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Research progress in spore-based in-situ restoration
technology of concrete with microorganisms

Jianmiao Xu, Kaxi Xie, Feng Cheng, Dongxu Jia, Zhigiang Liu, and Yuanshan Wang

College of Biotechnology and Bioengineering, Zhejiang University of Technology, Hangzhou 310014, Zhejiang, China

Abstract:  Concrete is the most widely used modern building material. It is easy to crack under the action of stress, which makes
the concrete structure permeable, affecting the durability and integrity of the structure, and thus shortening its service life. Microbial
in-situ remediation technology is a low cost, effective and green way for concrete crack repairing. Due to its excellent
biocompatibility, service life elongation, economic losses and environmental pollution reduction, microbial in-situ remediation
technology has been intensively investigated. Bacillus has attracted much attention because of its excellent biomineralization ability,
extremely strong environmental tolerance and long-term survival ability of its spores. In order to promote the research, development
and large-scale application of microbial in-situ healing of concrete, the paper reviews the mechanism of spore-based in-situ healing
of concrete, the survival of spores exposed in concrete, the influence of spores and external additives on the mechanical properties of
concrete, progress in research and development of healing agent as well as healing effects. Moreover, future research focuses such as
improving the survival ability of spores in the harsh environment of concrete, reducing the influence of external additives on the
mechanical properties of concrete, and strengthening the healing effect of actual field applications are also summarized.
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Table 1 CaCO; deposition mechanism for concrete structures with corresponding bacteria and suitable
environmental conditions

Pathway Bacterial Mechanism Applicable environment  References
Oxygenic Cyanobacteria CH;C(=0)C(=0)0 +HSCoA+NAD*—  Concrete structure in sea [18-20]

photosynthesis

Anoxygenic
photosynthesis

Green sulphur
bacteria,

acidobacteria and

purple bacteria

Oxidation of methane ~ Methanotrophs

Sulphur cycle Sulphate-

reducing bacteria

Nitrogen cycle
(Urea degradation)

Sporoscarcina
pasteurii,

Bacillus sphaericus,
Bacillus cereus, etc

Pseudomonas,
Thiobacillus,

Nitrogen cycle
(Denitrification)

Denitrobacillus,

Alcaligenes,
Micrococcus,

Diaphorobacter, etc

Metabolic conversion of Bacillus
organic compound pseudofirmus,

Bacillus cohnii, etc

CH;C(=0)SCoA+NADH+CO,
C02+H20—>H2CO3
H2C03<—>HCO3_+H+

Ca*"+HCO; —CaCOz+H"
6CO,+12H,S—CgH;,06+12S+6H,0
C02+H20—>H2CO3
H2C03<—>HC03_+H+

Ca**+HCO; —CaCO4+H*

CH,+S0,2—HCO;+HS+H,0
Ca**+HCO; —CaCO4+H*

or

CH4+02—>C02+H20
C02+H20—>H2C03
H2C034—>HC03_+H+

Ca**+HCO; —CaCO5+H*
CaS0,-2H,0—Ca?*+S0,>+2H,0

2(CH,0)+S0,>—H,S+2HCO5 +CO,+H,0

Ca**+HCO; —CaCO5+H*

or
CaS04+2(CH,0)—CaS+2C0,+2H,0
CaS+2H20—>C&(OH)2+st
C02+H20—>H2CO3
Ca(OH)2+H2C03—>C3C03+2H20
CO(N H2)2+H20—>N H2COOH+N H3
NH,COOH+H,0—NHz+H,CO;
2NH;+2H,0—2NH, +20H"
20H+H,CO3—CO4>+2H,0
Ca**+Cell—Cell-Ca?*
Cell-Ca?*+C0O4>—Cell-CaCO;
2HCOO +2NO; +2H+—2CO,+
2H,0+2NO,”

HCOO +2NO, +3H*—C0,+2NO+2H,0
HCOO +2NO+H*—C0,+2N,0+2H,0
HCOO_+2N20+H+—>COZ+N2+2HZO
Ca**+C0,+H,0—CaCO4+2H*
Ca?*+Cell—Cell-Ca**
Cell-Ca?*+C0Oz>—Cell-CaCO,

water or alkaline lake

This approach has not been [21]
used for microbial concrete
If this path is used, it can be
used for concrete structures
with high H,S content

This approach is also not
used in concrete. If this path
is used, this mechanism is
particularly useful for
concrete structures required
for dumping solid waste

[22-23]

Due to the generation of
H,S, it is not recommended
to use this approach in the
internal matrix of concrete
It is suitable for biological
removal of black skin on
historical stone artworks

[24-26]

Microbial concrete [11]

Microbial concrete

[1,17]

Microbial concrete [1,27]
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Fig. 2 The process of Bacillus healing concrete cracks®. 5
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Fig. 4 The process of healing concrete cracks with
microcapsule  immobilized microorganisms®®.  (A)
Formation of cracks in concrete. (B) Process of releasing
healing agent. (C) Process of crack healing.
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Table 2 Influence of self-healing agents with new materials as carriers on concrete restoration in last three
years
Year Bacteria Carrier Result References
2018 Bacillus Magnetic iron oxide There is significant fracture healing [47]
sphaericus nanoparticles behavior
2019 Bacillus subtilis Iron oxide nanometer/particle ~ The repair width is up to 1.2 mm and the [48]
compressive strength is restored to 85%
2019 Bacillus pasteurii Rubber particles The maximum healing width is 0.86 mm [49]
ATCC11859
2020 Bacillus subtilis 168 Cellulosic fiber The degree of healing is 12.04%, and the [50]
degree of damage ranging from 0.1 to 0.2
2020 Bacillus subtilis Synergetic circulation of coarse Strength recovery of 76%, with a maximum [51]

