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1. Crack control : 3. Corrosion inhibition
Crack mitigation by (1) shrinkage ] | N v Steel surface treated by inorganic
inhibition using shrinkage reducing | passivation deposition | L ,/ K and organic inhibitor. Such as, nitrite,
agent, expansive agent, evaporation H#‘%\#’W phosphate, alcohol amine, organic

retardant, temperature rise inhibitor

T S

acid, etc.

etc., (2)toughness enhancement and
(3) crack self-healing

Inorganic inhibitor :

Organic inhibitor
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Fig. 1 Schematic diagram of key technologies for improving durability of structural concrete: Crack control, pore structure
optimization and corrosion inhibition of reinforcementt® 5% 85.102]
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ER is abbreviation of evaporation retardant.
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Fig. 2 Principle and effect of evaporation retardants: (a) mechanism of water evaporation inhibition; (b) effect on plastic shrinkage!®
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Fig. 3 Schematic diagram of polymer-cement/hydrates in matrix[?6l, (a) Initial state before polymerization and hydration;

(b) Formation of polymer skeleton; (c) Continuous hydration and formation of polymer film; (d) Structure of hardened state;

(e) Interaction between polymer and hydration products (coordination); (f) Schematic diagram of propagation of microcracks
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Table 1 Influence of concrete crack prevention and healing admixtures on properties of cement-based materials and its
mechanism
Categories Types Composition System Parameters Effect and mechanism Reference Time
Admixtures for Shrinkage  Polyether Cement paste Water cement ratio i [5] 2017
. X Autogenous shrinkage at 7 d reduced
shrinkage reducing (w/c)=0.3, i i i
inhibition admixture SRA dosage: 2% by 55% with expansion occur_rln_g
. from 6 h to 28 h due to synergistic
s (SRA) (mass fraction) of i
cement effects of reduced surface tension
Shrinkage reducing Cement paste WIc=0.29 Drying shrinkage reduced by 23% and [4] 2022
polycarboxylate SR-PCA 17.72% at 28 d and 90 d due to
superplasticizer(SR-PCA) reduced surface tension attributed by
dosage:0.4% (mass
fraction) of cement unab-sc-)rbe.d SR-PCA and unreacted
esterification macromonomers
Expansive  CaO-based EA modified by Cement paste w/c=0.35, Restrained and unrestrained expansion  [52] 2016
agent polylactic acid encapsulation EA dosage: 6% increased by 25% and 35% at early
(EA) (mass fraction) age
of cement
CaO-C4A3S type EAmodified by Mortar Low carbonation degree of 1.55% and 7 2020
carbonation 3.63% increased the restrained
w/c=0.4, expansion before 5 d, high carbonate
EA dosage: 6% degree of 13.24% reduced restrained
(mass fraction) expansion before 3 d, while increased
of cement expansion rate from 3 d to 7 d, with
the 28 d restrained expansion
increased by 1.6 times
Evaporation Octadecanol (OA) emulsion Concrete w/c=0.5 Water evaporation reduced by 41% [9] 2010
retardants Poly (lauryl methacrylate) emulsion Concrete i [10] 2011
ER) w/c=0.5 Water evaporation reduced by 60%.
Temperature Modified starch Concrete water-binder ratio Temperature peak reduced by 10.4 C [13] 2016
rise (w/b)=0.4,
inhibitor TRI dosage: 0.3%
(TRI) (mass fraction)
of binders
Admixtures for Polymer Polyacrylic acid (PAA), polyvinyl C-S-H Young’s modulus and tensile strength  [25] 2019
toughness alcohol (PVA), polyethylene simulation increased by 22.27% and 19.2%,
enhancement glycol(PEG) fracture strain increased 66.7%; PAA>
PVA>PEG
Acrylamide (AM) Cement paste Bending strength 8.7 MPa to 25.7 [27] 2022
w/c=0.4; 0-5%); MPa; PAM-Ca? formation of a
80~100 MPa chemical bond, polymer-cement
dual network
Acrylate (AANa) Cement paste w/c=0.4; 4%, 8% Bending and compress strength  [28] 2022
increased 109% and 11%; Bending
and  compression  deformation
increased by 458.8% and 161.0%;
polymer phase accumulation occurred
in 8% AM then influence the hydration
Acrylamide (AM), cross- Concrete w/c=0.47; 3%~5%, The peak bending stress and fracture  [30] 2024
linking agent wollastonite energy are increased by 31.5% and
whisker, 91.4%  respectively, and the
compressive strength is -5.4%; the
porosity is reduced, the interfacial
transition zone is optimized
AM Cement paste 4%, 1.75% (volume The flexural strength increased by  [38] 2024

fraction) PVA fiber,
wic=0.4

151.7%, the peak load increased by
174%, and the bending toughness index
was 4-5 to form a uniform polymer-
fiber organic network structure.

