43]. 
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2.2. Flow through a porous medium 

Darcy’s law describes fluid flow through a porous medium driven by 
a pressure difference Δ p [Pa], where the flow rate q [m3/s] is highly 
dependent on the medium permeability k [m2] and the dynamic vis
cosity of the pore fluid μ [Pa⋅s] as follows [12]: 

q =
kA
μ

Δp
L

[1]  

where A [m2] is the cross-sectional area and L [m] is the flow path 
length. 

2.2.1. Flow through naturally fractured concrete 
Fluid flow through a fractured concrete volume involves flow 

through a heterogeneous medium. On one hand, typical matrix perme
ability km values are in the range of 10− 20 to 10− 18 m2 orders of 
magnitude depending on the water to cement ratios and concrete overall 
quality [43,52]. In contrast, fracture permeability kf is proportional to 
its aperture a, (kf = a2/12), following the cubic law [42], resulting in 
permeability values in the order of 10− 8 m2 for a fracture aperture a =
0.5 mm. In fact, in this study, estimations of treatment fluid velocities 
use measurements of permeability to calculate hydraulic apertures a, 
assuming that just the fracture contributes to fluid flow. Combining 
equation [1] with the hydraulic aperture definition above, we calculated 
the average fluid velocity V, assuming a steady state flow between 
infinite parallel flat plates, with: 

Fig. 2. Experimental Setup: Schematic. Black lines indicate fluid lines, blue lines indicate data lines.  

Table 2 
Treatment protocol for a single cycle.  

Treatment 
Stage 

Treatment 
Solution 

Protocol 

1 Water Measure permeability 
2 Bacterial 

suspension 
Inject 5 ml, followed with 15 min static 
period 

3 Water Inject 5 ml 
4 Cementing 

solution 
Inject 5 ml, followed by 60 min static 
period 

5 Cementing 
solution 

Inject 0.5 ml, followed by 600 min static 
period  

Fig. 3. MICP treatment injection strategy. Example of flow rate evolution in 
specimen C6AS to maintain an estimated average velocity below 1 cm/s. 

Fig. 4. Core permeability evolution after each MICP treatment cycle. Circles 
display specimens that were loaded prior to MICP treatment and squares show 
results for concrete cores subjected to MICP treatments as sampled (i.e. not pre- 
loaded). Lines display analytical model results detailed in the discus
sion section. 
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V =
Δp•a2

12μ • L
[2] 

The effective permeability keq represents the combined permeability 
of the matrix and fractures in a fractured concrete medium. Fracture 
orientation with respect to the direction of fluid flow is critical for 
effective permeability. For example, in a concrete core where the frac
ture and matrix are in parallel and aligned with the fluid flow direction, 
then by mass conservation: 

qtotal = qmatrix + qfracture [3]  

keq • i • Atotal = km • i • Am + kf • i • Af [4]  

where i is the hydraulic gradient. Assuming that the specimen is a cyl
inder of radius r containing a single parallel smooth fracture, the cross- 
sectional area of the fracture is defined as Af = 2•r•a, and the cross- 
sectional area of the matrix is the remaining cross-section Am = πr2-Af. 
Then, the effective permeability can be expressed as: 

keq •
(
πr2) = km •

(
πr2 − 2 • r • a

)
+ kf • 2 • r • a [5]  

keq = km

(

1 −
2 • a
πr

)

+
a3

6πr
[6] 

Considering that the fracture thickness a is much smaller than the 
specimen radius r, then: 

keq ≈ km +
a3

6πr
[7]  

3. Materials and methods 

3.1. Concrete specimens 

The experimental study used degraded concrete blocks that consisted 
of waste mass and reinforced concrete that was emplaced as part of a 
coastal protection scheme from an intertidal zone along the Ayrshire 
coast, Scotland. The concrete blocks were exposed to wetting-drying 
cycles by seawater due to tidal changes over a period of ~50 years, 
resulting in salt accumulations of 8 g/kg concrete (estimated from 
electrical conductivity measurements) and a highly porous concrete 
matrix. 

