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ARTICLE INFO ABSTRACT

Keywords:

Crack repair

Enzyme-induced carbonate precipitation
(EICP)

Microbially Induced calcium carbonate
precipitation (MICP)

Calcium carbonate precipitation

This study compares Enzyme-Induced Calcium Carbonate Precipitation (EICP) and Microbially Induced Calcium
Carbonate Precipitation (MICP) for repairing external cracks in cement-based materials. Cracks in cement-base
members can compromise structural integrity and increase maintenance costs. Thus, cement-base specimens with
controlled cracks were treated using EICPs and MICP, with organic and non-organic additives to enhance calcium
carbonate formation. Results show that both methods were effective in sealing cracks smaller than 0.35 mm.
While incorporated additives improved the overall precipitation effectiveness, influence the crystallite size and
altern the morphology of precipitated calcium carbonate. MICP generated more consistent crystal structures,
while EICPs resulted in diverse crystal shapes influenced by enzyme sources and additives. Both methods offer
promising, sustainable solutions for crack repair, with EICP providing greater flexibility and easier preparation.
Presented research gives the comprehensive insights into the field of crack repair via bio-based methods reveals

its potential in this area.

1. Introduction

Cracking in concrete structures is an unavoidable consequence of the
material’s response to environmental and structural stresses. These
cracks can develop due to a variety of factors, including thermal
expansion, shrinkage, freeze-thaw cycles, chemical reactions such as
alkali-silica reactions, and excessive or uneven load distribution. While
some cracks may be superficial, without proper and regular mainte-
nance, they can allow moisture to penetrate the concrete, leading to the
corrosion of internal steel reinforcements, and even weakening of the
overall structure [1-5]. Over time, cracks can significantly reduce the
structure’s lifespan, cause safety concerns, and increase repair costs.
Hence, it is vital to address these issues early through timely repair and
rehabilitation efforts, which help maintain the integrity, safety, and
durability of the concrete structure [6-9].

Materials used for the repair of concrete cracks possess distinct
properties, require varying levels of workforce expertise, and have
different implications for structural performance, cost, and environ-
mental impact [10,11]. Epoxy resins are known for their exceptional
strength and bonding capabilities, making them ideal for structural
crack repairs. However, their application demands highly qualified

workers due to their complex handling, precise mixing ratios and
application. Epoxy resins are costly and have a considerable environ-
mental footprint because of their synthetic composition and
energy-intensive production process [12,13]. Polyurethane sealants are
flexible and water-resistant, suitable for non-structural cracks. Never-
theless, their reduced strength limits their use in load-bearing repairs,
and like epoxy, their application requires trained workers [14,15].
Cement-based repair materials are more widely used due to their
cost-effectiveness and ease of application. These materials are
commonly applied by general laborers, though precision is needed for
optimal performance. Structurally, cement-based grouts restore cracks
well in static conditions, but they are less effective for dynamic cracks
[16-18]. Environmentally, cement-based materials pose significant
concerns due to the high carbon emissions associated with cement
production. Cement manufacturing accounts for approximately 8 % of
global CO: emissions, contributing heavily to climate change [19,20].
Silicone sealants offer excellent flexibility and moisture resistance but
are limited in structural capacity and are therefore only suitable for
surface-level, non-structural repairs.

The growing demand for sustainable and cost-effective methods to
repair cracks in civil engineering structures has led researchers to
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explore innovative alternatives to traditional materials. Among these,
Microbially Induced Calcium Carbonate Precipitation (MICP) and
Enzyme-Induced Carbonate Precipitation (EICP) have emerged as
promising bio-mediated techniques that harness natural processes to
enhance structural integrity.

MICP utilizes specific microorganisms, such as Sporosarcina pasteurii,
to catalyze the precipitation of calcium carbonate (CaCOs). These mi-
crobes initiate a series of biochemical reactions that convert urea into
ammonium (NH4*) and carbonate ions (COs2"). The carbonate ions then
react with calcium ions (Ca*) in the environment, leading to the for-
mation of calcium carbonate, which fills cracks and binds particles
together. The core chemical reactions involved in MICP are [21-23]:

1. Urea hydrolysis (microbially catalyzed):

(NH2)2CO + H20 — 2NHa* + COs* (€H)

2. Calcium carbonate precipitation:

Ca® + COs* - CaCOs 2)

Similarly, EICP employs the enzyme urease to induce the precipita-
tion of calcium carbonate in cracks and pores. In EICP, the process be-
gins with the urease-catalyzed hydrolysis of urea ((NH2)2CO), resulting
in the production of ammonium (NH4*) and carbonate ions (COs?*).
These ions subsequently react with calcium ions, forming calcium car-
bonate precipitates that solidify the material.

The core chemical reactions involved in EICP are [24-26] similar to
reactions (1) and (2) listed above. Both EICP and MICP offer bio-based
solutions for repairing cracks in civil engineering structures, with the
potential to improve durability and reduce the reliance on conventional
materials.

Calcium carbonate precipitation process requires essential substrates
such as urea, a calcium ion source (typically calcium chloride, CaClz),
and urease. Urease can be sourced either from natural plant materials,
such as jack beans and soybeans, or produced by bacteria or extracted
commercially. Plant-derived urease is often considered more eco-
friendly due to its renewable nature, but it may have lower enzymatic
efficiency compared to industrially produced urease. Commercial ure-
ase, while more effective and consistent in large-scale applications,
tends to be more expensive and may carry a greater environmental
burden due to the manufacturing process [26-31]. In MICP, a similar set
of substrates is required, including urea and a calcium ion source, but
the urease enzyme is produced by specific microorganisms like Spor-
osarcina pasteurii. These microbes catalyze the same key reactions that
lead to calcium carbonate precipitation. While MICP can be advanta-
geous due to the self-sustaining nature of microbial activity, it requires
careful control of microbial growth conditions and nutrient availability,
which can be challenging in large-scale applications. By mimicking
natural mineralization processes, both EICP and MICP offer more envi-
ronmentally friendly alternatives to conventional concrete crack repair
methods, reducing both carbon emissions and material costs albeit
ammonia production might pose a concern in specific
eutrophication-sensitive enviroments. EICP, with its use of plant-derived
or commercially produced urease, is particularly noted for its adapt-
ability and potential scalability, making it a promising solution in the
pursuit of sustainable civil engineering practices.

