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Abstract

This work presents an overview of the most relewauntlies developed to understand the enhance mamioped
by the double effect of the crystalline admixtu(€As), both as permeability-reducers and as sedfing
stimulators in cement-based materials. Thus, atepth investigation was carried out of the main ma@tsms
of CAs disclosed in the literature in order to a&$zte the relationship between healing products and
performance improvement in cementitious materklsther, an examination of the impact of differiutors in
cementitious systems with CAs was reported, as aslhe synergetic effects of CAs with other caustits.
Finally, conclusions were drawn highlighting res#aneeds and addressing future works in order duige a
substantial overview of the latest information lie fiteraturefor those who are working or intend to work with
this type of admixture.

Keywords. crystalline admixture; self-healing stimulator; rpeability-reducing admixture; mechanical
recovery; durability.
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The primary purpose of using chemical admixturet® isnprove specific properties of cementitiousteyss in
the fresh and hardened state related to an intetyghedof application. However, to perform certaimdtions,
physical and chemical interactions occur in the eetradmixture system, as the presence of admixtaeses
changes in the course of cement hydration reactionhe nucleation kinetics and the growth of tatds, as
well as in the morphology of the hydration prodyét2].

Crystalline admixtures (CAs) are commercial produsith a twofold effect: reducing the permeabildy
concrete and self-sealing the cracks. Accordingh® different manufacturers, the crystalline tedbgyp
provides the filling of cracks without interventiand is able to seal cracks up to 400 um, as aifumof
cracking age and exposure scenario. A broad grédumaterials belongs to the category genericallyedal
crystalline admixtures whose patented formulatiareskept confidential. Some studies have also lgigtdd the
difficulty of obtaining information regarding théaemical composition of these commercial product$]3

CAs are composed of particles of different size emeimical compositions, including cement, fillggezzolans,
slag, sands, siliceous powders and “active chesii¢él12]. The physicochemical characteristics é&s@nable
them to act both as inert materials and as actieenicals.

The European Standard 934-2 [13] classifies CAsvater resisting admixture and establishes threeifspe
properties to be measured in CA-added concretetedb their effects and efficacy: capillary absarpfi
compressive strength and air content in the fréste ©f concrete. However, the ACI 212.3R-16 [14Fsifies
CAs under the subcategory of permeability-reducidmixtures (PRA).

PRAs are subdivided according to their ability éduce water penetration with or without hydrostatiessure,
in two subcategories: PRAN (permeability-reducimmaxtures submitted to non-hydrostatic conditioasy
PRAH (permeability-reducing admixtures exposed ydrbstatic conditions). Traditionally, PRANs aresal
known as damp-proofing admixtures and PRAH as \patefing admixtures.

PRAN are recommended to delay, without blockingdrelyt the entry and passage of water in liquidzapor
form, under less severe pressure conditions camgedpillary actions. Their effects make the cotesurface
water-repellent or barely wettable; therefore, skgmificant contribution of PRAN is to maintain tlesthetic
quality of the concrete in the long-term, prevegtihe entry of rainwater and groundwater [10,15m8 studies
have indicated that these water-repellent admistaen reduce the water penetration capacity by 4hié,to
the formation of a thin hydrophobic layer on thellsvaf the concrete matrix capillaries and alsonttgato the
precipitation of non-soluble materials in the ckpyl structure [16]. Al-Kheetan et al. [17] foundat a
crystalline hydrophobic admixture does not enhaheestrength gain at the same level that it deesetiee water
absorption rate. More detailed information on thHeernical composition of this type of admixture, the
mechanism of layer formation, and its effects omccete have been addressed by Rixom et al. [15F Th
category is not part of the scope of this work.

CAs belong to the category of PRAHSs, which in tame indicated to prevent the passage of water under
hydrostatic pressure; thus, reducing the perméabidlf concrete and self-healing the micro-crackslam
hydrostatic conditions [9,10,14,15]. In additionA< can also improve concrete surface permeabilitg a
contribute to the aesthetics of the structures.[18]

The evaluation of PRAH efficiency as a concretenmbility-reducing offers a wide field of studies e
explored. Esgandani et al. [16] pointed out that slgnificant growth of applications of this typkammixture
did not imply an increase in suitable quantitatinformation to allow their use with greater relidtlpi These
researchers reported some discordant results iagats performance that resulted in a lack of aarice as it
come to their application. Likewise, Cappellessalet[19] highlighted some points of concern, sashthe
scarcity of technical literature, the diversityroénufacturers and the different types of applicatio

Indeed, there are many reasons related to the elodithis product for its use as a self-healingstator. The
technological appeal of CAs is related to the eaecquisition and application in powder form ore th
cementitious materials. Besides, the constructi@ustry aims to spread the use of CAs as a stiowlaft
autogenous healing of concrete, which representgppartunity for the development of this kind offdesaling
technology.

However, the wide variety of compositions representast field of knowledge to be explored by ttierttific
community, as is also highlighted by De Belie e{20]. So far, most publications have focusedanéffects of
CAs rather than on the microstructural analysids Ttend confirms the demand for research focuse As
mechanisms in order to understand reaction prosessd associate them with the measured performance
enhancement. Moreover, some findings reported m literature are not entirely conclusive about the
performance improvement, which may generate sorsecinity in the use of CAs, especially from the
perspective of different manufacturers. The infeeeof different, even aggressive, environmentadidans on
the CAs performance as a healing stimulator algwesents a field of investigation. Therefore, tlse wf
crystalline technology requires confirmation of jistential to restore the original properties foe tintended
application.

This work lays out a critical overview of the mastevant works that used CAs as a permeability-ceay
admixture or self-healing stimulator in order tsa#irn their effects on the properties of cemenethasaterials.



119 First, a literature meta-analysis was carried aubrder to identify the main works developed irsthésearch
120  area, including countries and authors who accumdl#te largest number of publications. Further, nfen
121 mechanisms of CAs were discussed as reported iitehature in order to understand the processfrrgactions
122 and the nature of the products formed. Analyse®weaised on the effects of CAs on the fresh- andemad-
123 state properties of cementitious materials. Finabme studies were carried out to investigateOthe action in
124  the healing efficiency based on mechanical respoasel durability-related aspects, as well on soma o
125 unpublished results. This section also reportechiban healing products provided by CAs in the csa@tong
126  with the interaction with some variables in CAsfpemance, such as the environmental conditionsyepeated
127 preloading application, and other components imtheure.

128 It is worth highlighting that this review makes stihction between the terms: self-healing, selflisg, and
129  self-closing. The first one refers to gain with inagical properties recovery, the second remitheadurability-
130 related aspects, and the last one considers theeggo characteristics of the cracks by image aisly

131 This paper integrates a Ph.D. thesis of A. S. @kvE1], which one of the substantial contributowas to
132 correlate macro e microanalysis to understand ¢laionship between the nature of healing prodaots the
133 macrostructural properties recovered after autogerealing stimulated by a commercial CA used aslfa
134 healing agent in oil well cement pastes [22,23].

135

136 2. Literature meta-analysis

137  The meta-analysis of the literature undertaken0izO2identified works that have studied the effeft€As as a
138 permeability-reducing and healing stimulator. Tkarsh criteria consisted of identifying countriesl aauthors
139  that produced a minimum number of 5 and 4 documeespectively. The keywords used in the searclewer
140  “crystalline”, “admixture”, “concrete”, “self”, anthealing”.
141  According to the search out of 25 countries loeliz5 meet the thresholds. Italy, Spain, and Chataimulate
142  the largest number of citations, followed by Sokitrea and the Czech Republig. 1). It is worth mentioning
143  that Italy and Spain developed studies with a fomusrystalline admixtures, while China coveredstailine
144  admixtures, expansive admixtures, and mineral athmag (silica fume, fly ash and metakaolin) as well

145

czech republic

146

147  Fig. 1. Density map with the identification of the counsrieith the largest number of publications providsd
148 the VOSviewer software.

149

150  Fig. 2 mentions 7 authors who meet the threshold frontdted results of 185 authors. Ferrara accumuldtes t
151 largest number of citations, followed by Roig-Flerend Serna. Several publications by Cuenca, Cghyro
152 Koenders, Sisomphon, and Krelani, each with moin th00 citations, also stand out for their relevant
153 contributions in this line of research. Notablyzibva sticks out for the number of works that stddCA as a
154 permeability-reducing.

155
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[()Qb VOSviewer

Fig. 2. Density map with the identification of the authosth more publications and the interrelation of
publications provided by the VOSviewer software.

Table 1 summarizes an overview of the literature that heenlpublished so far and a synopsis of experimental
variables used to investigate the effects of CAa aslf-healing stimulatoi.able 2 has the same purpose, but in
this case, the CAs were used as a permeabilityeregd@dmixture.