A total of seven concrete cores of 36 mm diameter by 72 mm length 
were sampled from the collected concrete blocks. Table 1 displays the 
initial properties of each specimen. MICP treatment was conducted on 
cores C1L, C2L, C3L, C5AS, C6AS. Fig. 1 displays the initial permeability 

values for each specimen. Cores identified with L subscript were sub
jected to loading following Brazilian tensile test conditions [5] in order 
to enhance their initial permeability above the threshold identified in 
Fig. 1, prior to MICP treatment. The permeability threshold shown in 
Fig. 1 was set in order to ensure that all cores had a similar initial 
permeability. Tensile loading increased specimen initial permeability by 
the activation of pre-existing fractures and creation of new fissures as 
can be seen in the X-ray Computed Tomography (X-CT) images in Fig. 1. 
Specimens were wrapped within a heat-shrink tube around each core to 
facilitate specimen handling after tensile loading, X-CT imaging and 
mounting in the core holder for treatment. Using a heat-shrink tube 
provides protection to heavily fractured specimens to minimise loss of 
aggregates/fragments during sample mounting, core characterization 
and application of MICP treatment (the tube was removed after the core 
was treated). Cores identified with subscript AS were treated as-is, i.e. no 
tensile loading was conducted before treatment. Cores C4LC and C7ASC 
were control cores. C4LC was treated chemically only (i.e. no bacteria 
were injected into this core) and C7ASC was imaged as-is via Scanning 
Electron Microscopy (SEM) with no water injection or MICP treatment 
applied. Each specimen was weighed before treatment by oven drying 
the cores at 50 ◦C to a constant mass (Table 1). Multiple concrete cores 
from the same source material were treated in this study to understand 
the repeatability of the efficiency of MICP treatment in realistic 
fractures. 

Brazilian tests were used to evaluate the tensile strength for cores C1L 
and C3L post-MICP treatment, care was taken to ensure the cores were 
mounted in the same orientation as in the pre-treatment tensile test. 
Additionally, polished blocks were prepared from cores C1L, C2L, C5AS, 
C6AS for SEM-Energy Dispersive Spectroscopy (SEM-EDS) analyses after 
MICP treatment and for C7ASC (as-is). Note the polished blocks for Core 
C1L were prepared from material recovered after the post-treatment 
tensile strength test. 

3.2. Bacterial suspension 

This study used Sporosarcina pasteurii (S. pasteurii) (DSMZ, DSM-33) 
as it has been shown to have the highest performance in terms of mass of 
precipitates formed in comparison to other ureolytically active bacteria 
[35]. S. pasteurii was grown from cryopreserved stock cultures in a solid 
medium consisting of 5.5 g/L yeast extract (Sigma-Aldrich), 5 g/L so
dium chloride (Fisher Scientific), 0.4 g/L D-glucose (Sigma-Aldrich), 
0.4 g/L dipotassium phosphate (Sigma-Aldrich), 20 g/L urea (Sigma- 
Aldrich), and 15 g/L agar (Sigma-Aldrich). Urea was added aseptically 
after autoclaving all other components of the medium. 

A single colony from the solid medium was then transferred into a 
liquid growth medium with the same composition as the solid medium 
listed above, but without the addition of agar to avoid solidification. The 
liquid medium was then incubated overnight at 30 ◦C. After incubation, 
the culture was centrifuged at 6000 rpm for 7 min to obtain pellets of 
bacterial cells that were subsequently re-suspended in mains tap water 
to achieve an optical density (OD600) at a fixed wavelength of 600 nm 
using a spectrophotometer (Thermo Scientific UV–VIS) equal to 1.0. 
This formed the bacterial suspension for injection into the cores. The 
bacterial suspension was prepared immediately prior to starting a new 
MICP treatment cycle. 

3.3. Treatment strategy 

The concrete cores were immersed in water, followed by the appli
cation of vacuum to achieve water saturated conditions. The cores were 
then mounted in a core holder and a confining pressure of 2 MPa applied 
(Fig. 2) to ensure by-pass flow did not occur around the outer boundary 
of the core. A HPLC pump was used to inject fluids at a controlled flow 
rate through the core and pressure transducers at the inlet and outlet 
ports were used to measure the pressure differential along the core. 
Taking a conservative approach and assuming flow only occurs within 