Research into calcium carbonate precipitation techniques has
explored both MICP and EICP as methods for stabilizing granular soils
and controlling dust. EICP has shown significant potential, with studies
successfully utilizing plant-derived urease from sources such as Glycine
max (soybeans) and Canavalia ensiformis (jack beans) to stabilize loose
sands and dust particles. For example, experiments using jack bean
urease in EICP applications achieved substantial increases in soil
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strength, as evidenced by notable improvements in unconfined
compression strength [31-34]. Similarly, plant-based urease has been
effective in precipitating calcium carbonate within desert dust, reducing
its erosion potential [35,36]. In parallel, MICP has been extensively
studied for similar applications, relying on the metabolic processes of
ureolytic bacteria like Sporosarcina pasteurii to induce calcite precipita-
tion. Research has demonstrated that MICP can also significantly
enhance soil strength and durability, particularly in sandy soils, through
the bio cementation process [37,38]. While other studies have explored
innovative strategies to optimize MICP for calcium carbonate precipi-
tation, including understanding particle assembly and self-assembly
mechanisms, enhancing control over bio-cementation processes, and
developing magnetically responsive bacteria for targeted applications
[39-41]. These advancements provide a foundation for improving effi-
ciency, precision, and practicality in biomineralization techniques for
engineering purposes. Furthermore, MICP was also employed for
self-healing concrete, in which the bacteria and its nutrition were
encapsulated and added to the concrete during the mixing process.
When it comes to cracking of such concrete, the capsules also break
releasing the encapsulated substrates which precipitated calcium car-
bonate after mixing [42-45].

Recent research on crack repair via MICP has shown promising re-
sults in crack repair. Jongvivatsakul [46] report that, the calcium car-
bonate (mostly vaterite) precipitated via MICP significantly reduced the
crack width and also increase the material’s strength and reduce the
water absorption. Study presented in [47] evaluate the MICP effective-
ness for crack repair in terms of nutrient concentration and low tem-
perature. The repair was most successful for smaller cracks, although
authors highlight challenges with uniform precipitation of calcium
carbonate, especial for larger cracks. On the other hand, research pre-
sented in [48], highlighting that controlling bacterial and calcium ion
concentrations had the most significant impact on repair outcomes,
while environmental temperatures played a lesser role. Studies con-
cerning crack repair using the EICP method, also highlighted its po-
tential to effectively seal cracks and enhance the durability of
cement-based materials. As reported in [49], the use of a bio-
cementing suspension made from watermelon seed powder proved
successful in healing cracks as wide as 0.5 mm within just seven days,
demonstrating faster repair times compared to traditional methods. The
treated mortar exhibited significant improvements in strength and
durability, with decreased porosity and recovered compressive strength
by up to 90 %. Another study [50] explored the incorporation of chi-
tosan into the EICP process, which accelerated calcium precipitation and
enhanced the efficiency of crack sealing. Chitosan also transformed
calcium carbonate from metastable vaterite to stable calcite, leading to a
more impermeable and durable repair. Field tests showed that
chitosan-enhanced EICP could efficiently block cracks in tunnel linings,
even in extreme environments, offering improved water resistance
compared to traditional EICP. In a paper present by Li et al. [51], EICP
was employed alongside quartz sand to fill cracks in concrete, achieving
significant strength recovery and internal repair. The calcium carbonate
formed within cracks was predominantly vaterite, and the process was
shown to provide effective crack sealing, particularly in cracks ranging
from 0.3 to 0.5 mm wide. Nevertheless, the repair efficiency depended
on the number of treatment cycles, and future work suggested opti-
mizing enzyme activity to reduce the time and effort required for
large-scale applications.

However, the effectiveness of both EICP and MICP is influenced by
factors such as the concentration of urease or bacterial activity, calcium
ion availability, and environmental conditions. While MICP has proven
successful, researchers have noted certain challenges, such as the need
for cultivating and maintaining live bacteria, which can limit its appli-
cability in certain environments. In contrast, EICP’s use of plant-derived
enzymes offers greater adaptability to a range of conditions, including
oxygen-poor environments and lower temperatures, making it a versa-
tile solution for enhancing the durability of structures and mitigating
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crack propagation in challenging climates [31,52].

The conducted research mainly focuses on optimizing the precipi-
tation process, treatment duration, and its overall impact on post-
treatment performance. However, the interaction between the cement-
based environment and calcium carbonate precipitation at the micro-
scopic level remains underexplored. Furthermore, most research exclu-
sively focuses on either the MICP or EICP method, which does not fully
capture the potential of bio-related calcium carbonate precipitation
methods for the repair of cracks in cement-based materials.

Therefore, this study presents a systematic research of calcium car-
bonate precipitation for cracks of cement base specimens via EICPs and
MICP method. The main goal is to assess and compare the effectiveness/
influence of organic and non-organic additives on these two approaches
in repairing cracks within cement-based materials. By detailing the
preparation of the specimens and the testing procedures, this research
provides a thorough analysis of the calcium carbonate precipitation
process. A 3D optical microscope is employed to capture the surface
precipitation of the calcium carbonate within the cracks, while chemical
and crystallographic analyses determine the types of calcium carbonate
formed. Furthermore, the study examines the morphological differences
between the EICP and MICP products, shedding light on their respective
efficiencies in improving the structural integrity of cementitious
materials.

2. Materials and experiment preparations
2.1. Preparation of cracked specimens

To evaluate calcium carbonate precipitation as a repair material, two
types of cement-based specimens were used: cement paste (cement and
water) and cement mortar (cement, sand, and water). Both specimen
types had a water-to-cement ratio of 0.4, while the sand-to-cement ratio
in the mortar specimens was 4:1. All specimens were cast on the same
day in standard 70 x 70 x 70 mm molds and stored in a steam chamber
for the first seven days, followed by 21 days under environmental con-
ditions. After the curing period, the specimens were cut into four prisms,
each approximately 32 x 32 x 70 mm in size, to reduce the specimen
size and make them easier to handle, as shown in Fig. 1.

The prepared samples were then subjected to crack formation using a
splitting test. Each specimen was placed in a compression machine, with
a metal bar of 2 mm in diameter positioned on top. This bar served as a
point of stress concentration, causing the specimen to crack as illustrated
in Fig. 2. The load rate was set to the lowest possible value (i.e., 0.3 kN/
s) on the testing machine, and loading was stopped as soon as a crack
appeared on the specimen’s surface. The maximum width of the cracks
(directly under the metal bar) was 0.8 mm, and their length did not
exceed 65 mm.