165 Tablel
166 Synopsis of experimental variables used to invattithe effects of CAs as a self-healing stimulfitam the literature.
Type of Manufactures and Cement h Crack . r . . .
Cementitious dosages of CAs (by Type of content water/l_alnder Other induction Pre-cracking Wes Healing Healing conditions Mec“"’?’."ca' and Mlcrostr_uctural References
; ) cement ratio constituents age (um) age durability tests techniques
Material weight of cement) (kg/m3) method
: . water immersion at 20 °C, 3-point bending
NSC Penetron CEM I 300 0.63 Sp 8 p0|_nt 35 and 42 days 100 and 200 P ol open-air and accelerated and ultrasonic SEMYEDS' Ferrara et al. (2014)
1.0% CA 425 bending year . and OM' [24]
temperature cycles pulse velocity
compressive
water immersion and strength and
BASF - 1% and 2% CEM II/A- 285 and plastic up to 28 . o o depth of SEMY/EDS’ Coppola et al. (2018)
NSC CA LL425R 320 0.6and 0.5 sp shrinkage up to 2 days >400 days open-air atRzl_? C and 60% penetration of and OM' [25]
water under
pressure
water
permeability,
standard up to B ) compressive
NSC Kryton — 2% CA oPC| 358 0.532 - crack- 28-56 days 100-400 210 water immersion and strength, - Azarsa et al. (2019)
and PLC ) R open-air ° [26]
inducing jig days electrical
resistivity,
RCM,
compressive
Not mentioned - 9 compressive >400 (visual . . strength and Nasim et al. (2020)
Msc® 2.0% CA OPC 43 413 0.4 SP strength 3 days control) 42 days water immersion electrical SEM' 27]
resistivity
Xypex - CEM | PVA™ fibers, 4-point . water immersion, open-  , _ . . SEMY/EDS' Sisomphon et al.
SHCC 1.5% CA 425N 100 025 CSA and SP bending 28 days 10-50 28days i and wetdry cycle  4Pointbending T oy (2013) [28]
. limestone and b . water immersion, water .
Not mentioned - 4% CEM II/A- ) splitting N water w Roig-Flores et al.
SFRC CA L425R 350 0.45 steel fibers tensile test 2 days 0-300 42 days contact, humidity ) permeability oM (2015) [29]
chamber and open-air
Not mentioned - 4% CEM II/A- 350 and limestone and splitting water iAmmersilon at1s°c, water Roig-Flores et al
SFRC 0.45 and 0.60 ) . 2 days 100-400 42 days water immersion at 30 °C . om” :
CA L425R 275 steel fibers tensile test permeability (2016) [30]
and wet/dry cycles
first
healing
200300  Period:
upto 6
) double edge months ) . ~ compressive SEMY/EDS’
SFRC! Penetron — 0.8% CA CEM I 360 0.5 steel fibers and wedge 4 months 250 (gfter wgter immersion, open and flexural and Digital Cuenca (2018) et al.
42.5 SP L cracking- . air and wet-dry cycle ; [31]
splitting test healin cracking strengths Microscopy
c cIe)g -healing
4 cycle:
uptol
year
. ) compressive water immersion, water compressive,
SFRC! Not mentioned 425.5 0.45 steel fibers strength and 2 and 28 days 200-400 42 days contact, wet-dry cycle and splitting tensile i?fﬁ?s Reddy [%IZ?I' (2019)

1.1% CA

splitting

open-air

and flexural



SFRC

FRC

HPFRCC

HPFRCC

HPFRCC

Steel Rebar
Reinforced
Concrete

Wire-mesh
Reinforced
Concrete

Lightweight
Concrete

Mortars

CEM Il
- 0,
Penetron - 0.8% CA 5
P.O 42.5R
Home-made OPC
Penetron - CEM I
0.5% CA 52.5
Sika - :
2% CA
Not mentioned -
1.1% CA OPC 53
Home-made JPQ
Xypex - 1.5%, 3% :
and 4.5% CA
Xypex — 4.5% CA orPE
Not mentioned - P1525

16% CA

360

685

600

550

494

748

100

100

05 steel fibers and

SP
PP fibers and
0.6 Sp
steel fibers, slag
0.33 and
SP
SP, VA®, steel
0.43 fibers, and steel
rebar
0.3 Sp
0.25 and 0.72 Sp
LWAK, CcSA
0.25 Na,CO; and
CaHPQ.2H,O
LWAK, CSA,
0.25 Na,CO; and
CaHPQ.2H,0
0.45 -

tensile test

double edge
wedge
splitting test

compressive
strength

4-point
bending

3-point
bending

splitting
method
adapted

3-point
bending
adapted

3-point
bending and

splitting
tensile test

3-point
bending

compressive
strength

4 months

28 days

2 months

28 days

28 days

3 and 28 days

7 days

7 days

7 days

250

SCOD=500,
1000, 2000
and
CODpeat500

200

100-400

100-300

200

150

first
healing
period:
upto 6
months

cracking

-healing
cycle:

uptol
year

28 days

upto 6
months

50 and
56 days

42 days contact, wet-dry cycle and

25 days
and 1
month

up to 28
days

up to 28
days

28 and
58 days

water immersion, open-
air and wet-dry cycle

water immersion

water immersion

water immersion and
open-air

water immersion, water

open-air

water immersion

water immersion

water immersion

water immersion

strengths.

compressive .
Digital
and flexural Microsco
strengths py
compressive
strength and SEMY, XRD*
water and OM'
permeability
) . SEMYEDS'’
4-point bending and OM'
3-point
bending, tensile
strength and SEM'
water
permeability
compressive
strength, RCN)
drying SEMYEDS’
shrinkage and and FTIR
water
absorption
) SEMYEDS’
and OM'
gas u
permeability SEM'and OM'
RCM, flexural
and SEMYEDS,
compressive ~ XRD* and OM'
strength
compressive
strength, elastic ~ SEMY/EDS/,
modulus and XRD* and
water FTIRY

permeability

Cuenca et al. (2020)
[33]

Li et al. (2019) [34]

Ferrara et al. (2016)
7

Escoffres et al.
(2018) [35]

Reddy et al. (2020)
[36]

Kishi et al. (2007)
[37]

Wang et al. (2018)
[38]

Wang et a. (2020)
[39]

Jiang et al. (2014)
[40]



digital

Not mentioned - 1% ) ) splitting . up to 44 . . . . Jaroenratanapirom et
Mortars CA OPC | 0.40 tensile test 3 and 28 days 0-1000 days water immersion mlcrgﬁ_?g[y)y and al. (2010) [41]
Not mentioned - 1% splitting up to 44 digital Jaroenratanapirom et
Mortars OPC I - 0.40 - - 3 and 28 days 0-50 water immersion - microscopy and
CA tensile test days ETIRY al. (2011) [42]
Xypex - CEM | 96 and splitting . up to 28 . . water w Sisomphon et al.
Mortars 15%and 4% CA 425N 98,5 025 CSA tensile test 28 days 100-400  “avs water immersion permeability oM (2012) [43]
water immersion at 20 °C,
open-air, wet-dry cycle,
CEM Il splitting up to 84 immersion in a chloride compressive Digital Borg et al. (2018)
- 19 - - -
Mortars Penetron - 1% CA 425R 085 tensile test 21 days 100-300 days solution, andvet and dry strength Microscopy [44]
cycle in a chloride
solution
“Home-made” - 3% . splitting up to 56 . . Abro et al. (2019)
Mortars OPC | 683 0.4 CSA bentonite method 28 days 100-500 water immersion at 20 °C RCM - ;
CA days [45]
adapted
compressive
strength and 100-400 compressive
Mortars Penetron - 1.2% CA oPC - 0.5 GGBS splitting 1 and 28 days (visual up 1o 56 water immersion strength and SEMYVEDS' Li et al. (2020) [46]
; days S and XRD
method observation) sorptivity
adapted
Harbin and “Home- splitting water
Mortars made” - 0.2% and orPC 450 0.5 SAP method 14 days 200 14 days water immersion - SEM' and OM’ Li et al. (2020) [47]
permeability
2% CA adapted
Lime Mortars Penetron - - - - Lime QupPressive 28 days - 14 days water immersion compressive oM™ De Nardi et al.
3.0% CA strength 4 4 strength (2017) [6]
Fiber- M " . 3-point bending
} Home-made” - 3% ) 3-point 28 and . ) o SEMY/EDS’ Buller et al. (2019)
Reinforced and 6% CA OPC | - 0.4 PVA" fibers bending 28 days 70-150 56 days water immersion at 20 °C and water and OM* 48]
Mortar permeability
compressive  SEMYEDS/, X-
Fiber- ) o GGBS e . and splitting ray
Reinforced Not merg:ti)ned - 5% with 100 - Pv:r‘] dfg;\grs tesr?sl*.litlgrlgest 7 days 50-300 ;%;?hzs water immersion tensile tomography, Zhang &tg?l' (2020)
Mortar NaOH strengths, ICP-OES and
sorptivity OM.
3-point bending
Steel Rebar } e N aa
Reinforced Penetron - 686 0.4 Sp 8-point 7 days *90 and 400 60 hours steam curing at 80 °C and . SEM’, TGA Xue et al. (2020)
M 1% CA bending compressive and OM' [50]
ortar
strength
86 and CSA, MgCO; splitting up to 56 . ) water SEM', XRD* Park et al. (2018)
- 0, ! !
Cement pastes Xypex - 1.5% CA oPC 88.5 0.3 and SAE tensile test 7 and 28 days 200 days water immersion permeability and OM* 51]




ENSC: Normal Strength Concrete (water/cement betv@egmand 0.6)

®MSC: Moderate Strength Concrete (water/cement baivde3 and 0.4)

‘SHCC: Strain-Hardening Cementitious Composites
ISFRC: Steel Fiber Reinforced Concrete
°FRC: Fiber Reinforced Concrete

'HPFRCC: Fiber-Reinforced Cementitious Composites
SOPC: Ordinary Portland Cement

"PLC: Portland Limestone Cement
'JPC: Japan Portland Cement

ISP: Superplasticizer

KLWA: Lightweight Clay Aggregate
'CSA: Calcium Sulfoaluminate Admixture

"PVA: Polyvinyl Alcohol
"PP: Polypropylene

°VA: Viscosity Agent

YEDS: Energy-Dispersive X-ray Spectroscopy

PGGBS: Ground Granulated Blast Furnace Slag “"OM: Optical Microscopy

9SAP: Superabsorbent Polymer
"W,e. Residual Crack Width

COD: Crack Opening Displacement
'RCM: Rapid Chloride Migration

*XRD: X-ray Diffraction

YFTIR: Fourier Transformed Infrared Spectroscopy

“ICP-OES: Inductively Coupled Plasma Optical Emiss$pectroscopy
#*TGA: Thermogravimetric Analysis