Fig. 5. Brazilian test: Tensile strength. Both cores C1L and C3L show an 
important strength recovery after MICP treatment, varying from a 26 to 50% of 
the initial strength. 
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the fracture, the initial fracture hydraulic aperture (pre-treatment) was 
evaluated on the basis of a permeability measurement and calculated 
using the cubic law [Equations 1 and 2, whereV = q/(a • r)]. Using the 
determined initial hydraulic aperture, initial injection flow rates were 
selected such that an average velocity of 1 cm/s was not exceeded within 
the fracture (Table 1). This velocity threshold was selected to ensure that 
any deposited/attached bacteria were not sheared off fracture surfaces 

[15]. 
Table 2 summarises the stages of a single MICP treatment cycle. After 

the permeability measurement, 5 ml of bacterial suspension was injected 
followed by a 15-minute static period to allow the bacteria to attach to 
solid surfaces. Then, 5 ml of water was injected to separate the bacterial 
suspension and cementing solution in order to prevent calcite precipi
tation occurring within the pump and tubing lines. Afterwards, 5 ml of 

Fig. 6. Calcite precipitation distribution along concrete cores. Cartoon shows top of concrete core and the directions of the two view perspectives with respect to the 
fracture surface. Figures (a) to (e) display X-CT images of the concrete cores where white volumes show precipitated calcite derived from pre and post treatment 
scanning, and blue shows the core’s remaining void volume after MICP treatment. 
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the cementing solution was injected. The cementing solution was 
composed of 1 M calcium chloride (Sigma-Aldrich) and 1 M urea 
(Sigma-Aldrich). This was followed by a 60 min static period. Finally, 
0.5 ml of cementing solution was injected to provide a ‘refresh’ prior to 
600 min of static period. 

Each concrete core was subjected to repeated treatment cycles. As 
the cross-sectional area of the fracture reduced with progressive calcium 
carbonate precipitation, the injection flow rates used for MICP treatment 
were progressively stepped down to ensure that the threshold average 
velocity of 1 cm/s within the fracture was not exceeded (e.g., C6AS 
treatment flow rates in Fig. 3). MICP treatment was stopped once two- 
orders of magnitude of permeability reduction was achieved or when 
an injection pressure of 80 kPa was exceeded due to pressure limitations 
in the experimental setup. Each treatment cycle for specimen C4LC 
(control core) excluded the bacterial suspension injection stage (Treat
ment Stage 2). 

3.4. Precipitates advanced characterization 

3.4.1. X-ray computed tomography (X-CT) 
Tomographic imaging provides visualization of the pore space before 

and after treatment. In this study, a Nikon XT H 225 LC X-ray Computed 
Tomography system was used. Images of the concrete cores were taken 
under saturated conditions using an energy of 120 kV, current of 125 μA, 
1.415 s of exposure time and a voxel size of 45 μm. Reconstruction of 2D 

projections to 3D volumes included corrections for beam hardening. 
Avizo software was used to analyse X-CT volumes. The generalized 

workflow included: (1) registration of pre- and post-treatment stacks, 
(2) applying an anisotropic diffusion filter to emphasize the void-to- 
solid contrast, (3) thresholding of void volumes on each case, and (4) 
subtraction of pre-treatment images from the post-treatment images. 
This data processing allowed visualization of the precipitated calcite 
within void spaces. 

3.4.2. Scanning electron microscope SEM-EDS 
SEM-EDS analyses of treated specimens enables the visualisation of 

micro-scale characteristics which may be linked to core-scale behaviour. 
This study used a S-3700 SEM (Hitachi) machine fitted with an 80 mm X- 
Max detector (Oxford Instruments) for EDS analysis. Specimens were 
prepared by impregnating the concrete cores with epoxy resin, followed 
by preparation of polished blocks (31 mm diameter and 14 mm thick
ness). A gold layer coating of ~15 nm thick was applied to each polished 
block prior to SEM analysis. 

4. Results 

4.1. Permeability 

Fig. 4 presents the core permeability measured after each MICP 
treatment calculated using Equation 1. Every MICP treatment cycle 

Fig. 6. (continued). 
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significantly reduced concrete permeability in all five treated cores (C1L, 
C2L, C3L, C5AS, and C6AS), with some individual cycles reducing 
permeability by approximately one order of magnitude, e.g., treatment 1 
in cores C2L and C3L (shown as pink and blue circles). As expected, the 
control core C4LC (shown as grey circles), which followed the same 
treatment cycles but excluded the bacterial suspension injection step, 
did not display any significant reduction in permeability after eight 
cycles. 