2.2. EICPs and MICP solutions

The key ingredient for the EICP method, urease, was extracted from

Fig. 1. Cement base specimens after demolding (left) and cut (right).
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two types of beans: Soy (Glycine max) and Jack (Canavalia ensiformis).
The urease extraction followed these steps: (1) the dried beans were
ground into a fine powder and sifted through a 0.2 mm mesh sieve; (2)
the powder was mixed with deionized water at a ratio of 100 g per liter,
stirred thoroughly for 30 minutes, and stored in the refrigerator at 4°C
for over 12 hours; (3) the solution was centrifuged at 3000 rpm for
20 minutes; and (4) the urease extract was filtered and collected. For the
MICP method, the gram-positive bacterium Sporosarcina pasteurii was
selected due to its ability to precipitate calcium carbonate in the pres-
ence of urea and a calcium source. The bacteria were grown in an
ammonium-yeast extract medium under laboratory conditions to ach-
ieve an optical density around OD600 = 0.8. The cementation solution,
containing urea and a calcium ion source (calcium chloride anhydrous),
those components was prepared with a molar concentration of 1 each for
both repair methods. For the EICP method, the extracted urease was
mixed with the cementation solution in a 1:1 ratio.

2.3. Specimens treatment

The cracked specimens were treated with the repair solutions
through near-full immersion, as shown in Fig. 3. The upper portion of
the samples was kept out of the repair solution to allow unrestricted
access to oxygen, which is essential for the bacteria to function effec-
tively in MICP solutions. This method was chosen to ensure an adequate
supply of urea and calcium ions, promoting the precipitation of calcium
carbonate crystals. The repair solutions were replaced with fresh solu-
tion every 12 hours. The total treatment time, or immersion duration,
for the cracked specimens was 72 hours.

Additionally, the cementation solution was supplemented with an
organic additive, low-fat milk powder, which has reportedly a beneficial
effect on calcium carbonate precipitation. As reported by [53], casein in
the milk powder provides extra nucleation sites and slows the precipi-
tation rate, resulting in relatively larger crystals. The milk powder used
in the present study consisted of about 45 % lactose, 35 % protein
(mainly casein), less than 10 % of fat, and the remaining 10 % were
minerals. While the chemical composition was as follow: chlorine (Cl)
36 %, titanium (Ti) 33 %, calcium (Ca) 17 %, potassium (K) 9 % and
phosphorus (P) 5 %. Milk powder was added to the cementation solution
at a ratio of 5 g per liter and thoroughly mixed until fully dissolved. This
research also explores the effect of a non-organic additive in the form of
concrete primer. Typically, concrete primer is applied to the surface of
concrete before the application of materials like paint, sealants, or
plaster to improve adhesion and prevent issues such as peeling, blis-
tering, or efflorescence. In this study, the primer, which is hypothesized
to also improve calcium carbonate precipitation through providing
nucleation sites, and is an acrylic water-based polymer (CsHgO3) con-
taining surfactants, thickeners, and defoamers, contains elements such
as carbon (C), hydrogen (H), oxygen (O) and also nitrogen (N) and sulfur
(S). Primer was injected into selected specimens using a syringe a few
hours before the EICPs and MICP treatments. Furthermore, some spec-
imens were treated with a combination of milk powder in the cemen-
tation solution and primer application.

For the specimens treated with MICP, bacteria were injected into the
cracks twice, with a 3-hour interval between applications. After 6 hours
from the final bacteria injection, these samples were immersed in the
cementation solution, following the procedure outlined above.

To facilitate identification and further analysis, each sample was
given a specific nomenclature reflecting the treatment arrangements for
EICPs and MICP. The first part of the name corresponds to the treatment
type (E — EICP; S — Soy bean urease; J — Jack bean urease; M — MICP),
followed by letters indicating organic or non-organic additives (0 —
none; M — milk powder; P — primer; MP — milk powder and primer). The
final part of the specimen names refers to the material type (P — cement
paste; M — cement mortar). For instance, EJ-MP-M refers to EICP treat-
ment using urease extracted from Jack beans, with the cracks treated
with primer and a cementation solution containing milk powder the
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Fig. 2. Crack manufacturing.

Crack

Container Repair
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Fig. 3. Immersion of cracked specimens in repair solution.

specimen, while M-M-P refers to MICP treatment with the addition of
milk powder in the cementation solution for cement paste specimens.
Table 1 provides a detailed summary of all specimens and their
treatments.

3. TESTs program
3.1. Optical 3D microscope surface analyses

All external cracked surfaces of the specimens were analyzed using a
3D optical microscope (Aosvi 3D-HD228S). Microscopic analyses were
performed before the EICPs/MICP treatments, with images taken every
24 hours throughout the treatment period. This analysis enabled precise
measurement of crack widths and allowed visual monitoring of calcium
carbonate precipitation on the crack surfaces between immersion stages.
To ensure accurate tracking of the healing process, each specimen’s

Table 1
Specimens’ details.

crack was marked with six distinct spots on both sides (three per side).
These positions were numbered from 1 to 6, corresponding to similar
locations: near the crack tip (lower end), the middle, and close to the
loading point (i.e., under the metal bar). Fig. 4 illustrates the concept of
crack measurement, and Table 1 provides detailed information
regarding the crack widths.

3.2. Chemical and crystallography analyses

After the treatments were completed, the products of EICPs and
MICP were further examined for their chemical composition using X-ray
fluorescence (XRF) analysis. XRF is a powerful analytical technique that
determines the chemical composition of materials by measuring the
characteristic X-rays emitted from a sample when excited by a primary
X-ray source. These emitted X-rays are unique to each element, enabling
both qualitative and quantitative analysis of the elements present in the
sample. Samples for XRF analysis were carefully prepared by collecting
(scraping) compounds from the surface of the cracks and drying them for
several hours. The dried material was then finely ground in a mortar to
achieve a homogeneous powder, which was passed through a 200-mesh
sieve to obtain particles approximately 74 pm in size. These prepared
samples were subsequently subjected to XRF analysis.

X-ray diffraction (XRD) is a fundamental technique used to analyze
the crystallographic structure of materials. By directing X-rays at a
crystalline sample, XRD measures the diffraction patterns produced as
the rays interact with the periodic arrangement of atoms. These patterns
provide detailed information about the crystal structure, including