(to be continued)
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(continued to above table)
Categories Types Composition System Parameters Effect and mechanism Reference Time
Admixtures for Crystalline Portland cement, very fine FRSHCC w/c=0.25, CA slightly improved the deflection  [42] 2013
crack self- admixture treated silica and 1.5% (mass recovery  capacity. Mechanical
healing (CA) other active chemicals fraction) CA properties recovery capacity: wet/dry
cycles>tap water immersion> indoor
air exposure
Portland,cement, brucite, Cement paste ~ w/b=0.3, Self-healing capability: cracks induced  [43] 2018
gypsum, calcite, and quartz 1.5% (mass at 7 d>cracks induced at 28 d
fraction) CA
Mg-based CA High w/b=0.43, Mg-based CA has favored aragonite  [44] 2018
performance  CAdosage: 2% formation in cracks of HPFRC,
fiber (mass fraction) slowed down the self-healing process,
reinforced of cement but provided a greater mechanical
concrete recovery under tension
(HPFRC)
EA MgO with reactivity value of Concrete w/c=0.45 Cracks with width < 0.40mm were  [53] 2018
70s or 130s better healed.
Self-healing capacity: MgO 70 s >
MgO 130's
CaO + calcium Concrete Dosage of EA: 35 Cracks formed in the early stages of  [47] 2018
sulphoaluminate (CSA) kg/m? actual engineering concrete healed
after three months or six months
CSA Concrete w/c=0.4, dosage of Cracks induced at 3d with width <0.15  [46] 2022
EA: 0-12% mm were completely healed with
more than 8% EA.
Self-healing capacity: cracks induced
at 3 d>cracks induced at 7 d.
Super Acrylate/acrylamide copolymers Cement paste ~ w/c=0.3,0.5, Flowrate through a 0.34 mm wide [51] 2010
absorbent SAP dosage: <1%  model crack can be reduced
polymer (volume fraction)
(SAP) Polyacrylate or polyacrylate- Paste, mortar, w/c=0.3, 0.4, 0.5, Peak flow rate and total flow of 0.3  [54] 2016
co-acrylamide concrete 5% (volume mm cracks can be reduced by 85%
fraction) SAP and 98%
Cross-linked potassium salt Mortar w/c=0.3, 0.35, SAP Crack healing capacity: wet/dry  [49] 2018
polyacrylate dosage: 0.5% cycles>RH higher than 90% > 60%
RH
Combination CA+CSA Mortar w/c=0.25 Surface crack with width <0.4 mm was [42,55] 2012
of CA, EA, completely closed by adding 10% 2013
and SAP (mass fraction) CSA and 1.5%(mass
fraction) CA.
CA+SAP, CA+CSA Concrete wh=043,3.33% CSA, Average strength regains capacity: [56] 2022
2% CA, 05% SAP long-term outdoor > wet/dry cycles>
water immersion
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Table 2 Comparison of common concrete foam stabilization methods

Foam stabilization methods Optimum structure Air-void parameters Reference
Synergistic effects of nonionic surfactants for ~ Coconut diethanol amide D=68.5-103.2 um, [61]
stabilizing air bubbles L=153.6-215.5 um
Novel gemini/oligomeric surfactants Anionic groups (sulfate groups) hydrophobic groups(C12), D=109.9-219.2 um, [64]
linker group (C2) L=97.8-190.6 um
Synergistic effects of nano particles for stabilizing ~ Water contact angles (60°-110°), particle size (50 nm), D=95-150 um, [66]
air bubbles opposite charge to air entraining agents L=110-170 um
Note: D is mean air-void diameters; L is air-void spacing factors
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Fig. 5 Synergistic effects of nonionic and anionic surfactants
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Table 3 Wetting model of material surface