4.2. Tensile strength 

Pre- and post-treatment Brazilian tensile test results display a tensile 
strength recovery between 26 and 50% of the initial strength (Fig. 5). 
Both specimens tested after treatment failed within the MICP treated 
fractures, resulting in similar tensile strengths achieved in both cores (1 
MPa vs. 1.3 MPa). 

4.3. Microstructural analysis 

4.3.1. X-CT visualization 
The processed X-CT images of each MICP treated core shown in Fig. 6 

enable visualization of the precipitates distribution (shown in white) 

and the remaining void spaces after MICP treatment (shown in in blue). 
In general, cores C2L, C3L, C5AS, C6AS each comprised a single principal 
fracture aligned with the flow direction (i.e., aligned in the vertical di
rection of the core). In contrast, X-CT images showed that core C1L 
comprised two parallel unconnected principal fractures. The pre-loaded 
specimens (C1L, C2L, C3L and C4L) show fracture planes that are simi
larly tortuous to the as-sampled specimens (C5AS, C6AS), with fracture 
planes wrapping around aggregates in specimens in both categories. It 
can be seen from Fig. 6 that calcite precipitates are highly localized in 
the dominant fracture with some precipitates located in apparently 
disconnected pore spaces. See 3D visualization in the supplementary 
data videos for further details. 

4.3.2. SEM-EDS characterization 
Figs. 7-9 present SEM images of the MICP treated specimens. EDS 

analysis was used to determine elemental composition at different lo
cations indicated by position of white spots. In general, the remaining 
open fractures after MICP treatment are shown in dark grey which in
dicates the presence of the epoxy resin which impregnated the 
remaining open void spaces and fractures during preparation of the 
polished block sections. 

Fig. 7 presents the SEM images for Core C1L. Polished blocks were 

Fig. 7. SEM-EDS imaging of core C1L. This specimen was failed by tensile test and reconstructed for SEM imaging. The internal fracture shows narrower channels in 
comparison with the outer fracture affecting fluid flow and consequently precipitates localization. 
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prepared from the failed specimen so as to enable imaging of both 
principal fractures present in Core C1L, referred to here as the internal 
fracture and the outer fracture (note: specimen failed through the outer 
fracture during tensile test). Evidence of mineralisation was observed 
along both the internal and outer fractures. EDS analysis indicates in
teractions with the cement matrix with the calcium carbonate pre
cipitates rich in silicon, aluminium, and iron (all components of 
cement). The internal fracture in C1L is considerably narrower than the 
outer fracture, with mineralisation focussed on constrictions, whereas 
for the wider outer fracture mineralisation was evident along the frac
ture length (and appeared to have a greater thickness). 

Fig. 8 presents the SEM images for Core C2L. In these images it is 
evident that calcium carbonate precipitation is controlled by velocity 
distribution, with thicker zones of precipitates observed on curvatures of 
bends within the fractures probably due to changes in velocity due to 
aperture variations at these locations, see Fig. 8a and b. Likewise, the 
distribution of precipitates within the middle section of the core dis
played localization at low velocity areas (Fig. 8c and d). Mineralisation 
was also observed to occur within voids (Fig. 8e). 

Fig. 9 presents the SEM images of Core C5AS. Mineralisation is 
evident both within voids and within the fracture. The presence of 

sulphur and magnesium in this treated as-sampled specimen suggests 
interaction with existing salt precipitates already coating surfaces, 
during MICP treatment, with potential co-precipitation of gypsum 
(CaSO4) and dolomite (CaMg(CO3)2) occurring. Sections were prepared 
at various distances from the inlet, mineral precipitation was observed 
along the full length of the cores and did not appear to be dependent on 
distance from the inlet. The tortuous nature of the fracture in C5As 
(Fig. 9) is similar to the fractures created by pre-loading in C1L and C2L 
(Figs. 7 and 8) with the tortuous flow paths (and local velocity distri
butions) governing the localization of precipitates. 

In Fig. 9c it is clear that MICP induced precipitation can contribute to 
the formation of bridges between fracture surfaces. This explains the 
mechanism for tensile strength recovery demonstrated in section 4.2 
above. Furthermore, MICP precipitates do not display a sharp interface 
with the original concrete, suggesting the potential for excellent adhe
sion to the concrete surface. 