Name Treatment Additives Specimens type Cracks width [mm]
1 2 3 4 5 6

EJ—-0-P EICP - None Cement paste 0.25 0.22 0.12 0.11 0.20 0.31
EJ-M-P Jack beans urease Milk powder 0.19 0.22 0.21 0.12 0.08 0.71
EJ-P-P Primer 0.15 0.12 0.11 0.15 0.17 0.20
EJ-MP-P Milk + primer 0.18 0.15 0.12 0.25 0.31 0.37
EJ-0-M EICP - None Cement mortar 0.15 0.27 0.35 0.46 0.32 0.18
EJ-M-M Jack beans urease Milk powder 0.21 0.39 0.63 0.53 0.45 0.22
EJ-P-M Primer 0.11 0.26 0.29 0.31 0.22 0.16
EJ-MP-M Milk + primer 0.13 0.21 0.32 0.35 0.29 0.15
ES—0-P EICP — None Cement paste 0.20 0.14 0.11 0.12 0.21 0.22
ES-M-P Soy beans urease Milk powder 0.11 0.12 0.09 0.08 0.10 0.09
ES-P-P Primer 0.12 0.09 0.08 0.11 0.11 0.13
ES-MP-P Milk + primer 0.26 0.23 0.17 0.12 0.26 0.20
ES—-0-M EICP - None Cement mortar 0.22 0.25 0.37 0.36 0.23 0.14
ES-M-M Soy beans urease Milk powder 0.20 0.38 0.70 0.40 0.31 0.24
ES-P-M Primer 0.19 0.31 0.43 0.39 0.29 0.21
ES-MP-M Milk + primer 0.12 0.31 0.52 0.52 0.33 0.21
M-0-P MICP None Cement paste 0.44 0.38 0.20 0.24 0.29 0.69
M-M-P Milk powder 0.18 0.17 0.14 0.10 0.19 0.23
M-P-P Primer 0.19 0.24 0.34 0.29 0.18 0.12
M-MP-P Milk + primer 0.15 0.12 0.11 0.15 0.12 0.13
M-0-M MICP None Cement mortar 0.11 0.27 0.52 0.51 0.38 0.22
M-M-M Milk powder 0.18 0.30 0.69 0.67 0.51 0.25
M-P-M Primer 0.19 0.25 0.40 0.42 0.32 0.17
M-MP-M Milk + primer 0.10 0.20 0.32 0.28 0.20 0.11
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Fig. 4. Schematic view of points subjected to microscopic analyzes.

lattice parameters, phase identification, and atomic spacing. XRD is
essential for determining the crystallinity and phase composition of
EICPs and MICP products. A similar procedure was followed for XRD
analysis, with powders of EICPs and MICP products collected from the
opposite side of the crack. In this case, the powders were sieved through
a 300-mesh sieve, yielding particles approximately 50 pm in size.

3.3. Morphology analyses

Scanning Electron Microscopy (SEM) was used for morphology
analysis, providing detailed imaging of the material’s surface structure
and texture at the micro- to nanometer scale. SEM operates by scanning
a focused beam of electrons across the sample surface, generating high-
resolution images that reveal topographical details such as grain size,
particle shape, surface roughness, and porosity. When combined with
Energy-Dispersive X-ray Spectroscopy (EDS), SEM can also provide
atomic compositional information.

Samples for SEM analysis were carefully selected to obtain the best
possible images. To achieve this, calcium carbonate crystals were cut
from the inner plane of the cracks into small pieces, with a base material
thickness of 2-3 mm. These samples were then gently cleaned in water
and dried in an oven overnight. Afterward, a necessary coating was
applied before subjecting them to SEM analysis

4. Results and discussion

This section presents and compiles the results of the aforementioned
analysis conducted for EICPs and MICPs techniques used in cement-
based materials.

4.1. Calcium carbonate precipitation on the crack surface — microscopic
analyses

Cracked surface of cement-based material (cement paste and mortar)
were analyzed in detail under the 3D optical microscope in order to
evaluate the calcium carbonate precipitation over the time. The
following sections present images of the samples before and after the full
period of planned treatment for the cracks below and above 0.35 mm.
Additionally, photos of the specimens after treatment include the per-
centage coverage of the crack surface by precipitated calcium carbonate.
Crack coverage was estimated through image processing of the samples’
photographs taken before and after the complete treatment. Detailed
summary of calcium carbonate precipitation images taken every
12 hours are included in Appendix A.

4.1.1. Cement paste specimens

Analyzing Figs. 5-7, formation of calcium carbonate precipitation on
the surface of the crack, as well as in its inner plane, can be clearly seen.
Crack filling efficiency significantly depends on the crack’s width. In
general, regardless of the method (EICP as well as MICP), cracks less
than 0.35 mm wide were markedly filled with calcium carbonate. The
confined space in these narrower cracks promotes crystal nucleation and
growth, allowing nearly full coverage of the crack surface, with calcium
carbonate filling percentages ranging from 96.82 % to 100 %. For cracks
wider than 0.35 mm, however, calcium carbonate was deposited only
partially, with crack coverage percentages ranging from 45.58 % to
79.64 % (except EJ-MP-P specimen which is 11.56 %). The influence of
additives, such as milk powder and primer, in these wider cracks was
marginal, with only slight variations in coverage observed. This suggests
that while additives may enhance crack sealing in narrower cracks, they
do not significantly improve the performance in wider cracks. Further-
more, in cracks wider than 0.35 mm, the larger voids make it more
difficult for the crystals to coalesce and fully seal the crack, leading to
incomplete or absent precipitation. Additionally, the reduced surface
area for crystal attachment in wider cracks further hinders the process.

4.1.2. Cement mortar specimens

Building on the findings from cement paste specimens, similar trends
were observed in the cement mortar samples regarding calcium car-
bonate precipitation, as seen in Figs. 8-10. However, the presence of
sand in cement mortar introduces additional complexity. The sand
particles not only create a more porous structure but also contribute to
larger, irregularly shaped voids and a more heterogeneous surface.
These factors affect how calcium carbonate crystals form and attach
within the cracks. In cracks narrower than 0.35 mm, the confined space
between sand grains aids in crystal nucleation and growth, much like in
the cement paste. As a result, these cracks still exhibit significant filling
with the 100 % coverage for EICPs treated specimens. However, the
percentage coverage of crack surface for specimens treated with MICP
ranging from 80.12 % to 100 % (except specimen M-M-M). In contrast,
for cracks wider than 0.35 mm, the combination of a coarser texture and
increased porosity makes it more challenging for the repair solutions to
distribute evenly and for calcium carbonate to form a continuous de-
posit. The irregular surfaces and larger voids mean that calcium car-
bonate crystals struggle to coalesce effectively, leading to partial or
absent filling. The crack coverage in these wider cracks ranged from
15.56 % to 83.21 %, depending on the treatment. Additionally, the
presence of additives like milk powder and primer had only a marginal
effect on the filling efficiency in these wider cracks. While there was
some variation in coverage, the overall challenge of distributing the
repair material evenly and forming a cohesive deposit remained
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Fig. 5. Cracks surface of cement paste specimens before and after EICP(J) treatment.
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Fig. 6. Cracks surface of cement paste specimens before and after EICP(S) treatment.

significant. These structural differences in mortar, including fewer effective crack healing.
suitable nucleation sites compared to cement paste, limit the ability of
calcium carbonate to bridge gaps in wider cracks, resulting in less
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Fig. 8. Cracks surface of cement mortar specimens before and after EICP(J) treatment.
4.2. Chemical composition and crystallography — XRF and XRD outcomes various treatments (i.e., EICPs and MICP with different additives). This

4.2.1. Results of XRF analyses — chemical composition

analysis focuses on the elemental compositions in terms of weight per-
centage (n.wt.), atomic percentage (n.at.) and error margins for n.wt.