Model Equation Reference
Young’s _ [81]
050 = Vsg ~ Vsl
Vg
Wenzel N _ [82]
cosd = rM =rcosé,
Vg
Cassie-Baxter cosd = fg(cosdy+1)-1 [83]
Partial wetting €088 = fg +r— fg fJcosy + (1 fyy)(1— f)cos180° (84]

Note:@ is conctact angle; ysq, ys1, 19 are solid-gas, solid-liquid, liquid-gas interfacial surface tension; r is roughness; * is apparent contact angle of rough surface;

6c is intrinsic contact angle of smooth surface; fy, fig are solid-liquid, liquid-gas contact areafraction, fg + fig = 1; f is effective wetting rate.
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Fig. 7 Mechanism of hydrophobic material in concrete: (a) transportation inhibition of water in capillary pore, (b) transportation

inhibition of water in gel pore
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Table 4 Effect of nano-materials on total porosities of concrete

Nano material properties

Nano material type Mineral admixture Specific surface Mass fractio.n of Variatic?n of Reference
Solid structure  Size/nm areal(m-g-Y) Form nano material /%  porosity/%
SiO, RCFP/GBFS Amorphous 10 Powder 1.2 -8.9 [01]
RCFP/GBFS Amorphous 10 Powder 3.0 -1.0
RCFP/GBFS Crystal 10 Powder 1.6 -16.27
AROs RCFP/GBFS Crystal 10 Powder 24 -16.76
None 15 100 Powder 05 -19.4 [92]
SiO; None 15 100 Powder 1.0 -28.3
None 15 100 Powder 3.0 -31.1
None Anatase 10 210 Powder 0.5 -20.5
TiO, None Anatase 10 210 Powder 1.0 -24.4
None Anatase 10 210 Powder 3.0 -27.6
Graphene oxide (GO) None Crystal 10-50 100-300 Flaky 0.08 -51.2 [93]
None 1545 163+20 Powder 05 -4.0 [94]
ALO; None 155 163+20 Powder 1.0 -9.0
None 155 163+20 Powder 15 -7.0
None 155 163+20 Powder 2.0 -2.0
Carbon nano tube (CNT) FA 10 Powder 0.08 -25 [95]
GO FA 100000 Flaky 0.08 -27.5
CNT@GO FA Powder 0.16 -37.0
FA/SF 200-10000 Flaky 0.02 -35 [96]
FA/SF 200-10000 Flaky 0.04 -9.8
©0 FA/SF 200-10000 Flaky 0.06 -13
FA/SF 200-10000 Flaky 0.08 -11.8
TiO, None Anatase 15 240450 Powder 1 -16.9 [97]
SiO; None 1045 640+50 Powder 1 -6.22
CaCO; FA 40-50 Powder 1 -46 [98]
Nanoclay None Powder 4 -43 [99]

Note: RCFP is recycled concrete fine powder; GBFS is granulated blast furnace slag; FA is fly ash; SF is silica fume.
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Fig. 8 Effects of NPs on the microstructures and cement hydration of the concretes (NG: stage of crystal growth, I: boundary

reaction, and D: diffusion reaction)[102
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Table5 Summary of representative literature on corrosion inhibitors for reinforced concrete

Classes ~ Composition  System Parameters Environment  Inhibitor concentration ~ Test method Effect Reference Time
Nitrite LiNO, Concrete w/c=0.55, 0.6, and 0.2mol Pressure:1MPa, n(NO;)/n(CI")=0.6, [126] 2021
0.65 1.5MPa Diffusion
Time: 24, 48, 96 h efficiency: 0.427
NaNO,, SCPs pH=12.6; 0.6 mol CI- n(NO;)/n(CIH)=1:1 PDP IE: NO;>NOg", [127] 2022
Ca(NO2), 25, 35, 45, 55°C Na*>Ca?*, max
NaNOs;, 85%
Ca(NO3),
Phosphate TSP, DHP, MFP Paste/  wi/c =0.35 3% NaCl vs. 0.2 mol, immersion 60d LPR IE: MFP>DHP [128] 2013
Mortar w/s/c=0.5/3/1 cement >TSP
Borate Na;B40; SCPs pH 0.6 mol CI- 0.02-0.08 mol EIS IE 86% [129] 2023
amine DMEA Mortar ~ w/c=0.6 1-5% NaCl 2% of cement LPR, CV, WL ML: 43% [130] 2013
HPP SCPs pH=12.45 0.1 mol CI- 0.0076-0.076 mol EIS 1E: 99.7% [105] 2014
TETA Concrete BIEM:1-5A/m?,  1-5% NaCl EIS [106] 2016
7-30d
PA Concrete w/c=0.35 0.5%~3% of cement ~ PDP, EIS IE 94.5% [131] 2024
APTS SCPs pH=12.45 3.5% (mass 1-30 mmol LPR, EIS IE 97.4% [104] 2018