Fig. 10 shows the SEM images of the untreated control specimen 
C7AS that was sampled as-is and was not subjected to any treatment 
fluids. It is evident that the fracture surfaces are much cleaner than for 
the MICP-treated core C5AS, although there are still some salt layers 
present which are rich in sulphur, magnesium and sodium, typical of 

Fig. 8. SEM-EDS imaging of core C2L. SEM images display precipitates localization in the fracture’s curvature edges, consequent to slower flow rates.  
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precipitates formed in seawater. 

5. Discussion 

5.1. Calcite precipitation in naturally fractured concrete 

This study has shown that MICP can be used for permeability 
reduction of naturally fractured concrete. Furthermore, using degraded 
concrete specimens, this research builds upon previous analyses where 
MICP treatment has been used to treat single, planar and smooth arti
ficial fractures. In this study, the fracture networks in the concrete cores 
that were tested as-sampled were similar to the fracture networks 
created in the specimens that were loaded prior to MICP treatment. In 
particular, high tortuosity of the fracture planes, rough fracture surfaces 
and changes in fracture width along fluid paths were properties that 
were evident and similar in each of the five MICP-treated cores (Figs. 7- 
10). These properties promote bacteria entrapment and, consequently, 
calcite precipitation. For example, fracture tortuosity, rough surfaces 
and changes in fracture width all result in areas with higher retention 
times and preferential flow paths, producing regions of localized pre
cipitation (e.g., see narrow path in Fig. 7a and c and tortuous path and 
changes in fracture width in Fig. 9a, Fig. 10b and c). 

In contrast, however, we do not observe localization of precipitates 
with respect to distance from the injection point on SEM-EDS images 
(Fig. 8 and Fig. 9). Fig. 11 shows the volume occupied by MICP-driven 
precipitates at a given depth in each core, where every single data
point represents the volume measured on a X-CT slice of 45 µm thickness 
perpendicular to the flow direction. Likewise, measured precipitates 
regions along MICP treated cores from X-CT images do not show a 
preferential mineralization towards either the inlet or outlet ports 
(Fig. 11). 

Additionally, SEM images highlight the localization of precipitates 
within cross-sections perpendicular to the flow direction in the principal 
fracture, also evident from X-CT analyses. Using the Separate Objects 
function (output type: connected objects) from Avizo, we isolated the 
hydraulically disconnected pore volumes from the main fracture and 
measured the volume occupied by precipitates on the resulting images in 
core C1L (Fig. 12). The reduction in precipitates volume, when hy
draulically disconnected volumes are not considered, is ~5% which 
confirms the high localization of MICP-driven precipitates within the 
principal fractures. In particular, precipitates show an overall homoge
nous distribution along the axis parallel to fluid injection, with higher 
volumes of precipitates in regions where the initial fracture had more 
volume (e.g. at 48–50 mm from the inlet, where more calcite is 

Fig. 9. SEM-EDS imaging of core C5AS. MICP treatment driven precipitates are clear in both fractures and visually isolated voids from X-CT imaging. There is no clear 
precipitates localization with respect to inlet–outlet ports (bottom vs. top). 
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precipitated, Fig. 12b, as there is more space to precipitate in, Fig. 12a). 
These observations suggest that the injection strategy employed resulted 
in good mixing, preventing clogging near the inlet port. 

SEM-EDS analyses confirmed the presence of calcite precipitation in 
apparently disconnected voids, connected by micro- and nano-pores in 
the cement matrix below the X-CT scanner resolution (e.g., Fig. 8e and f, 
Fig. 9a and f). As similar observations were not made for the control 
sample C7, this demonstrates the excellent penetrability of MICP treat
ment fluids (due to their low viscosity and small particle size of 
bacteria). 