Table 2 presented the XRF data of precipitated minerals, for the (Error).
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Fig. 10. Cracks surface of cement mortar specimens before and after MICP treatment.
The dominant component across all treatments is calcium (Ca), ranging from 60.56 wt% to 79.26 wt%. The lower calcium concentra-

reflecting the primary role of calcium carbonate in both EICPs and MICP tions observed in some EICP treatments, such as EICP (J) + milk, with
processes. In EICPs treatments, calcium content shows more variation, 60.56 wt% Ca, suggest that the process may yield more complex
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Table 2
X-ray fluorescence results of EICPs and MICP products.
Element Al Ca Cl Fe Mg Mn P K Si Sr S Ti
Treatment
EICP (J) n.wt. [%] 1.08 64.51 20.7 2.97 - 0.07 1.75 2.19 5.85 - 0.67 0.16
n.at. [%] 1.51 61.11 22.20 2.02 - 0.05 2.15 2.13 7.90 - 0.79 0.12
Error [%] 0.037 0.091 0.068 0.011 - 0.002 0.024 0.022 0.056 - 0.012 0.005
EICP (J) + milk n.wt. [%] 0.59 60.56 32.84 0.61 - 0.04 1.29 1.07 2.12 0.08 0.66 0.13
n.at. [%] 0.82 57.24 35.09 0.41 - 0.03 1.58 1.04 2.86 0.03 0.78 0.10
Error [%] 0.009 0.032 0.030 0.002 - 0.001 0.007 0.006 0.012 0.001 0.004 0.001
EICP (J) + primer n.wt. [%] 1.55 79.26 3.71 2.74 - 0.09 0.98 2.06 8.43 0.17 0.72 0.21
n.at. [%] 2.20 75.91 4.02 1.88 - 0.06 1.23 2.02 11.52 0.07 0.87 0.16
Error [%] 0.015 0.031 0.009 0.004 0.001 0.006 0.006 0.022 0.001 0.004 0.001
EICP (J) + milk, primer n.wt. [%] 1.63 74.95 3.83 2.55 0.28 0.10 2.34 6.37 5.74 0.11 1.62 0.34
n.at. [%] 2.33 71.88 4.15 1.75 0.44 0.07 291 6.26 7.85 0.05 1.95 0.27
Error [%] 0.015 0.030 0.009 0.004 0.012 0.001 0.009 0.010 0.018 0.001 0.006 0.002
EICP (S) n.wt. [%] 0.10 89.03 7.50 0.03 - 0.02 1.59 1.07 0.09 0.07 0.51 -
n.at. [%] 0.15 87.60 8.34 0.02 - 0.01 2.02 1.08 0.12 0.04 0.63 -
Error [%] 0.004 0.037 0.014 0.001 - 0.001 0.008 0.005 0.003 0.001 0.004 -
EICP (s) + milk n.wt. [%] - 92.37 5.64 0.03 0.26 0.01 0.39 0.82 0.03 0.07 0.38 -
n.at. [%] - 91.37 6.30 0.02 0.43 0.01 0.50 0.83 0.04 0.03 0.47 -
Error [%] - 0.037 0.012 0.001 0.013 0.001 0.004 0.004 0.001 0.00 0.003 -
EICP (S) + primer n.wt. [%] 0.10 91.57 4.42 0.01 0.02 0.02 0.47 0.78 2.14 0.06 0.33 -
n.at. [%] 0.14 90.02 4.91 0.07 0.03 0.11 0.60 0.79 3.00 0.03 0.41 -
Error [%] 0.004 0.034 0.010 0.001 0.003 0.001 0.004 0.004 0.012 0.001 0.003 -
EICP (S) + milk, primer n.wt. [%] 0.01 89.01 9.30 0.01 0.16 - 0.20 0.84 - 0.09 0.46 -
n.at. [%] 0.02 87.74 10.36 0.01 0.26 - 0.25 0.85 - 0.04 0.46 -
Error [%] 0.001 0.034 0.014 0.001 0.009 - 0.003 0.004 - 0.001 0.003 -
MICP n.wt. [%] 0.05 96.16 1.40 0.26 - - 0.05 0.10 0.06 0.04 0.36 -
n.at. [%] 0.08 95.79 231 0.43 - - 0.08 1.17 0.09 0.06 0.60 -
Error [%] 0.004 0.034 0.007 0.002 - - 0.002 0.002 0.002 0.001 0.004 -
MICP + milk n.wt. [%] - 96.80 2.45 0.02 - - 0.09 - - 0.03 0.55 0.06
n.at. [%] - 96.37 2.76 0.02 - - 0.12 - - 0.02 0.68 0.05
Error [%] - 0.034 0.007 0.001 - - 0.002 - - 0.001 0.003 0.001
MICP + primer n.wt. [%] - 94.01 5.33 - - - 0.03 - 0.18 0.03 0.43 -
n.at. [%] - 93.19 5.98 - - - 0.03 - 0.25 0.13 0.53 -
Error [%] - 0.036 0.011 - - - 0.001 - 0.004 0.001 0.003 -
MICP + milk, primer n.wt. [%] 0.16 97.79 0.48 0.12 - 0.02 0.21 0.10 0.33 0.04 0.66 0.08
n.at. [%] 0.24 97.37 0.55 0.08 - 0.02 0.27 0.1 0.47 0.02 0.82 0.07
Error [%] 0.005 0.033 0.003 0.001 - 0.001 0.003 0.001 0.004 0.001 0.003 0.001

Note: n.wt. = Normalized weight; n.at. = normalized atomic weight; Error = error of n.wt.

precipitates, potentially incorporating other elements. This is supported
by the higher chlorine (Cl) content, which reaches 32.84 wt% in EICP (J)
+ milk, indicating possible involvement of chloride salts in the pre-
cipitates, as the chlorine is one of the main elements of used milk
powder. Sulfur (S), although present in small quantities, is more
consistently observed across treatments, particularly in EICP mixtures.
Its presence might be attributed to residual sulfate used in the process or
sulfate-bearing compounds precipitating alongside calcium carbonate.
Notably, sulfur reaches 1.62 wt% in EICP (J) 4+ milk, primer treatment,
suggesting some variation in sulfate incorporation depending on the
treatment conditions. Chlorine (Cl) levels are also significant in the EICP
treatments, notably in the EICP (J) + milk sample, where it comprises
32.84 wt%. When comparing the MICP treatments, calcium content
remains notably high, exceeding 94 wt%, particularly in the MICP with
milk and primer treatment, where calcium reaches 97.79 wt%. This is
consistent with the expected calcium carbonate precipitation, as MICP
primarily functions by promoting CaCOs formation. The minimal pres-
ence of other elements, such as iron (Fe) and aluminum (Al), confirms
the purity of the calcium carbonate precipitates formed in these MICP
treatments. Furthermore, increase in Cl content, relative to MICP, could
indicate the presence of additional chlorinated compounds, which are
potentially incorporated into the mineral matrix or in case of EICPs, they
are residues from the enzyme solutions and supplementations of milk
powder. Moreover, silicon (Si) and potassium (K), which are typically
found in soil or environmental materials, appear at low levels in both
EICPs and MICP treatments. Their presence could result from minor
contamination or some base materials (cement) were also scratch during
the collecting of EICPs and MICP products from the specimens.