YSEM: Scanning Electron Microscopy

167
168 Table?2
169 Synopsis of experimental variables used to invagtithe effects of CAs as a permeability-reduaanfthe literature.
Type of Manufactures and . .
- Type of Cement content  water/binder Other ) Fresh . Microstructural
Cementitious dos_ages of CAs (by cement (kg/m?) ratio constituents Curing properties Hardened properties techniques Age References
Material weight of cement)
depth of penetration of water
- 20,
NSC Penetron and Xypex - 2% } R ) R Q under pressure and : up to 28 days Pazderka et al.
CA ; (2016) [3]
compressive strength,
depth of penetration of water Pazderka et al.
- 0, - - - - - -
NSC Penetron - 1.5% CA under pressure 28 days (2016) [5]
PC types: compressive strength, water
- 0, 0, N N i - ili i i
NSC Xypex - 0.8% and 1.2 % GP, GB-FA 330 and 360 0.5 and 0.55 isp lime saturatfeq water or : permeability, dArylng shrinkage, : up to 180 days Munn et al.
CA and GB-sla open-air sulphate resistance, RMC (2005) [52]
9 water absorption and AVPY
PC types: SL, ) compressive strength, drying Munn et al
NSC Xypex - 0.8 and 1.2% CA GB-FA* and 330 and 360 0.5 and 0.55 Isp humidity chamber setting time  shrinkage, sulphate resistance - up to 56 days 2003 ;
: p (2003) [53]
GB-slag and RM
Xypex - 0.8%, 1% and } R ) R . ) R Nataadmadija et
NSC 206 CA slump test compressive strength al. (2020) [54]
NSC and : o 0.4,0.5 and ; ) ) ) A SEMYEDS' and Elsalamawy et al.
MSC® Not mentioned - 2% CA CEMI 42.5N 350 0.6 SP water immersion - capillary water absorption TGA up to 1 year (2020) [55]
“ . ive strength and
NSC* and Home-made” — 1%, 2%, 0.54, 0.42 . . o compressive st " Kushartomo et al.
Msc® 3%, 4% and 5% CA - 370, 476 and 606 and 0.33 - water immersion at 20 °C - depth of penetration of water SEM 28 days (2019) [56]
under pressure
NSC'and . FA*, GGBS ) compressive stre_ngth, Mid Esgandani et al.
- 19 ! ! - - -
MSC® Not mentioned - 1% CA OFC 450 0.4 and 0.6 and SP lime-saturated water depth of penetration of water 28 days (2017) [16]
under pressure
CEM II/A-S aggressive or non-aggressive water absorption, depth of Drochytka et al
Msc® Xypex — 2% CA 248 0.44 PPfibers 99 f 99 - penetration of water under SEM' up to 18 months VA ’
42.5R environments (2019) [57]
pressure and pH values
PP fibers, SP compressive strength and
Msc® Penetron - 0.8% CA BCF (CP Ill- 380 0.45 and_ moist curing - depth of penetration of water - 28 days Silva et al. (2017)
40 RS) polyfunctional [58]
admixture under pressure
BCP SP and - o compressive strength, total
Msc® No mentioned - 0.8% CA  (Portland - - polyfunctional humltz;ydc:;ribgg;t 23°C slump test absorption, depth of - 28 days Caz)z%ellg)s[le)Q](et al.
pozzolanic admixture 0 penetration of water under



MsC®

Mortars

Mortars

Mortars

Mortars

Mortars with
and without
lime

Mortars with
and without
fibers

Mortars with
and without
fibers

Mortars with
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3. Chemical nature of crystalline admixtures

Even though CAs have been increasingly used asqadiifity-reducers or healing stimulators, the infation
available on their chemical composition and chaméstics is not progressing with the same proporése their
use. The vast majority of CAs are commercial préeglwhose chemical composition is mostly kept canfidhl;
there has been a general agreement based on thgactarer's information that CAs are a mixture dfedent
compounds, including silicates, pozzolans, slagsfélers [4—12]. However, some homemade formuladiare
based on carbonates, silicates, aluminates, telitaedEDTA, glycine and sodium acetate [34,37,45.8,66].
Generally, the regular use of this type of admiatisrbased on the information provided by the pcedsi [16].
The diversity of manufactures increases the chgdlen disclose eventual mechanisms or predict éavior
promoted by CAs. The leading companies that haeel @As to study their effect are Xypex, Penetrdka S
and, Kyron. A recent research stated that the shmtuof a fumaric acid-based admixture enhancecrets
self-sealing [25].

Beyond the range of industrial options, the suligthwariation is remarkable in the chemical conipos even
for the same manufacturer [28,39,43,51,61]. Acewgdd X-ray fluorescence results of CAs from Xypthe
C/S (calcium/silica) ratio varies from 3.3 up td,Avhich represents a considerable difference vithemmes to
the main compounds. Thus, tlav threshold of the C/S ratio is close to cemealugs, while the upper
threshold revealed the increase of CaO conterglated to the Si@content. Some results [69] attested a meager
C/S ratio of 0.01, confirming the prevalence of SiOntent instead of CaO.

Indeed, the change of supplier implies chemical amderalogical variations. Some recent studies bsayx
Diffraction (XRD) analysis found that CAs are mgirdomposed of limestone and cement [22], while the
described the presence of cement, silica and catbdmaterials as the main components [55]. Sofeganmst
works [7,24,26,31,50] are allowed to disclose dhly suppliers, while others do not mention any32%5,49],
reserving the right to keep the chemical compasitionfidential.

Further information in terms of physical propertiggneralogical and morphological characteristit€As was
recently compiled in a literature review [70]. Likise, their chemical bases (carbonate, silicatss;tive silica
and crystalline catalysts) were grouped along witine crucial reports [71].

4. M echanisms of action of crystalline admixtures

The water supply is essential to stimulate the ipttion of crystals in the crack, due to the hogtrilic and
reactive nature of CAs. The report ACI 212.3R-16][groposes that the reaction between the actingpooind

of the CA, generically denoted é¥,R,), and GS of cement in the presence of moisture cause®thwtion

of a denser calcium-silicate-hydrated (C—S—H) bedndith crystalline deposits and a precipitatecegadocker
(M,CaR,-(H,0),) in the micro-cracks and capillaries, resulting@mincreasing resistance to the penetration of
water under pressure. This mechanism is describecEdp (1), and it also referenced in many works
[6,7,11,16,20,24,29,30,62,71-74]:

3Ca0-Si0, + M R, + Hy0 — Ca,Si,0,R-(H,0), + M,CaR,-(H,0), (1)

The effect of CAs may cause the blockage of thegqahe formation of a hydrophobic layer in theiléaes,

or both [9]. The presence of a non-soluble cryisilformation in the microstructure protects thexaete
permanently against the penetration of water arttkrofiquids, which reduces the permeability of the
cementitious material and provides hydrophobic priigs after hardenindri(g. 3).

%
Water 'under pressure Water alld %Oisfgl'e expelled
Hydrophobic Capillary Lining
Capillary ;

— blocking Capillary
Concrete
Crystalline Admixture

(a) (b)

Fig. 3. Crystalline admixture action on blocking and hydropic coating in the cracks or capillaries. (a) emd
pressure and (b) water and moisture expelled (addptm Mailvaganam [9]).

Hydrophilic chemicals use water to catalyze andctresith cement particles and produce the crystallin
structure. Physically, CAs block the pore systemh precipitate hydrates in the cracks and in thesiteon zone
sufficiently to resist the penetration of water angressure [75,76].



222 The hydrophilic nature of CAs, combined with thelremical constitution, composed of silicates, ptazs,
223 slags and fillers, results in the mechanism of hert or long-term hydration. The latent hydraulitity
224  characteristic of these active chemicals is pdeity attractive from the perspective of self-haglidue to the
225 evolution of cracks during the service life of thteucture. Therefore, CAs must hold hydration capasven
226  after the initial curing period. The recrystallimat occurs in the capillary porosity of the coneraind in the
227  cracks, as long as there are anhydrous binderuoalbydroxide or portlandite (CH), and space avddafor
228 precipitation [7,9,10,77-80]. Termkhajornkit et @8] claimed that as long as there is CA, the ingatapacity
229  can be activated by supplying CH in the solutiorgrewhether CH is carbonated over long hydratiaiope or
230 not.

231  Jiang et al. [76] stated that the self-healing k&#cks is a process that depends on time and emvéotal
232 conditions based othe release of ions responsible for crystallization tuéhe flow of water around the crack.
233 Therefore, environmental conditions can prolongstié-healing time.

234 Sisomphon et al. [28] proposed that the predomimaethanisms of internal healing of cracks are @irth
235 hydration and the expansion of unreacted partigasch are associated with the gain of mechanioaperties;
236  thus, the main hydrates identified were C-S—-H atiihgite (AFt). Otherwise, many studies highligitthe
237 pseudo pozzolanic reactions, which occur betweerstilicates from CAs with CH in the presence of shaie
238  and form an insoluble crystalline structure resgaadfor filling pores and cracks [6,19,28,43,8Fgrrara et al.
239 [7] also suggested the processing of pozzolanictimss promoted by CAs, based on the identificatbC—S—
240 H by SEM/EDS. Likewise, Esgandani et al. [16] atited the refinement of the concrete pore to the
241 replacement of CH by C—S—H based on the presengetiot silica in CAs by the FTIR spectrum.