fraction) NaCl

(to be continued)
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(continued to above table)

Classes Composition  System Parameters Environment  Inhibitor concentration Test method Effect Reference Time
Organic TA, GA, BAetl. SCPs pH=13 0.1, 0.3 mol or 1 0.0001-0.3 mol PDP IE: GA>TA> [109] 2015
acid mol CI- TETA > BA >
DMEA
BA/DMEA SCPs pH=12.45 0.05-0.6 mol CI- 1.2%(mass fraction) of LPR,EIS  CTL: 0.2mol-L*  [108] 2017
SCPs Cl-
IE: 63%
Polycarboxylic SCPs pH 0.3,0.6 mol CI- 0.07-7% Tafel, EIS  IE: 92.35% [114] 2018
Polyacrylamide SCPs pH=12.45 Passivation 7 d, 0.03-0.15% LPR, PDP  CTL:0.1mol/L [115] 2020
0.01 mol/L CI- 1E: 99%
accumulated
Phytic acid (IP6) SCPs pH=13.3, 0.01, 0.3mol/L 0.01 mol IP6 EIS IP6 prove  [111] 2022
bare/pre-paasivation  Cl~ dissolution
EDTA-Na SCPs pH=13 0.2mol/L CI- 0.01-0.1 mol EIS.PDP  IE: 95.2% [113] 2023
EDTA-Ca
Serine, cysteine SCPs pH=9 Carbonation 0.05mol and 0.1 mol PDP, EIS IE: >90% [132] 2023
Hetrocycles Imidazole ionic SCPs pH=12.5 0.3mol 0.5-10 mmol PDP IE: 88.9% [118] 2020
liquid
BTA/DSP SCPs pH=9.97 Carbonation DSP:BTA=1:0-1mmol: LPR,PDP IE: 94.7% [117] 2020
10 mmol
2-aminopyridine Concrete BIEM: 0.5-1A/m? 1%, 3% NacCl 0.3mol and 0.15 mol IE: 99.99% [133] 2024
Green Carbohydrate ~ SCPs pH=12.5 3.5% NaCl 0.5-10 mmol PDP, EIS IE: 94.8% [125] 2016
corrosion  derivatives
inhibitor Rose leaf SCPs 12 % (volume fraction) IE: 82% [121] 2019
extract
Coconut powder SCPs 0.3, 05, 0.76 0.1-0.5¢/L IE: 99.8% [122] 2024
extract mol/L CI-
Smart MBD@ SCPs 0.5% H,SO, 0.01-5 mmol PDP IE: 88.5% [134] 2017
corrosion  hydroxyapatite
inhibitor  /pH response
PEO-b-PS SCPs pH=7,9,11, 13 05¢9/L Ultraviolet EC: 2.1 mg/mg [135] 2017
@BTA/pH spectrum RA: 9%
response IE: 93%
Paraffin@MFP/ SCPs Saturated Ca(OH),  3.5% NaCl |E: 85.99% [136] 2022
Microwave
LDHs@NO, . SCPs pH=9.5-12.5 0.01-0.3 mol 1-25g/L EIS IE: 79.7%-98.6%  [137] 2017
BTA. EDTA Mortar  wi/c=0.36 (SCP) PDP [138] —
/CI-exchange 3.5% NaCl [139] 2024
(Mortar) [123]

Note: IE is inhibition efficiency; WL is weight loss; CTL is chloride threshold level; BIEM is biodirection elelctrochemical migration; n is in mole:

w/s/c is water/sand/cement.
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(b) Amino alcohol corrosion inhibitor
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Fig. 9 Molecular dynamics simulation of adsorption process between organic carboxylic acid and alkanol amine at the interface of

reinforced steel
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Extended Abstract

Concrete durability is recognized as a worldwide problem. With global warming and harsh service environment, the problem of
premature failure of structural concrete durability becomes more prominent. Chemical admixtures as the key components of concrete
show significant technical advantages in improving the microstructure and durability of structural concrete. This review represents
research progress on the durability enhancement admixtures for the innovation of concrete durability enhancement technology and the
development of low-carbon and sustainable society.