In summary, the XRF analysis highlights that calcium dominates the

composition of both EICPs and MICP precipitates, as expected due to the
calcium carbonate focus of both treatments. However, the EICP treat-
ments show a broader elemental variety, including higher Cl and P
contents, indicating a more complex mineralogy. The variations across
treatments—particularly the addition of milk and primer—suggest a
nuanced influence of these additives on the mineral composition, with
notable shifts in Cl, S, and Si levels.

4.2.2. Results of XRD analyses — crystallography

The results of XRD test analyses after processing the data properly
are shown in Figs. 11-13 for the EICP(J), EICP(S) and MICP methods,
respectively. The XRD analysis conclusively identified calcium
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Fig. 11. XRD analyses outcome of EICP(J)s’ products.
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Fig. 13. XRD analyses outcome of MICPs’ products.

carbonate as the dominant phase in EICPs and MICP-treated samples,
with distinct diffraction peaks corresponding to calcite, the most ther-
modynamically stable form of calcium carbonate. Furthermore, in the
MICP-treated samples, vaterite, a less stable polymorph of calcium
carbonate, was also detected. The presence of calcite and vaterite across
both methods indicates their effectiveness in promoting the crystalli-
zation of calcium carbonate, despite differences in the underlying pre-
cipitation mechanisms. Worthnoted, while the same phase was
obtained, the relative peak intensities showed slight variations between
the two methods. This suggests potential differences in crystal size,
orientation, or even crystallinity, with the EICPs-treated samples
possibly exhibiting more uniform or densely packed crystals compared
to those formed through MICP. These subtle distinctions could be linked
to the more controlled, biologically mediated precipitation in MICP,
where microbial activity may offer a more favourable environment for
the nucleation and growth of calcite crystals. In contrast, the enzyme-
driven (EICP) process, while still producing calcite, might result in
more irregular morphology of crystal formation. These differences
warrant further investigation, such as mechanical testing, to determine
how the crystal structure might impact the durability, strength, or long-
term stability of the treated cementitious materials.

The XRD analysis not only identifies the types of calcium carbonate
crystals formed during the healing and sealing process in cement-based
materials but also reveals variations in crystallite size (Table 3), which
significantly influence crack repair efficiency. For MICP, the crystallite
size increases substantially with the addition of milk powder and primer,
with the largest size reaching 66.25 nm when both additives are used,
compared to 33.12 nm for pure MICP. This growth in crystallite size
suggests enhanced crack healing potential, as larger and more cohesive
calcium carbonate structures form within the cracks. In addition to

10

Construction and Building Materials 458 (2025) 139646

Table 3
Crystallite size of calcium carbonate for different variations of MICP and EICPs.

Calcium carbonate products precipitated via different solutions

MICP MICP MICP MICP + Milk and
+ Milk + Primer primer

Crystallite size 33.12 40.54 44.24 66.25

[nm]
EICP EICP(J)+ EICP(J)+ EICP(J) + Milk and
) Milk Primer primer

Crystallite size 38.72 44.62 57.74 44.77

[nm]
EICP EICP(S)+ EICP(S)+ EICP(S) + Milk and
) Milk Primer primer

Crystallite size 22.38 26.70 29.22 24.25

[nm]

crystallite size, the XRD results highlight distinct differences in the
proportion of calcite and vaterite formed under various MICP treat-
ments. Conventional MICP yielded 43 % calcite and 57 % vaterite.
When milk powder was introduced, calcite content increased dramati-
cally to 81 %, with vaterite reducing to 19 %. In contrast, the use of
primer alone resulted in a shift towards 38 % calcite and 62 % vaterite.
The combination of milk powder and primer produced a balanced
outcome, with 49 % calcite and 51 % vaterite. These variations under-
score how additives influence the mineralogical composition of the
precipitated calcium carbonate. Milk powder appears to favor the for-
mation of calcite, a more stable and cohesive polymorph, while primer
tends to promote a higher proportion of vaterite. Their combined use
creates a balanced crystal distribution, potentially optimizing the ma-
terial’s healing performance by leveraging the unique properties of both
polymorphs. In case of plant urease treatments, the EICP(J) shows a
notable increase in crystallite size with primer (57.74 nm), potentially
improving crack sealing properties. In contrast, the EICP(S) method
produces generally smaller crystallites, with the largest size of 29.22 nm
observed with primer. These variations in crystallite size suggest that the
additives and their effects on calcium carbonate precipitation could be
tailored to optimize crack healing performance in different cement-
based materials.

4.3. Morphology — SEM outcome

The SEM micrographs presented in Figs. 14-19 showcase the
morphology of calcium carbonate precipitates produced through MICP
and EICPs within cracks of cement paste and mortar specimens. The
crystallization and overall structure of the calcium carbonate deposits
vary depending on the additives and treatment conditions, displaying
distinct characteristics across the different groups. The MICP
morphology is analyzed first, since this method is already well known
and will serve as a kind of comparison.