242 However, according to Sisomphon et al. [43], thenpry mechanisms for an external closure of thelcigthe
243 formation of calcium carbonate (CagGstimulated by the presence of CA, which in turnmotes the
244  dissolution of C# ions from the matrix. Thus, the external crackiae has optimal concentrations of’Ga
245 carbonate (C¢’), and bicarbonate (HGQ ions dissolved in water. Consequently, this itéipn leads to the
246 CaCQ precipitation that is hugely related to the ineeaf the material's durabilityig. 4). Roig-Flores et al.
247 [30] identified qualitatively CaCgin concrete cracks with and without CA.

248
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250 Fig. 4. lllustration of calcium carbonate precipitatioringilated by the crystalline admixture (adapted from
251 Sisomphon [43]).

252

253 Some authors have claimed that the process ofstatliyation of CH leached from the bulk paste e of the
254 most relevant mechanisms for autogenous healing3273The presence of CAs in the paste stimulates t
255 process of recrystallization through the increadiedolution of C&' ions. Zizkova et al. [8] identified that CH
256  was the main hydrate identified in mortars with%.&A. Likewise, other researchers have arguedttitaCAs
257  can stimulate the temporary formation of CH, basethe mechanism described below [3-5,8].

258  According to Rahhal et al. [83], mineral admixturteigger hydration reactions, physically and cheattic
259  While the siliceous filler interacts with CH andbpuces C—S—H very slowly, the limestone filler teagith the
260  C3A phase of the cement and forms monocarboalumiiddtg. The different physicochemical interactiongtwi
261 cement are due to the particular properties of @gpk and the geochemical origin of the admixturke

! Latent hydraulicity characteristic means thatrtregerial only shows its hydration potential aftee themical reactions promoted by other
compounds, or for the coexistence with producthefcement hydration in the mixture.
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siliceous fillers act as nucleation centers anéradt with CH; this type of fillers has an acidibemical
character as well as a very compact texture. Otiservthe limestone fillers act as precipitationtees for the
CH crystallization, and these fillers have a bagiaracter with a granular texture (higher moistiosorption
capacity).

Fig. 5 illustrates the filler particles that assume pgsitand negative charges when dispersed in wates; as
result, the particles act as a pole of attract@nd&* and OHions. As already mentioned, due to their chemical
nature, fillers can act as nucleation or precitatenters to form CH, as detailed below [83].

‘ ___ PORTLAND CEMENT
s . —» CRYSTALLINE ADMIXTURE
'. B MIXING WATER

Ca* OH
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Fig. 5. Schematic representation of cement hydration filihrs (adapted from Rahhal et al. [83]).

In terms of siliceous filler (ground quartz), wheispersed in water, its surface becomes negatsvtheasilanol
group (Si-OH) loses a proton (B to the solution. The negatively charged partmleface mainly attracts €a
ions (counter-ions) from the aqueous phdseg.(6). Due to the difference between ionic rays, thenter-ions
strongly adsorbed will not balance the surface ghaConsequently, a second layer of ions will baklke
retained as it moves further away from the partitlface. The surface charge will be neutralizethasonic
layer thickens and the electrostatic force of tagiples decreases [83].
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280 Fig. 6. (a) Electrostatic phenomenon in the solution faharged particle and (b) Graphical descriptiorhef
281 Zeta potential (adapted from Rahhal et al. [83]).
282

283  The size of the double layer will mainly dependtio@ amount of charge on the particle surface. Adigharge
284  will result in a more extensive double layer thét prevent the particles from getting close to leather due to
285 electrostatic repulsion; this effect results in tteflocculation of the system. Otherwise, particléth a low
286  surface charge require fewer counter-ions and ftimner double layers, which lead to the flocculati
287  Therefore, the zeta potential (mV) represents tiergy needed to separate the particle from itsrifmger of
288  counter-ions, moving it away from the outer lay&3][

289  The limestone filler reacts with the aluminate;AL phase of the cement and forms various typesatifium
290  carboaluminates (such as hemi, mono and tricarboahte). Moreover, carbonate ions can replace stdph
291 ions without changing the reaction sequence duliagormation of AFt [84—86].

292 According to Lothenbach et al. [87], the high affinbetween ground limestone filler and calciumnaioate
293 phases favors the crystallization of Mc,ACH;,) instead of monosulfate (&SH;,); consequently, the amount
294  of AFt phases increases, which leads to a riskdrvblume of hydrated phases and a decrease diporbhese
295 authors still claimed that hemicarbonateAC, sH:,) transforms very slowly into Mc, probably due ke tlow
296  dissolution of the limestone filler. The transfottina progresses as long as the amount of calgtobiied in the
297 solution increases.

298  Oliveira et al. [22] appraised primarily Mc withdhi thermal stability and CH with a low crystallidegree by
299  thermogravimetric analysis. Therefore, the researcisuggested three main action mechanisms of @ws:
300 further hydration by the formation mainly of C—S-tHe CH recrystallization, and the conversion o€Q0awith
301 low thermal stability to Mc with a high thermal ksiiity.

302  The limestone filler also leads to the formationcafbonated C-S—H or calcium-carbosilicate-hydr8d.
303  This behavior is due to the incorporation of snaatiounts of the limestone filler in the structure@#S—H
304  during the silicate phases hydrations$Gand GS); as a result, there is a slight increase inG&a&Si ratio of C—
305 S—H [86,88]. As reported by Berodier et al. [8%e tstimulation of C-S—H by the limestone fillerninly
306  attributed to the decrease in the interparticléadise. Consequently, this condition produces maiceation
307  centers due to the disturbance of the double lalspersing the ions through the mixture.

308 In brief, the chemical nature of CAs, characteribgda mixture of different compounds and activercivals,
309 leads to the sum of several physicochemical meshaniof action. In principle, CAs can react directlith
310  water, unhydrated grains, CH, and other compondritese interactions lead to further hydration oeya®
311 pozzolanic reactions; the first mechanism is stipm@gsociated with cement in CA's composition, wttie
312 second one with high Sg@ontent in CA's nature.

313 Otherwise, CAs can promote the formation of différphases as well. A higher proportion of fillemgeates
314 more CH per gram of Portland cement. Thus, thetgreamount of nucleation or precipitation centeagses an
315 increase in electrostatic force and, consequeintlyhe Zeta potential, resulting in the formatiohnoore CH,
316  which leads to the formation of new products sushG+S—H in the long-term and different types of
317 carboaluminates.

318  The geochemical origin of CAs allows its actionaasucleation and precipitation center of CH for EdSr
319 carboaluminates and AFt phases. Notably, the liomestn CAs composition interacts with thgAphase and



320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379

forms Mc [22]. This process can also lead to thdbaaated C—S—H formation due to the CAs incorporain
small amounts in the structure of C—S—H.

Another possibility is CaCgprecipitation, from CH or C—S—H carbonation pro¢ésstered by CAs through an
increase of Cd dissolution [90]. The diversity of the mechanismsdlved in the CA's crystallization process
was highlighted by Bohus et al. [91] as well.

4.1. Identification of products promoted by crykited admixtures in the cracks and in the bulk-nxatri

Oliveira et al. [22] carried out a quantitative rimegravimetric analysis in bulk pastes in orderdentify the
healing products provided by CAs mainly composetiméstone and cement; thus, all crystalline phase®
confirmed by XRD analyses. The major phases fomnceiment pastes with 2% CA dosage were 29% of CH,
followed by 22% of Mc, and 17% of total combinedtera representing the dehydration of gypsum, C-S-H,
AFt, AFm and aluminate calcium hydrates. The amoohtCaCQ below 3% endorses that CA did not
effectively produce this phase. Li et al. [34] ateported CH and CaG0n the XRD patterns from the cracks;
in this case, the homemade CAs used were carborslieate- and aluminate-based, as well as glycine
tetrasodium EDTA.

Elsalamawy et al. [55] performed a quantitative andlitative characterization of the phases fornhgd
concretes with different types of CAs. AccordingSBM/XRD investigations, the primary phase ideatlfin
mixtures with CAs was C-S—H with high Ca/Si ratitsese values were generally greater than thosibited

by the control mixture. In contrast, Reddy et &6][did not find a vast difference in a Ca/Si ratioC—-S—H
from high-strength concretes with and without CAjieth means stability in the quality of the hydrédemed;
another phase exclusively identified was Cg@Oconcretes produced with CA. The chemical nabfr€As
used in both works was not mentioned [36,55].

Some works [32,35,41,46] identified mainly Ca{2d the crack surface in cement-based material dégsa of
the CA presence after the healing process. The @3agk ranged between 1 and 2%, and the techniguafiyu
employed were XRD, SEM/EDS, and FTIR. Jiang et[40] confirmed the preferential presence of CgCO
crystals on the crack surface in cementitious megwvith various mineral admixtures by XRD and SEM&.
The qualitative evaluation of the healing proddotsned on the crack surface suggests Caf@®cipitation for
both concretes with 4% CA and the reference [38¢ §hemical composition of CAs was not revealealniyn of
these studies.

As reported by Cuenca et al. [31], the healing pot&l at the crack surface and identified by SEM/EBfgr
three months of immersion in water, suggested yah# presence of C—S—H in concrete with 0.8% Clde T
morphology of the products also indicated the preseof AFt. Ferrara et al. [24] attested the sareadt
favorable for C-S—H and AFt formation revealed WyMBEDS. The observations were made on the crack
surface and in the bulk region in control sampled with 1% CA healed by three months of immersion i
water. In general, Azarsa et al. [12] found typibgtiration phases such as C-S—H and CH; AFt ceystate
also distinguished depending on the type of CAgjaBdani et al. [16] also suggested the intensifie8-H
production booted by the silica fume present in Gasposition. Finally, Hrbek et al. [11] proposdte t
formation of C-S-H with low density caused by thearporation of CaC®and modified @S in cement pastes
with CA, based on the correlation between SEM ambimdentation analysis. In general, these worksl @GAs
predominantly composed of cement and sand.