The concrete material used in this study had been exposed, prior to 
sampling, to ~50 years of harsh environmental conditions including 
exposure to seawater. Consequently, MICP-driven precipitation dis
played high contents of sulphur, magnesium, aluminium, and iron even 
in specimens loaded before MICP treatment (i.e. where the fracture 
surfaces were freshly created). This may result from the dissolution and 
transport of salts located in pre-existing open fractures and within the 
concrete matrix. Previous studies conclude that seawater does not 
significantly influence bacterial production of calcium carbonate when 
the calcium source is calcium chloride [37]. Nevertheless, the same 
study showed a reduction of about 35% in tensile strength when a sand 

specimen was MICP treated in the presence of seawater in comparison 
with a specimen treated using fresh water. These results are in line with 
the observations in this study where we measured repair strengths lower 
than previous works (i.e., 1.3 MPa in this study vs 3–5 MPa in [6]. 
Similarly, we do not observe the more thermodynamically stable 
rhombohedral calcite crystals [4,11]. In particular, needle-like crystals 
(potentially aragonite) were observed to form in disconnected pores 
which suggests that the pre-existence of cations (derived from cement 
and seawater precipitates) may be driving co-precipitation of various 
minerals. Still, MICP-driven precipitates appear to be well adhered to 
fracture surfaces, i.e. there is not a sharp interface between fracture 
edges and precipitates. Future work applying MICP treatment to con
crete media exposed to seawater may consider pre-treating voids, by 
water flushing to reduce salt accumulations. 

Finally, significant reductions in permeability and substantial tensile 
strength recovery are a result of the preferential localization of pre
cipitates at fracture contacts and the formation of bridges between 
fracture surfaces (see Fig. 5 and Fig. 9c). Chen et al. [9] have shown that 
the size of the calcium carbonate crystals formed is highly dependent on 
the calcium concentration in the injection cementing solution. In our 
study we have used a calcium concentration of 1 M, the research by 

Fig. 10. SEM-EDS imaging of core C7ASC. Imaging of this untreated and not loaded core displays significantly cleaner fractures. Nevertheless, some fractures display 
typical seawater salt precipitates. 
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Chen et al., suggests that it may be possible to bridge fractures more 
quickly using a lower calcium concentration (0.4–0.8 M), by forming 
large agglomerated crystals, with diameters up to 200 μm. The recovery 
of tensile strength in the fractured cores in this study and the fact that 
failure occurred within the precipitates (rather than at the interface 
between fracture and precipitates) indicates excellent adhesion of the 
precipitates to the fractures surfaces (both cement matrix and 
aggregates). 

5.2. MICP-driven permeability reduction 

Fracture orientation, frequency, and aperture control permeability in 
fractured media. In this study, all cores (treated after loading and as- 
sampled) had one dominant fracture extending from the base to the 
top of each core, with the exception of core C1L that had two uncon
nected principal fractures (see X-CT images in Fig. 6 and Fig. 13). MICP 
treatment fluid flow is predominantly controlled by the main connected 
volume path. Consequently, most of the precipitates would be expected 
to be localized in the main fracture of each core. 

Permeability measurements after each treatment cycle indicate that 
the injection strategy used required a different number of cycles to 
achieve a given permeability reduction in each core (Fig. 4). Never
theless, hydraulic aperture reduction, calculated from measured 
permeability after each cycle [using Eqn 2 where V = q/(a • r)], shows a 
consistent reduction of ~5 μm/cycle in all cores with a single controlling 
fracture (Fig. 13, cores C2L, C3L, C5AS, C6AS). In Fig. 13 Core C1L 
permeability reduction is controlled by two treatment periods with 
different slopes, which is consistent with the presence of two principal 
fractures, as observed in the X-CT images. The variation in hydraulic 

aperture reduction rates reflects differences in the aperture of the two 
fractures; as different volumes of injected fluids are transported through 
each fracture (Fig. 7). 

Assuming that each MICP treatment cycle reduces only the fracture 
aperture (i.e. matrix permeability is not affected) we can model 
permeability reduction as a function of the MICP cycles using Eqn 7. 
Continuous lines in Fig. 4 show the model results for each concrete core 
tested in this study. Table 3 shows model parameter values, where initial 
fracture aperture estimates are derived from initial permeability mea
surements, matrix permeability values are consistent between all tested 
specimens, and aperture reduction per MICP cycle reflects measured 
values (Fig. 13). In concrete core C1L, assuming a single fracture model, 
the initial fracture hydraulic aperture was calculated to be 50 μm. 
However, two dominant fractures were observed in the X-CT images for 
this core (Fig. 6a). Assuming a similar total hydraulic aperture reduction 
per cycle to those measured in the other specimens (Fig. 13 and Table 3) 
it is possible to calculate an initial hydraulic aperture for each fracture. 
Based on this assumption, one fracture, with hydraulic aperture a1, has 
an initial aperture of 12.5 µm and the second, more dominant fracture, 
has a hydraulic aperture a2 of 37.5 µm. 