4.3.1. Calcium carbonate in cement paste specimens

In the conventional MICP-treated specimens, where no additives
were employed, calcium carbonate primarily formed as spherical and
rhombohedral crystals (Fig. 14a). The spherical crystals are indicative of
the vaterite polymorph, while the rhombohedral shapes correspond to
calcite. These formations are relatively isolated and sparsely distributed
across the crack surfaces, possibly leading to minimal crack coverage
and, consequently, limited healing efficacy. When milk powder is
introduced, the crystal morphology undergoes significant changes,
resulting in the formation of elongated, needle-like calcite crystals
(Fig. 14b). These crystals are more densely packed and creating a
slightly better cohesive structure. The intricate and interlocking nature
of these crystals suggests an enhanced capacity for crack filling
compared to the conventional MICP treatment. Additionally, the pres-
ence of rod-like triangular patterns suggests that organic compounds in
the milk powder promote crystallization and enhance the formation of
well-defined crystal structures. In specimens where a primer was applied
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Fig. 14. SEM analyses outcome of MICPs’ products in cement paste specimens.
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Fig. 15. SEM analyses outcome of EICP(J)s’ products in cement paste specimens.
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Fig. 16. SEM analyses outcome of EICP(S)s’ products in cement paste specimens.
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Fig. 17. SEM analyses outcome of MICPs’ products in cement mortar specimens.
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Fig. 18. SEM analyses outcome of EICP(J)s’ products in cement mortar specimens.
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prior to MICP treatment, the calcium carbonate forms rod-like structures
that align longitudinally. These rod-like crystals are more organized and
compact, with a rough surface texture due to smaller granular forma-
tions adhering to the primary structures (Fig. 14c). The primer appears
to influence both the orientation and growth of the crystals. The com-
bination of milk powder and primer with MICP results in the most
complex and densely packed crystal structures (Fig. 14d). The calcium
carbonate forms layered, fan-shaped, and jagged calcite structures,
creating a tightly interwoven network that reflects the synergistic effects
between milk powder and primer. This morphology suggests a highly
effective crack-filling potential, combining the structural benefits of
different MICP approaches.

The calcium carbonate precipitated by EICP(J), without any addi-
tives, primarily forms porous, sponge-like structures with irregularly
shaped cavities (Fig. 15a). This amorphous, irregular morphology sug-
gests a less organized crystallization process compared to MICP,
potentially leading to incomplete crack healing due to the less dense and
less structured deposition of calcium carbonate. The addition of milk
powder significantly alters the morphology, resulting in highly ordered,
elongated structures with a more fibrous and lamellar-like appearance
(Fig. 15b). The crystal arrangement becomes more compact and inter-
woven, indicating a stronger and denser matrix within the crack. The
organic components of the milk powder contribute to a more cohesive
and structured precipitation process, leading to improved nucleation
and growth. In specimens where a primer was applied before EICP(J),
calcium carbonate precipitation results in a combination of compact,
clustered formations and elongated, fan-shaped structures with the
granular particles (Fig. 15¢). The primer enhances crystal growth by
influencing the orientation and density of the precipitate. The compact,
clustered areas contribute to increased surface roughness, potentially
improving the mechanical properties of the crack fill. The combination
of milk powder and primer yields the most complex and intricate cal-
cium carbonate precipitate structures. The SEM images reveal a mix of
rounded, globular formations and fan-like, elongated structures,
creating a densely packed, interwoven crystal network (Fig. 15d).

Specimens treated with EICP(S) without additives display calcium
carbonate deposits with a loose and irregular granular structure
(Fig. 16a). These precipitates lack clear organization, consisting of
dispersed and small crystal formations. The absence of well-defined
shapes or cohesive structures indicates inefficient crystal growth,
which could lead to poor crack-filling capacity. As seen in previous
cases, milk powder significantly transforms the crystal morphology of
EICP(S) products. The calcium carbonate deposits now feature spherical
and globular crystals, in some areas there are visible spherical clusters
having smaller as well as larger individual spheres sizes (Fig. 16b). Milk
powder appears to foster more organized and denser precipitation,
improving the overall distribution of the crystals across the crack,
indicative of better crack-filling potential. For specimens with an
applied primer, calcium carbonate precipitation exhibits a compact,
granular structure with well-adhered formations (Fig. 16¢). The crystals
are more uniformly distributed than in the conventional sample, and the
primer seems to promote more consistent and continuous deposition
along the crack. The surfaces show fewer voids and gaps. The combi-
nation of granular structures and larger formations provides a smoother
surface. In the specimens treated with both milk powder and primer,
calcium carbonate precipitation shows the most cohesive and inter-
connected crystal morphology (Fig. 16d). The calcium carbonate forms
dense clusters of spherical crystals, which are tightly packed, creating a
uniform layer across the crack surface. This dense and continuous
network of crystals maximizes the potential for sealing and reinforcing
the crack.

4.3.2. Calcium carbonate in cement mortar specimens

In the conventional MICP treatment, calcium carbonate precipitates
display a mix of irregular, clustered, and needle-like crystals (Fig. 17a).
The crystal formations are somewhat disorganized, and the surface
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coverage is sparse, with visible gaps between the deposits. This
morphology suggests inefficient crack filling, as the precipitation ap-
pears scattered across the surface. The overall loose structure indicates
limited adhesion and coverage, making it less effective for complete
crack sealing. The incorporation of milk powder induces a distinct
transformation in the morphology of calcium carbonate crystals
(Fig. 17b). The precipitates become as elongated, rod-like structures
prevalent across the surface. In some regions, these crystals form com-
plex, interwoven patterns that contribute to improved surface coverage
and cohesion of the deposit. In the MICP with primer treatment, calcium
carbonate precipitates are more compact and exhibit a granular struc-
ture with a rough, continuous surface (Fig. 17c). The primer treatment
seems to promote more organized crystal growth, resulting in fewer gaps
and voids in the deposit compared to the conventional MICP treatment.
The resulting layer appears more homogeneous, with some areas
showing a fine, rough texture that indicates improved adhesion to the
crack surface. In the specimens treated with MICP combined with milk
powder and primer, the surface is covered with large, spherical crystals
that are tightly interwoven to form a thick, cohesive layer.

The calcium carbonate crystals precipitated via EICP(J) treatment
predominantly appear as irregular, granular clusters (Fig. 18a). These
formations cover the surface relatively uniformly, though the crystals
themselves lack distinct shapes, resulting in a somewhat rough texture
across the treated crack surface. This suggests a less organized crystal-
lization process, leading to a random distribution of nucleation sites. The
introduction of milk powder shifts the crystal morphology, producing a
twofold structure (Fig. 18b). The precipitated calcium carbonate fills
voids in the cracks, creating irregular, dense shapes with many pores,
while also forming elongated fibers or needles on these previously
described elements. This variation in morphology is highly dependent
on the internal shape of the crack and the underlying structure of its
surface, such as the arrangement of sand and pores. When the crack
surface is pre-treated with a concrete primer, the calcium carbonate
precipitates show a layered, sheet-like morphology (Fig. 18c). These
crystalline layers are tightly stacked, providing more comprehensive
surface coverage. The primer appears to encourage a more systematic
arrangement of the crystals, potentially leading to a stronger bond be-
tween the precipitate and the cement matrix. Finally, the combination of
milk powder and primer produces the most complex and chaotic crystal
structures among the EICP(J)-treated specimens. The calcium carbonate
forms elongated, plate-like crystals that fan out in intricate patterns,
combining the crystal shapes observed in previous treatments (Fig. 18d).
These formations are densely packed and interlocked, which could be
beneficial in terms of mechanical strength.