Works performed by Sisomphon et al. [28,43,92] pes#pthat the nature of the healing products varied
according to the crack location in mixtures with .CAus, in the internal crack region were found OgGC—-S—

H and AFt, which in turn vary with the exposure dibion [28], while in the external crack regiongthrimary
phase identified was CaGOnvolved possibly by AFt crystals [43,92]. The &g of oxides found in CAs
composition were CaO and SiQvhich proves the cement presence as the main@amp

Kishi et al. [37] identified the presence of C-S-E&;A-S-H, AFt, AFm, and CH in samples with CA
carbonate-based (MaO; and LLCOs). Park et al. [66] also studied the effect of Caxhpnate-based, such as
NaCO;, NaHCQ, and LLCOsin cement pastes. Semi qualitative analysis by MY suggested the formation
of AFt and CaC@ as the primary healing products. Among the difiereypes of CA carbonated-based,
isothermal calorimetric investigations revealedt theCO; exhibited the best further hydration potential for
advanced age of hydration (28 and 91 days). Basedsathermal calorimetry studies [67], a blended
cementitious system, including CA, Calcium Sulfoainate Admixture (CSA) and MgGQexhibited higher
healing potential than the reference at 7 daysghvivas not observed at 91 days.

Few studies deployed the phases' identificatiothénbulk-matrix promoted by CAs. Oliveira et al2]Zound
mainly CH, Mc, C-S-H and anhydrous grains in thé& boatrix by thermogravimetric analysis (TGA) and
XRD. Likewise, Zizkova et al. [8] proved by DTA dpsis that the CA's presence increased the CH fioma
and a qualitative rise of AFt phases. In the fatsidy [22], limestone and cement were the majorpmmants
present in CAs' composition, while in the second [8), cement was the primary compound.

5. Effects of crystalline admixtures on the properties of cement-based materials as per meability-reducers
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There are few reports in the literature regardimgy éffect of CAs as permeability-reducers on thgsigal and
mechanical properties of cement-based materiaksn Bwough there is increased use of waterproofingyets,
the number of publications does not increase in same proportion. Moreover, the scarcity of techhic
literature is aggravated by the diversity of praduand applications. This lack of adequate qudivita
information may challenge the rational use of thes @ practice [16,19,62]. Thus, this section abtmsliscuss
the CAs' effects on the fresh and hardened staipepties of cement-based materials to verify ifréhis a
consensus about their performance and their behaxjmected predictably. The dosages of CAs, ustialind
in the literature, ranged from 0.5% up to 3% by gheiof cement (bwoc). In this paper, given dosages
always referred to in this term.

5.1. Fresh state

As reported by ACI 212.3R-16 [14], CAs affect sopmeperties in the fresh state, such as the reduatiovater
demand, increase in entrapped air content, andh&gie in the setting time. Some works [10,58o reported
the delay in setting time, whereas others [68] sftbno impacts on the setting time and viscositgrouts with
up to 1.6% CA. Wang et al. [69] did not verify aognsiderable impact in the slump test, but thecamtent
increased in grouts with CA. The findings obtaitgdAzarsa et al. [26] indicated that 2% CA slighitigreased
the air content, and clearly reduced the slumpoincoetes regardless of the type of cement. In asptother
result [54] noticed an increase in the slump valoesoncretes with CA. Innovative formulations pieento
reduce the collateral effects of CAs in concretdmenvit comes to the negative impact on the workgbpil
entrapped air and density [25].

There has been no clear consensus about the eff€@As on workability. This behavior may be relatedthe
different chemical compositions of CAs, and thesprece of organic and inorganic carbon in some ftatioms
[22]. It is worth mentioning that the majority dfe works measured qualitatively the workabilityoilgh slump
test; thus, it would be worth investing in rheokmjitests in order to identify the rheological paegers of the
fluid mixture, including yield stress and viscosity

The effect of the air entrapped might be favoredalgroup of surfactants that process at the aiemiaterface
in the cement-water system. The structure of thigechemicals consists of a nonpolar hydrocarbdwircand a
hydrophilic polar group. Thus, the ionized polaouyp is aligned in the water phase lowering theamgrftension
while the hydrocarbon chain orients into the aithin the bubble. Some authors [93,94] describedadne detail
the sequence of this mechanism composed of digmolwnd dissociation, followed by orientation and
adsorption.

5.2. Hardened state

Silva et al. [58] reported a successful case ofgi€.8% CA in anti-flotation slabs on the sealirnglity
evaluated through the water depth penetration umdessure. Otherwise, based on the same dosageel@ago
et al. [19] pointed out that silica fume was mafficent than CA to increase compressive strengith decrease
water absorption capacity and water depth penefratinder pressure. The results exhibited a slight
improvement of 14% in the compressive strength emeh an undesirable increase in water penetration a
absorption at 28 days. Some works [52,53] attetstetithe inclusion of 0.8% and 1.2% CA did not digantly
improve the compressive strength at 28 days of eotienal concretes with ordinary cement Portlar243].
Nevertheless, Borg et al. [44] still identified eod in mortars with 1% CA at 84 days. Other stud&} only
realized a considerable rise in compressive sthenfjiconcretes higher than 24% when 1.2% CA wa®add
along with blended cement with 25% fly ash at 3a88 91 days.

Esgandani et al. [16] verified that CAs had ledkience than the water/binder ratio and the typéinfler on
compressive strength, water absorption capacity veater depth penetration under pressure. As étré8a CA
has demonstrated a slight improvement of almost d@%he compressive strength of conventional aigh hi
performance concretes at 28 days, as well as tha@seno considerable difference in the total wabsogption.
Likewise, Ferrara et al. [24] noticed that 1% CAl diot affect the compressive strength up to 30 days
conventional concretes compared to concretes witBéuw

Studies [63] revealed that 1.5% CA decreased tlparapt porosity of fiber-reinforced mortars, parcly
when cured in a controlled environment at 95% t#thee humidity (RH), as well as in an aqueous sotuwith
SO, and NH,. However, Sisomphon et al. [28] realized that itheusion of the same CA content did not
considerably improve the recovery of the mechanicaperties of Strain-Hardening Cementitious Coritpes
(SHCC) exposed to different curing conditions f8rdays.

Zizkova et al. [8,64,65] investigated mortars wifhto 1.5% CA with different approaches. Firsthg findings
revealed that the humidity conditions did not dcadly affect the compressive strength at 28 d&iewever,
curing at 95% RH ensured the best porosity behasitier than 50% RH or water immersion; this imgment
was attributed to the higher content of hydratealsels identified by DTA analysis [65]. Further, doanpressive
strength was not significantly changed at 118 dawsd, the flexural strength did not show a cleamdreith the
increase in CA dosage; nevertheless, the increme@A content reduced the porosity of mortars adguosure



440 in some aggressive environments such as chlorsddfates and C¢J8]. Finally, the increase in CA dosage did
441 not produce an enhancement of the compressivegstrémthe environment exposed to gaseous; @Owever,
442  the values were slightly raised in a freezing cy6KJ. The modest improvement in the compressivenstth is
443 consistent with the findings revealed by Oliveitaak [22], which identified a considerable increas the CH
444  and Mc contents after controlled curing at 60 °€ ¥88 days. In contrast, Zheng et al. [68] notiteat CA
445 dosage up to 1.6% improved the compressive stremlticularly for 28 days, and reduced the water
446 permeability.

447 Some modest reduction in the compressive strengthbma related to the early age of assessment, wasmot
448  sufficient to ensure a notable change in the sieont. In fact, CAs need to wait for some cementratidn
449 products to have better effects in the long-term tduthe further hydration mechanism.

450 Coppola et al. [25] also verified that the CA'slision up to 2% did not negatively impact the coaggsive
451 strength up to 28 days. On the contrary, the wadeetration under pressure was reduced in the rafindesage
452 between 1% and 2% CA; this behavior may be reldatedhe type of hydration products formed in the
453 microstructure with a predominance of CH and ttadisg capacity of CAs that may be able to recrjizgmlthe
454 matrix and densify the porosity without necessamilgchanical gain [22]. This work [25] also confingvo
455 crucial points: CA's effect depends on the watenéet ratio and the curing conditions, which arermekated to
456  the water supply. These findings were based onrveditgorption under low-pressure tests in concretdstwo
457  different water/cement ratios and three types o (Bsalamawy et al. [55] stated that the perfomeanf CAs
458 improves with the increase of water/cement ratios @ the reduction of Si concentration. On thetreoy, the
459 inexpressive difference in Si concentration showeat the use of CAs is unnecessary in concretes ki
460  water/cement ratio regardless of their presence.

461  Azarsa et al. [26] confirmed that 2% CA in concseteduced the depth of water penetration drambtits
462 around 40%, while the compressive strength andtredat resistivity values at 28 days exhibit a ngitle
463 change. Some studies [3,5] also attested a coasildedurability improvement in concrete produceda@%
464 CA, through the depth water penetration test urgtesssure even in early ages between 12 and 28 days.
465 However, others [91] only observed a better perforoe after six months in mixtures with 2.2% CA. $om
466  works [3,60] did not report a considerable impatineechanical properties in cementitious materiaig) up to
467  2.4% CA.