11774 aggregate and primary fine

aggregate

healing width of 1.1 mm

http://journals.im.ac.cn/cjbcn
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Table 3 Comparison of various carriers

Carrier Advantages of carrier Disadvantages of carrier ~ References
Microcapsule (1) High elasticity (high humidity); Microcapsules are [38]
(2) Brittleness (low humidity) mainly manufactured
using bulk emulsion
polymerization
technology, which
requires advanced
equipment and
complicated procedures
Expanded perlite (EP) (1) Large specific surface area; There may be loss of [52]
(2) Excellent water imbibition; self-healing agent and
(3) Low cost; excessive damage due to
(4) Be evenly distributed in concrete insufficient carrier
Diatomaceous earth (DE) (1) Multihole, large specific surface area; strength, which will [33]
(2) Stable quality; affect the repair effect
(3) High activity of urease can be maintained under
high alkali environment
Ceramsite (1) Multihole; [53]
(2) Relative surface density
Porous expanded clay Extend the length of time the bacteria remain active [54]
particles
Graphite nanosheet (1) Appropriate size; [43]
(2) The bacteria can be dispersed evenly in the
concrete;
(3) Stop the propagation of cracks
Zeolite (1) Multihole, large specific surface area; [55]
(2) Low cost;
(3) Improve the durability of concrete
Synergetic circulation of (1) High water absorption; [51]
coarse aggregate and (2) Porous structure
primary fine aggregate
Silica gel (1) Stable quality; Waste materials cannot be [12]
(2) Excellent mechanical properties; recycled, which increases
(3) Appropriate porosity; costs and is not conducive
(4) Maintain spore germination to environmental
protection and sustainable
development
Hydrogel (1) Protective effect; Uneven network [56]
(2) Be able to reuse; structure and poor
(3) High water absorption and retention mechanical performance
IONs (1) Improve the ability of bacteria to survive; The preparation of [47]
(2) Improve the performance of concrete and simplify materials and the process
the mixing process of fixing with
INMP (1) Biocompatibility; microorganisms are [48]
(2) Large specific surface area; cumbersome
(3) Strong adsorption capacity;
(4) Chemical inertness
Rubber particles Surface roughness and high porosity Reduce concrete strength [49]
Cellulosic fiber (1) High porosity; High cost of regenerated [50]
(2) Fiber helps reduce brittleness; cellulose fiber, general
(3) Suitable for concrete mixing equipment cellulose fiber is not
environmentally friendly
. 010-64807509 EL: cjb@im.ac.cn
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Table 4 Effects of different types of bacteria, bacterial concentration and nutrients on mechanical properties of

concrete
Influencing Bacteria Bacteria_l Nutrients cI:r;r;fessZiovfe Increase of tensile References
factors concentration strength strength
Bacterial type  Bacillus subtilis / / 9.16% 14.41% [59]
Bacillus sphaericus 52.42% 2.76%
Bacillus pasteurii 29.97% -
Bacillus sphaericus / / 10.80% 29.37% [58]
Bacillus pasteurii —9.80% —13.40%
Bacterial Bacillus sphaericus 10° cells/mL Nutrient broth 9.40% 9.56% [58]
concentration 10° cells/mL and urea 15.83% 18.59%
10 cells/mL 12.30% 16.66%
Bacillus subtilis 10° cells/mL / 15.00% / [62]
10° cells/mL 27.00% /
107 cells/mL 19.00% /
Sporoscarcina 102 cells/mL / 4.10% / [63]
pasteurii 10° cells/mL 20.00% /
107 cells/mL 8.70% /
Bacillus 2x10° CFU/mL / 3x10° CFU/mL / [64]
megaterium 3x10° CFU/mL was found to /
4x10° CFU/mL be ideal /
Nutrients Sporosarcina / Ca(NO3), & urea Ca(CH;C0OO0), 13.00% [71]
pasteurii Ca(CH,CO0), & Were best 18.00%
urea
CaCl, & urea 18.60%
Species of Bacillus / Calcium lactate 8.00% / [68]
and yeast extract
Calcium acetate 13.40% /

and yeast extract

AP, AR 2T 2 M A A 5 TR B - 24k 1Y
Fr AT S2 bR iE o FrigRay . B bl
DA 5 5 B 16 5 S0 o S S B e AN LA o 24 Rl
SCRRAR D 3 B E5 I BE RS2 ML, (H 3 g mlad ARk
JEE B0 85 5 AT BE 2 % S At BE (491 QBB 4 e ) A
() SRHE) 77 AR GRS R, DRI 0 5L A e J3E )
HANRIE(E

4 FTF KW REE L RALE LN
®R

IFL BT 1) oA S S — s v ) T i R Ak 18
SRR K43 SRk XRD 5 45 41 B B A 37T

http://journals.im.ac.cn/cjbcn

By, WEPURSRE . LS mE . BKESE
KRGEGEEARI B ZRHCR . REBEIEHH5hr
C#rdoeE, BB ER, =z REHNES
SRR, A A (] g 40 3 A0 g ] B 5 328 T 7
W OT A 25 . BEREIVEN Sk,
—RAWMIRE ERgI &, 55— 20 Fag
it WOMZS IR 2 (8 DG BB e R R (B
W) KF- PPl SEAE A S FERE | 2000320 12 A6 0 TR B
IR S AL N ER A A1 0 wT et [l R
kY . A Bk ORI . OB R AL
PR ATE LS T AR X S . o
(Thermogravimetric analysis, TGA). {7 H-28



BEY SEFFRORRTEEYEMIESHATIHRE 2361

£14METE (Fourier transform infrared spectrum,
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(Transmission electron microscope, TEM) #4173
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