The calcium carbonate crystals precipitated by conventional EICP(S)
treatment exhibit a predominantly spherical morphology, forming
compact clusters across the crack surface. These spherical crystals
appear densely packed, with minimal voids between them (Fig. 19a).
The uniformity in crystal shape suggests a consistent nucleation process,
resulting in relatively even coverage of the crack surface. However, the
spherical form may limit the extent of crack filling due to potential gaps
between the crystals. In the EICP(S) treatment with milk powder, there
is not a significant change in crystal morphology compared to the other
cases. The calcium carbonate crystals maintain a spherical shape but
appear larger and more robust (Fig. 19b). The surfaces of these spheres
are rougher, and some exhibit a layered structure, indicating more
complex crystal growth dynamics. The increased size and roughness of
the crystals, combined with their dense packing, suggest enhanced
nucleation and growth facilitated by the organic components of the milk
powder, potentially improving the sealing efficiency of the treatment.
The application of a concrete primer before EICP(S) treatment results in
the formation of distinct, irregularly shaped calcium carbonate crystals
(Fig. 19¢). These crystals are larger and more angular compared to those
in untreated (without primer) cracks. The irregular shapes and increased
crystal size suggest that the primer influences the crystallization envi-
ronment. Lastly, the combination of milk powder and primer in the EICP
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(S) process produces a complex mixture of morphologies. The calcium
carbonate crystals exhibit spherical shapes of different sizes, with some
formations appearing as fused clusters (Fig. 19d). This hybrid
morphology indicates that the combined effects of milk powder and
primer lead to diverse nucleation and growth mechanisms. The resulting
crystal structures are densely packed and interlocked, creating a highly
textured surface that likely offers superior crack sealing and
reinforcement.

4.4. General comparison of EICP and MICP method

EICP and MICP are both promising techniques for applications such
as crack repair in cementitious materials or soil improvement. While
both rely on calcium carbonate precipitation, they differ significantly in
terms of cost-effectiveness, environmental impact, and long-term dura-
bility. EICP is generally more cost-effective (i.e., especially used cured
plant urease) than MICP due to its simpler process. It uses enzymes like
urease, which can be directly added to the treatment solution, elimi-
nating the need for microbial cultivation. Additionally, such urease can
be obtained from the leguminous plants, and further reduce the cost. In
contrast, MICP requires the growth and maintenance of bacterial cul-
tures, which involves additional infrastructure, time, and resources. This
makes EICP more suitable for projects with budget constraints or where
rapid deployment is necessary. From an environmental perspective,
EICP is often seen as more favorable. Since it avoids the use of live
microorganisms, it reduces risks of environmental contamination and
biohazard concerns. However, EICP still involves urea hydrolysis, which
can release ammonia into the environment, requiring proper manage-
ment. On the other hand, while MICP can contribute to biogenic aes-
thetics and natural integration, it involves live bacteria, posing
challenges such as waste management and regulatory compliance.
Considering the long-term durability, MICP holds a distinct advantage.
The presence of bacteria in the system can potentially sustain precipi-
tation of calcium carbonate under favorable conditions, prolonging the
effectiveness of the repair or stabilization. EICP, while capable of rapid
and effective precipitation, lacks the self-sustaining capability provided
by microbial activity, which might limit its performance over extended
periods.

Overall, EICP is advantageous for its cost efficiency, simplicity, rapid
implementation, and reduced biohazard concerns, making it ideal for
applications requiring quick and economical solutions. However, it may
lack the long-term self-healing capabilities associated with MICP.
Conversely, MICP offers potential benefits in prolonged durability and
self-sustainability, making it more suitable for projects where these
factors are a priority, despite its higher costs and more complex opera-
tional requirements. A careful assessment of project needs is essential to
determine the most appropriate method.

5. Conclusions

In conclusion, this study systematically evaluated the efficacy of
Enzyme-Induced Carbonate Precipitation and Microbially Induced Cal-
cium Carbonate Precipitation for repairing external cracks in cement-
based materials. The research provides valuable insights into the
morphological, chemical, and crystallographic characteristics of the
calcium carbonate precipitates formed by these bio-mediated tech-
niques. The following conclusions can be drawn from the study:

1. Both EICPs and MICP demonstrated effectiveness in sealing cracks
smaller than 0.35 mm, with calcium carbonate precipitation filling
these cracks substantially, covering more than 95 % of the crack
surface. However, cracks wider than 0.35 mm showed limited filling
capacity, with the coverage of the crack surface being in the range of
15 %-80 %, indicating a threshold beyond which the methods’
effectiveness diminishes.
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2. MICP treatments predominantly produced calcium carbonate with
high purity and uniform crystal structures, primarily calcite with
some vaterite presence. In contrast, EICPs-treated samples exhibited
a more complex mineralogy, with additional elements like chlorine
and sulfur indicating varied crystallization environments, particu-
larly when additives were used. Furthermore, the use of additives (i.
e., powder milk and primer), benefits the crystallite size of precipi-
tated calcium carbonate.

3. The introduction of milk powder and primer significantly altered the
morphology and crystallization patterns of calcium carbonate in
both EICPs and MICP. With the authors’ assumptions, these additives
likely influenced the precipitation process through their chemical
compositions - milk powder, rich in proteins and lactose, potentially
acted as nucleation sites, while the water-base epoxy resin primer
and its penetrating agents may have provided a more conducive
environment for crystal growth. Together, they enhanced crack-
filling efficiency by promoting denser, more cohesive crystal for-
mations. The combined use of milk powder and primer produced the
most effective crack sealing, resulting in highly interwoven and
densely packed crystal networks.

4. SEM analyses revealed distinct differences in the surface morphology
of calcium carbonate precipitates between MICP and EICPs treat-
ments. EICPs generally resulted in more organized and densely
packed crystal structures, while MICP, particularly with plant-
derived urease, produced more irregular morphology and porous
formations. The use of additives, as mentioned in point 3, subtly
refined these characteristics, guiding the crystallization process to-
ward more cohesive and robust structures across both methods.

5. The study highlights the potential of EICPs and MICPs as sustainable
alternatives to traditional crack repair methods in cement-based
materials. However, their application may be limited by the crack
size. The choice of method and additives should be tailored to the
specific requirements of the repair scenario, considering factors like
crack width, material composition, and desired durability, which
should be further studies.

This research contributes to the growing body of knowledge on bio-
related crack repair techniques, offering practical insights for their
implementation in civil engineering. Future work could explore the
long-term durability and mechanical properties of the repaired mate-
rials, developing novel additives to enhance the efficiency and adapt-
ability of EICP and MICP, optimizing their performance across various
materials. Investigating their use in complex structures, such as histor-
ical buildings, could address unique preservation challenges. Addition-
ally, integrating these techniques with other self-healing technologies
may lead to multifunctional materials, advancing sustainable and
resilient construction practices.
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