468 Drochytka et al. [57] investigated the influencelu associated use of fly ash with 2% CA on dlitglvelated-
469 aspects in aggressive environments. The findingstad to the importance of the exposure condibiorthe
470  water-resistance properties and the long-term eféet the performance improvement promoted by CA.
471 Likewise, a report [61] attested that mortars with up to 2% contributed to increasing the compkessi
472 strength in a sulphuric acid attack rather thaa mon-aggressive environment; however, the samd tras not
473  followed for capillary water absorption, regardle$she type of exposure.

474 Some results [56] showed that the CA's inclusiotuced the water penetration depth in normal strengt
475 concretes. The performance of CA was considerabtyeb in conventional concretes rather than in gh-i
476  strength concretes. This study also verified thatdompressive strength was not affected by a @htiad from
477 1% up to 5%. Another work [62] did not observe asiderable enhancement in compressive strengther wat
478  absorption capacity, and porosity in mortars, \8ith CA evaluated up to 28 days. The modulus of ielgstvas
479  the only property that improved; however, more aesie needs to be carried out to draw a substartradlusion
480  about this trend.

481  Wang et al. [69] evaluated the contribution of 6% © some mechanical propertiesdgrout enriched two-
482 graded roller compacted concrete (RCC). The rekesscobserved that CA's presence resulted in a shode
483 increase of less than 10% in some mechanical peafioce up to 90 days, including compressive strength
484 modulus of elasticity, splitting tensile strengthirect tensile strength, andtimate tensile strain. These tests
485  were performed following DL/T 5433-2009.

486

487 6. Performance of crystalline admixtures as a self-healing stimulator

488

489 6.1. Effects of crystalline admixtures on the $wl&ling capacity and related performance recovery

490  This section gathers the most relevant studiesherperformance of CAs used as a stimulator forgarous
491 self-healing of cracks in cement-based materiailyy &focus on the ability to recover mechanicalparties and
492 durability related-aspects [95]. Initially, the appch is based on works that investigated crackrngeavith a
493 mechanical recovery caused by CAs. Further, thekcealing capacity provided by CAs in cementitious
494 mixtures is discussed considering the durabilitpriovement mostly through water permeability testshere is
495 only one report that employed gas permeability neplefor this purpose [96].

496

497 6.1.1. Mechanical recovery

498  The results of this section are divided accordmghe type of cementitious material. Firstly, thifeet of CAs
499  was discussed on the mechanical gain in plain ebesr Secondly, the action of CAs has been addfesséhe
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mechanical recovery, which has been evaluated byurfal tests in High-Performance Fiber-Reinforced
Cementitious Composites (HPFRCCs) and similar meduln this case, the analysis has been basedmn t
main parameters: the stiffness recovery and tteédval’ post-cracking strength.

Ferrara et al. [24] found that 1% CA acceleratezltlibaling process; as a result, the Normal Stre@gticrete
(NSC), with a water/cement ratio of 0.63, recovethd stiffness and residual post-cracking flexdcsd
capacity, measured by three-point bending testsrercracked samplesZ00 um). In general, the findings also
showed that the presence of CA ensured better eegavith lower dispersion of results than the refere in
water immersion and open-air exposure conditiorasil et al. [27] found that the inclusion of CA rieased
the compressive and electrical resistivity recagin Moderate Strength Concrete (MSC), with a uedenent
ratio of 0.4, at 42 days (sdebles 1 and?2 for detailed explanation). In contrast, Jiang lef40] observed a
modest increase in the compressive recovery anohaiderable stiffness gain in the mixtures with 16%
carbonate-based compared to the reference andtgpiesr of mineral admixtures, such as CSA and raefak
Buller et al. [48] noted that CA performed bettersamples with crack widths narrower than 169 in this
case, the inclusion of CA provided an Index of Sgté Recoveryhigher than the reference concrete. Moreover,
the Index of Damage Recovérgnd the Index of Dissipation Energy Ghixhibited a more pronounced
increase for the same conditions. Likewise, Ferearal. [7] confirmed that 0.5% CA improved theagénous
healing capacity in HPFRCCs, even for lower CA desdn contrast, Escoffres et al. [35] noticed bt CA
did not provoke a substantial improvement on thehasical recovery of HPFRCCs by bending and tensfts

in water immersion and open-air exposure; thesearebers just attested that the presence of CAedaas
higher toughness gain during the reloading. Sisampét al. [28] realized the same trend, mainly ighsl
improvement on the flexural properties in SHCC petl with 1.5% CAcompared to the reference.
Nevertheless, a remarkable mechanical recoveryasheved with the associated use of 1.5% CA witto 10
CSA in SHCC evaluated in terms of flexural strengtiffness, and deformation capacity. Xue et @] [also
did not observe a substantial contribution of CAhia flexural recovery of steel rebar reinforcedtauo

6.1.2. Permeability measurement

Roig-Flores et al. [29] concluded that Steel FiBeinforced Concretes (SFRCs) with 4% CA under inseer
curing condition achieved the highest sealing ciyp@ompared to the reference and other exposunditons.

In contrast, Roig-Flores et al. [30] did not confithe same trend in two different classes of SFRifls 4%
CA. The findings revealed that the addition of GA dot have a pronounced influence on the sealapacities

in comparison to the control mixtures for both watemersion and wet-dry cycle conditions. Howe\tbis
research pointed out that the inclusion of CA cdussalightly better performance with low dispersinrhigh-
strength concretes rather than in conventional.ones

According to Sisomphon et al. [43], even though phesence of CA significantly reduced permeabititgre
than in the reference mixture, the increase frobflto 4% CA did not necessarily imply an increassdaling.
However, the use of CA with the CSA revealed aredient ability for sealing the cracks.

Likewise, Coppola et al. [25] realized that ther&ase in dosage from 1% to 2% CA did not resulariy
substantial enhancement of the self-sealing ofksranduced by plastic shrinkage. According to thatew
absorption under low pressure, concretes with 1%sBdwed a negligible value from 7 days.
Jaroenratanapirom et al. [41,42] attested thatar®mith 1% CA showed a better sealing performahaa the
reference, especially for samples with the young afjpre-cracking. These researchers also foundoleden
closure in narrow cracks (less than 50 um), whieldarger ones (100-300 um) the samples with CA
demonstrated less efficiency compared to the reéere

Buller et al. [48] evaluated fiber-reinforced mostavith a CA and with blended mineral admixtureé&\(CSA
and bentonite) through water permeability testse fésults confirmed the contribution of CA in inaseng the
self-sealing capacity, especially for the mixturequced with three types of admixtures.

Escoffres et al. [35] studied the water permeabilihder loading in HPFRCCs with and without CA. The
findings revealed that 2% CA did not dramaticaiduce water permeability; thus, the total sealeqgacity was
achieved in the long-term regardless of the presefi€A. Wang et al. [38] performed gas permeabibists in
concrete with mineral admixtures (CA, CSA, and Cé@gPand sodium carbonate in order to improve healing
capacity. The overall findings showed that mixturegth mineral admixtures achieved better sealing
performance compared to the reference at 28 dayishwesulted primarily from the surface crack olas

6.2 The influence of different factors on the sefling capacity of crystalline admixtures

2 The Index of Load Recovery can be defined asatie between the reload after the self-healing gssand the load at the pre-cracking
stage.

3 The Index of Damage Recovery can be defined asati®between the flexural stiffness at the reingdstage and the flexural stiffness
under half of the peak load at the pre-crackingesta

“4 The Index of Dissipation Energy Gain can be defiag the ratio between the dissipation energy dgiaénto the healing effect and the total
dissipation energy of the reference specimen.
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6.2.1. Environmental conditions

The literature survey has confirmed that the abdits of water is crucial to enhance the self-lieglprocess.
Thus, there is quite a general agreement that mees immersed features the bestformance. Cuenca et al.
[31,33] confirmed that the exposure condition amel initial crack width are the most relevant fasttor self-
sealing capacity. SFRCs exposed to the air exkibdi#ss crack closing, while samples immersed inewat
showed a better performance in terms of stabilftyhe post-cracking residual strength [33] and eueder
cracking-healing cycles up to one year after tra iracking.

Sisomphon et al. [28] also pointed out the impartaof the exposure condition for the self-healingcpss and
its influence on the healing product's nature. Adow to these authors, specimens (with 1.5% CA Ho@b
CSA) underwater immersion without renewal exhibited sratl healing products mostly composed of AFt
phases. In contrast, water immersion with perigdizewal showed a denser C-S-H typically with hidices
content. The renewal of water is fundamental fareéased precipitation due to the continuous supplga”
ions concentrations from the matrix and £@om water [97]. Moreover, the presence of CSA nhaye
contributed to the precipitation of AFt.

Ferrara et al. [74] highlighted the outstanding amt@nce of water for the healing process with Cigg its
hydrophilic nature and the exceptional performasiceamples in water immersion. Roig-Flores et 28] [also
confirmed the importance of a water supply for dexelopment of self-sealing with or without CA; shihe
authors proposed the following decreasing ordethensealing capacity: water immersion>water contaet
curing>open-air exposure.

Some studies [29,30] have demonstrated that thesexe conditions play a stronger influence on traelc
sealing/closing than the CA addition. In contraghers [24] have claimed that the presence of Ofsuied a
suitable healing performance even in an environmattlow healing potentials, such as in open-apgasure or
humid chamber. The role of wet/dry cycles in hepémhancement has been quite controversial; sauméest
showed that wet/dry cycles could be even better Water immersion, while others disagree with Htiégement.
Ferrara et al. [74] indicated that CA's inclusiad dot significantly improve the crack sealing ceipaof Fiber
Reinforced Concretes (FRCs) under wet/dry cyclespared to the reference. Likewise, Roig-Floresl.€f38]
stated that the wet/dry cycles were worse thanmmatmersion in conventional and high-performancearetes
with 4% CA. Some works [31-33] also attested thcémens under wet/dry cycles featured an interatedi
healing recovery, which was worse than water imimarand better than open-air exposure.