Some admixtures used for concrete crack control (i.e., expanding agent, water evaporation inhibitor, heat of hydration inhibitor)
are described. The addition of nanomaterials and polymers as well as the use of monomer in-situ polymerization are summarized. In
addition, SAP, osmotic crystallization and expansion agents for realizing the self-healing of cracks are also discussed.

Air entraining agent, pore hydrophobic agent and nano-pore compacting agent are summarized to enhance concrete
microstructure, thus solving the durability failure problem of concrete under freeze-thaw, sulfate attack and chloride ion attack.

Corrosion inhibitor is inducted. Recent research progress on organic rust inhibitors, green rust inhibitors and intelligent rust
inhibitors is reviewed, and the existing problems of current rust inhibitors are summarized, and the development direction of future
rust inhibitors is prospected.

Summary and Prospects Durability failure is a challenge facing the sustainable development of society. How to improve the
durability of structural concrete with low cost and high efficiency is a key problem to be solved. This review represents the research
progress on durability enhancing admixtures in concrete crack control, microstructure regulation and reinforcement rust resistance
improvement, and points out the existing problems of various admixtures.

1) Concrete crack control is a premise of structural concrete durability improvement. However, how to further improve the
effectiveness and adaptability of admixtures according to the changes of concrete material system characteristics and environmental
requirements is a major development direction. In addition, toughness enhancement and self-healing admixtures are still in the
research stage, and the key properties are still unclear. How to realize the application needs, further reveal the structure-activity
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relationship of key materials and achieve the improvement of toughness and self-healing properties is a problem worthy of in-depth
study.

2) The control of concrete microstructure is a key to improving the durability of concrete. Air entraining agent, pore hydrophobic
agent and nano-pore compacting agent are effective technical means to enhance concrete microstructure, which can solve the
durability failure problem of concrete under freeze-thaw, sulfate attack and chloride ion attack. However, for coupled corrosion
environment, there are still insufficient mutual adaptability of various admixtures applied together, and a further research is needed. In
addition, the relations among air entrainment agent, pore hydrophobic agent, nano densifier, cement hydration, stable
regulation/optimization of pore structure, and the resulting durability impact mechanism are still unclear, which need to be further
investigated.

3) The improvement of rust resistance of steel bars is a fundamental to the improvement of structural concrete durability.
Inorganic and organic rust inhibitors are important components of rust inhibitors, and the reasonable use of different kinds of rust
inhibitors is a key to achieve the improvement of rust resistance performance of steel bars in complex systems. The corrosion
protection and repair of structural concrete can be improved via different application methods such as internal mixing, external
coating, electromigration and pressure penetration. The future development direction of rust inhibitors can be green and intelligent,
but it still needs to be further studied in combination with practical applications.

Although the durability of concrete is extremely complex, admixtures have some technical advantages in improving the
durability of concrete. In the future, it is necessary to further analyze the micro-action mechanism and structure-activity relationship
of admixtures, and propose an effective method of structural design and preparation of admixtures by theoretical calculation (i.e.,
molecular simulation, artificial intelligence and other theoretical analysis). Also, slow and controlled release technologies such as
microcapsule coating, layered and porous material loading are used with the characteristics of cement hydration to enhance the
durability and improve the adaptability of admixtures to cement concrete, thus realizing the efficient use of admixtures in concrete
systems at regular and fixed points, avoiding the influence of admixtures on cement hydration, microstructure formation and
long-term performance, and achieving an accurate control of structural concrete durability throughout the life cycle.

Keywords durability of concrete; admixture; concrete cracking; freeze-thaw; hydrophobic modification; concrete compacted by
nanomaterial; corrosion of reinforcement