Evidently, fracture morphology is a controlling factor that defines 
MICP treatment efficiency. Treated concrete cores in this study come 
from the same source block and therefore display similar fracture 
morphology as fracture formation is highly dependent on the density of 
aggregates, their shape, and grain size; hence resulting in similar MICP 
treatment efficiencies. 

5.3. Injection strategy 

The treatment injection strategy used in this study resulted in 
consistent and efficient hydraulic aperture reduction in all five concrete 
cores, which displayed micron-scale natural fracture networks. Addi
tionally, localization of precipitates was not observed around the inlet or 
outlet port but instead the spatial distribution of calcite was driven by 
fracture morphology. In general, controlling the injection flow rate to 
limit fracture velocities below 1 cm/s acted to promote bacteria reten
tion within the core, and static periods allowed for an even distribution 
of calcite precipitation along the core’s length. Consequently, repaired 
specimens displayed significant strength recovery, with similar tensile 
strength values for both specimens tested post-treatment. 

6. Conclusions 

Microbially Induced Carbonate Precipitation has emerged as a 
promising technique for concrete improvement. This study proposes and 
applies an efficient injection strategy to repair degraded concrete ma
terial. For the first-time this study investigated the spatial distribution of 
calcite precipitation within 3D fracture networks, consisting of non- 
planar, rough and tortuous fractures. X-CT imaging and SEM-EDS ana
lyses were used to investigate the distribution of carbonate precipitates 
with permeability measurements and Brazilian tensile strength tests 
conducted to understand the influence of MICP on macro-scale engi
neering behaviour. The mains conclusions are:  

• The treatment protocol proposed and tested in this study results in 
good penetrability and well-distributed precipitates along the prin
cipal fracture. Some individual treatment cycles reduced core 
permeability by – one order of magnitude. Additionally, precipitates 
that localized in isolated voids confirm MICP treatment reagents can 
also be transported along micro-scale fissures (below the detected 
limit of X-CT imaging in this study, with a voxel size of 45 μm).  

• MICP-driven precipitates localise at fracture contacts and form 
bridges across fracture surfaces providing significant reductions in 
permeability and strength recovery.  

• It is evident that fracture morphology has a major role in MICP 
treatment efficiency. Assessments of MICP treatment efficiency 

Fig. 11. Precipitates localization in all voids along MICP treated cores 
measured from X-CT slices of 45 µm thickness. 
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should consider real fractured concrete (rather than simple smooth, 
planar models), as tortuosity, roughness, fracture width and orien
tation are key in permeability evolution.  

• The biomineralisation-based concrete repair method described in 
this study has significant potential to treat damaged concrete in real- 
world applications. Further work will focus on the translation of this 
treatment process beyond the laboratory scale and treatment of 
millimeter-scale fractures. 
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Fig. 12. Precipitates localization along principal fractures: C1L. (a) Variation of the volume of voids with depth before and after MICP treatment considering all the 
voids (AV) and only the connected voids (CV). (b) Distribution of the volume of precipitates along the core considering precipitation within all voids PAV and only 
precipitation within connected voids PCV. (c) X-CT image of all the voids in the core and MICP-driven precipitates. (d) X-CT image of the connected voids within the 
core and the precipitates within. Calculations of volumes in (a) and (b) use 45 µm thick X-CT slices. 

Fig. 13. Hydraulic aperture reduction. X-CT images in the right show the connected void spaced of cores C1L and C2L.  
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Permeability model parameters.  

Core Matrix 
Permeability km 

[m2] 

Initial Fracture 
Hydraulic Aperture a 
[μm] 

Hydraulic Aperture 
Reduction Per Cycle 
[μm] 

C1L 7 • 10− 18 a1 = 12.5 & a2=37.5  4.9* 
C2L 7 • 10− 18 14.4  4.6 
C3L 7 • 10− 18 13  4.2 
C5AS 7 • 10− 18 25  4.5 
C6AS 7 • 10− 18 24  4.8  

* total, where a1 accounts for 25% of total aperture reduction and a2 75%.  
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