In contrast, the results obtained by Sisomphor. 28] allowed to classify the influence of exposiconditions
on the mechanical recovery in the following ordemrt/dry cycles>water immersion with renewal>water
immersion without renewal>open-air exposure. Redtl. [36] showed that samples cured under dry-wet
cycles performed as well as underwater immersidnchvin turn overcame the healing capacity of thengles

in water contact and under open-air exposure imgesf compressive strength gain, sealing capaaitlyGaCQ
precipitation. These uncertainties might be relatedhe admixture's type and the frequency of thet/duy
cycles, as the cycles varied from 12 hours updays according to a specific study.

A work [6] carried outin mortars with lime investigated the influence3@h CA and the exposure conditions. In
terms of open-air exposure, the findings attestetl the CA's addition accelerated the compressigevery of
pre-cracked specimens compared to the uncrackes] baeever, there was no significant differencéhmfinal
mechanical recovery at 196 days. When it comesaterwmmersion, the CA's specimens exhibited tis load
recovery index compared to the reference and samlder open-air exposure. Therefore, it is clearhigh
impact of exposure conditions on the performanc&Ad, which in turn may vary according to theirdyp

There are few studies about the influence of dffierexposure conditions in aggressive environménts
cementitious materials with CA. Some results reagahat mortars with CA showed better performance
underwater immersion and wet/dry cycles than opemsgosure in chloride environments; the watertaon
ensured the ability to seal crack widths up to 300 [44,98]. This study also showed that the maximum
effective dosage to achieve the chloride impernialaind the crack sealing was 1% bwoc accordintpéotype

of admixture used.

6.2.2. Impact of repeated loading applications

The pre-cracking induced in specimens employeelfihealing investigations aims to simulate thd ssavice
conditions experienced in the structures by thd etion. Repeatability represents cracking-heatyales over
the structure lifespan, caused by variations irdilog. or temperature. The absence of imposed loadiay
overestimate the healing capacity causing errongwadictions [99]. Ferrara et al. [74] verified thée
application of compressive stress in pre-crackexhiseimproved the autogenous healing of the cradtstie
mechanical recovery in FRCs with and without CA.

Cuenca et al. [31] produced the first publicatiasdd on the methodology to assess the enhancefm€mt o
under repeated cracking-healing cycles. These mifl3d] stated that 0.8% CA contributed to the lbeign
self-sealing ability under repeated cracking-hepligcles in FRCs; thus, the best performance walizeel in
narrow cracks width up to 150m under water immersion, probably due to the osmmoigration by the CA. In
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contrast, Escoffres et al. [35] found that the preg of sustained tensile loading decreased tHmgdanetics

in HPFRCCs especially with CA; however a higherdlagas required to reach again the initial permésdi
mixtures with CA.

Lo Monte et al. [100] have recently proposed a mwdthogy for the assessment of the self-healing base
cracking-healing cycles in HPFRCCs beam specimémsiiated by CA underwater immersion. The mechdnica
recovery was measured in terms of stiffness and-learing capacity. The effects of different cemigpies
were investigated (CEM | 52.5 and CEM Il 52.5)ttbased combined with slag (50% by cement volung an
water/binder ratio equal to 0.18). The results toréd the critical crack width role on the healitepacity and
the faster recovery of stiffness than the load-bgatapacity. The results also showed a betterhetaof the
mixture with CEM Il than with CEM |, especially ithe earlier cycles. The differences tended toebelled off
for longer healing ages up to 6 months. This teogemas probably due to the development of the dslay
hydraulic activity of the slag, as all pre-crackgokecimens were older than two months. The methggolo
proved the importance of crack pattern charactgoizan terms of the opening distribution of thagle cracks,
which was strictly correlated to the mechanicaloxery and the persistence under repeated crackiatinly
cycles. It is worth mentioning that these findirgsrespond to the category of materials investiyated to a
given damage level (expressed by the maximum rakittiexural strain achieved during the crackingiimea
cycles). In this study, the crack width distributipeak shifted from 15-30m after pre-cracking to 20-50m
and 40-6Qum after one and three months of healing upon repea-cracking, respectively. The crack closing
ratio was in the range of 65-93% for continuous emsion without re-cracking, 62-84% for cyclic
immersion/re-cracking after the first month, 40-68%a 40-61% between 1 and 3 months, and 31-42%@nd
40% between 3 and 6 months. Similar trends wereratsasured for the stiffness recovery.

6.2.3. Efficiency of CA performance in the cracldthi

Cracks previously induced and cured by autogeneadirty tend to reopen when they are reloaded [Bigk
behavior is of particular concern for autogenoualihg due to the consumption of the materials néddethe
healing process over time, especially in extrensesauch as large cracks (> 150-200 um) and urmteyase
conditions without a continuous supply of water.

The range of healed crack widths by stimulated gerous healing is not yet fully established.
Jaroenratanapirom et al. [42] verified that mortaith CA presented an efficient sealing abilitynarrow cracks
smaller than 5@um. Otherwise, Ferrara et al. [96] stated that G&s could promote crack closure even in the
range up to 300 and 500 um in HPFRCCs (with highes# content and in the long term). In contrastBete

et al. [20] indicated that this type of mechanisngénerally limited to a crack width between 108 480 um in
the most frequent cases. A recent review [101]stte that CA's inclusion, along with water immensio
condition favored self-sealing in cracks up to appnately 100um. Buller et al. [48] undertook research that
confirmed a better performance of CA in terms othamical recovery for crack widths up to 100.

Studies reported that CA promoted the healing duettarge cracks up to 400 um, with the flexuraksgth
recovery through a three-point bending test in FREY. Another work highlighted that CA ensured the
recovery of flexural parameters in cracks of 200 width by underwater immersion [24]. On the contrar
Sisomphon et al. [28] established that SHCC withi@# no significant improvement in the recoverylefural
properties in cracks up to 50 um from the four-péiaxural test.

In order to improve the healing efficiency promotsdCAs, some works proposed the combination ofaD4
CSA in mortars, which was successful in healingknaidths up to 40Qum [43]. Another positive report was
proposed by incorporating CA and super absorbelymmrs (SAPs) in mortars that boosted the totalirsga
capacity in cracks larger than 30t [47]. Therefore, the performance of CAs is clgsallated to the mix
composition. The high cement content and the inatusf some strategies such as CSA, SAPs, and atiner
additions may enhance the effect of CAs. Moreoseme authors [25,55] identified an improvement iWsC
action in concretes with high water/cement rats @nd 0.6).

6.2.4. Investigation of the synergetic effects yStalline admixtures with other constituents

Li et al. [46] studied mortars with 1.2% CA andfdient granulated blast furnace slag (GGBS) costest
cement replacement. The optimum dosage achievedl@#4sGGBS, which provided the best performance by
compressive strength recovery at 28 and 56 dayis. Sthdy still reported that mortars with CA exhéol a
lower rate of water absorption (sorptivity) thae tleference at 56 days, and the dosage of 20% GBB&ced
the effect of CA in mortars.

Zhang et al. [49] assessed the action of 5% ChAeénréplacement of GGBS in fiber-reinforced compmssifhe
findings revealed that the contribution of CA imped the overall properties in terms of a crack iolpsy
digital microscopy, mechanical properties, and cdteater absorption (sorptivity). The primary paadentified
(CaCQ) in all mixtures, with and without CA, seems todsynergetic contribution of the exposure condgio
and the PVA fibers. PVA fibers act as preferemiatleation sites for CaGQ@ue to a strong polar group (QH
in their molecular structure. The polar force af tiydroxyl ions present in the PVA attracts calcioms (C&")
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from cement and tend to form hydrogen bonds in agsisolutions. Therefore, the availability ofCandC03~
provided by water increases the interaction with tilgdroxyl group. Moreover, the CA's presence eobaithe
supply of C&", hydroxyl ions, and total dissolved ions in theilg solution. This ionic offer results in a strong
affinity with hydroxyl ions in the PVA molecularrsicture.

Li et al. [47] evaluated the synergetic effect oh @nd SAPs in the healing efficiency of macro-csadék
mortars. Among the five types of CAs studied, thstlperformance was exhibited for the one thatditsid acid

in its chemical composition. As a result, the sgagereachable by SAPs were filled by proper oriemaof
calcium ions to the cracks provided by citrate iand optimized production of CaGO

Park et al. [51] performed a water flow test in egitious pastes with 1.5% CA and SAPs with thriséirect
particle sizes. This work revealed that SAPs witlaker size presented a higher initial water flomedo the
particles, which can be washed out from the cractase; however, the water flow reached zero witbrdays
for all the different mixtures.

Azarsa et al. [26] investigated the effect of 2% DAconcretes produced with two classes of cemanatirfary
and with limestone). In general, water permeabilityults did not reveal a considerable decrease faftir days
regardless of the type of mixtures pre-crackedriange between 100 and 4.

Sisomphon et al. [28,43] employed the combined afs&.5% CA with 10% CSA to appraise the healing
efficiency. This association showed an outstandiexural response and sealing capacity. Anotherkwd5s]
reported that mortars produced with a mixed indugf CA and other mineral additions (CSA and beit&)
exhibited better performance than another produadg with CA in terms of the recovery of the chbei
diffusion coefficient.

Wang et al. [39] proposed a cementitious systenm Wghtweight clay aggregate (LWA) for carrying fsel
healing agents, along with a combination of foyety of admixtures (CA, CSA, NaO;, and CaHPQ2H,0).
Based on an optical microscope observation, theepie of admixtures enhanced the self-closingtybili
Reddy et al. [36] investigated the healing perfarogin concretes produced with only 1.1% CA ancethwith
the associated use of CA with different silica fu{8&) contents. The finding indicated the mixtulithvCA and
10% SF showed the best overall healing performanceerms of strength recovery, chloride penetration
resistance, as well as total water absorption amdkvn all exposure conditions evaluated.

Recently Cuenca et al. [102,103] have studied ffexts of CA in HPFRCCs (at 0.8% bwoc) combinedhwit
either alumina nanofibers (at 0.25% bwoc) or celel nanofibrils and nanocrystals (at 0.15% bwod)e T
nanoparticles provided more effective control ine of crack pattern and self-curing efficiency,iletthe
nanocellulose also boosted CA's stimulating effecthe self-healing capacity. As a result, an di/gan was
achieved in terms of crack closure ratio, recovefiypoth mechanical properties (stiffness and loadrimg
capacity) and durability-related aspects (perméglahd sorptivity).

7. Conclusions

CAs are commercial products offered by a broad easfgsuppliers. As a result, their performances tnbes
closely related to the specific composition of gveingle product and manufacturer; this conditioakes it
difficult to predict the global behavior of theselnaixtures, although some general conclusions can be
highlighted and summarized in the following:

« CAs are a mixture of different binder types andivactchemicals, which results in distinct
physicochemical mechanisms of action. In princifil@s can react directly with water, unhydrated
cement grains, CH, and develop a synergetic aetitin other components. These interactions trigger
further hydration or pseudo pozzolanic reactioms thainly lead to a denser C—S-H.

« The geochemical origin of CAs allows their actios @ucleation or precipitation centers of CH.
Siliceous fillers act as a nucleation center aratipce C—S-H very slowly from the CH interaction. In
contrast, limestone fillers form Mc and AFt phatle®ugh the direct reaction with theAphase. In
this case, they act as precipitation centers aad ® carbonated C-S-H formation and CaCO
precipitation.

e The healing products promoted by CAs present theesahemistry nature as those produced by
ordinary cement-based materials. The vast majofityorks mention the formation of CaGCGC—-S—H
and AFt as major healing products by SEM/EDS; hawrgrecent research also disclosed mainly CH
and Mc by TGA in advanced ages.

* In general, CAs dosage from 0.5% up to 3% bwocndiinegatively affect the compressive strength.
Some modest reduction may be related to the assessage up to 28 day, which did not ensure a
notable change in the short-term due to the fuftydration mechanism of CAs.

e CA contents up to 2% bwoc showed a dramatic redndéti water penetration under pressure even for
early ages from 12 days; however, their additioth dot considerably affect the water absorption
capacity and even provoked an unsuitable increbfgsoproperty in some cases.

« The main effects on the fresh state were the iseréathe air-entrapped content and the setting tim
extension, while there has been no consensusnrstef workability.
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The CAs performance as healing stimulators dependbkeir type and the mix design. The optimal CA
dosage is around 1% bwoc; thus, the inclusion aB&venay not bring significant improvements.

In general, the stiffness recovery and toughness ware higher than the load-bearing capacity in
FRCs or HPFRCCs, which is more appreciable thamdmary concretes.

The water permeability showed some controverswllte even for CA dosages up to 4% bwoc; thus,
early pre-cracking ages and narrow crack widthdtemhger influences on the sealing ability.

Most works recognize the crucial role of water tohance CAs performance; therefore, water
immersion with periodic renewal was the best exposondition, while open-air exposure was the
worst one. The effect of wet/dry cycles on the @asformance is not a consensus in the literature.
Few studies investigated the CAs influence on hgatiapacity in real service conditions. One study
pointed out that CAs did not improve mechanical patmeability behavior under loading. Another one
attested that CAs assured the sealing ability ungjeeated loadings in narrow cracks. A single repor
stated that the presence of through-crack compeessiesses seems to promote healing regardless of
CAs presence.

The further hydration promoted by CAs matches theahd needed to reduce autogenous healing due
to the supply of healing products over time in ¢hacks, which may be reopened for different reasons
Some works reported that CAs stimulate the heafingrack widths from 50 up to 4Q@m; however,
not always with mechanical recovery. The associaied of CAs with SAPs or CSA has been
successfully described to seal macro cracks bet@@érand 40Qum.

The combined use between CA and GGBS has beengeopeomising strategy. The GGBS leveraged
the CA's effect in the sorptivity, compressive aptitting tensile strengths recoveries.

The synergetic effect between CAs and PVA fiberssted the CaCQprecipitation on the fiber's
surface, this specific mechanism is not exactly ghme for PP or steel fibers, which have another
molecular structure.

The combined use of CAs with nano-constituents igex an overall benefit for HPFRCCs. The
internal curing capacity of nano-additions improwbkd mechanical performance through the double-
effect in the pore refinement and matrix densifaat The nano-constituents' hydrophilic action also
enhanced the repeatability effect of CAs after a¢ped cracking-healing cycles, and the durability-
related aspects.

The associated use between CAs and SAPs has beemsteated to be a valid attempt. Studies have
shown that CAs tend to contribute with an extrénfil in the crack space left by SAPs.

Some works successfully combined CAs with CSA ideorto improve flexural recovery and sealing
performance.

8. Resear ch gaps and the scope of future work

This literature survey allowed to highlight somgits that still need to be deeper investigated. Jdientific
community and the construction industry should gathfforts of moving together towards the benefficia
incorporation of self-healing technologies in cetdessed materials when it comes to the code-bassim
practice, including suitable Life Cycle Analysisoote [104]. According to the authors' opinion, tlepits and
aspects discussed below require the most urgentlicabed effort:

CAs formulations demand constant enhancement ierdodachieve the proper technical requirements
with a minimum collateral effect on the fresh state overall success on the hardened propertigs [25
At the same time, these products should ensure atiilty with the different binders and other
concrete constituents.

The further hydration is the primary CA's mechanismhich provides healing products over time
[6,7,11,16,20,24,29,30,62,71-74]. Thus, the dunatibthe CA's effect should be investigated toséati
the safety and maintenance requirements, as weheglurability and sustainability related aspects
during the project's service life. This accompligminrequires either a combined experimental and
modelling approach or a science/model-based arattieted [105,106] to extrapolate the results to a
time scale compatible with the expected structifiedpan [107,108].

The vast majority of works assume the C-S-H as gomlaydrate formed; however, it is worth
confirming the occurrence of Mc phases [22]. Thisnprehension has a substantial role for CA's
rational use as a project requiremtamtpractical applications.

It is crucial to invest in quantitative analysispredict the nature and amount of healing prodoees
time for different CA's types and dosages [22,98bA and XRD by the Rietveld methambver the
identification and quantification of both crystali and amorphous phases. They are alternatives to
SEM/EDS's semi-quantitative investigations perfatriremost studies so far [109]. Besides that, X-ray
micro-tomography(CT) allows the detection of the healing productsritire crack volume [110].
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The mechanical and durability-related aspects ev@os in the long-term are fundamental to draw
substantial conclusions about the CAs effect, paldrly on the flexural strength and modulus of
elasticity [8,62]. It is also suggested to perfamheological analysis of fluid behavior.

Understanding of residual post-cracking flexuraléite stresses have become more critical due to the
influences on design parameters in FRCs and HPFRTI=refore, post-cracking stresses can play
some crucial roles as far as the serviceabilitytlstate is concerned, such as the control of cvadkh

and the deflection through tension stiffening etfec

The eventual chemical pre-stressing in fibers fl©As precipitation must be further investigated and
the different behavior of different types of fibgrs35].

Developing acomprehensive work that encompasses CAs action @ssing, sealing and healing
stimulatorsimultaneously, and taking into account the deptiealing products in the cracks [39,100].

It is worth confirming the optimum CA dosages thahance durability-related aspects, considering the
admixture type and the effects expected in cemeunsit material [30,35,43]. Besides that, air
permeability tests seem to be a counter test foeernyermeability tests.

The literature lacks more in-depth investigatiomgarding the correlation between the healing pristiuc
nature and material performance gain after theitgglrocess. Thus, the interconnection between
micro- and macro-structural techniques is recomradntb clarify the influence of experimental
variables that govern the complex phenomena ofelfing provided by CAs [74].

The healing process evaluation in real structueaVise conditionss still scarce in the literature,
especially in terms of the healing performance usdstained mechanical stresses or cyclic actions.
There is a demand for self-healing research in rgérend CAs as healing stimulators to recover
mechanical properties and durability under repeatadking-healing cycles [31,35].

Healing kinetics, nature and frequency are othéical approaches of the process according to the
exposure conditions.

There has been no clear consensus about the rdrmyac widths effectively healed by CAs in the
literature. However, some crucial studies allow aoding that cracks up to a few hundred microns
may be healed or sealed, especially in favoralp@sxre conditions and with enough time.

The associated use of CAs with SAPs demands funtivesstigation in terms of exposure conditions
and mechanical gain [47,51].

The combined use between CAs and nanoparticlesais@carcely addressed also deserve further
investigation [102].
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Highlights

v This paper presents a literature meta-analysis about the effect of Crystalline Admixtures
(CAS) as permeability-reducing admixtures and as healing stimulators.

v' The primary mechanisms along with the healing products provided by CAs are
addressed.

v' The effects of CAs on the properties of cement-based materials as permeability-
reducing admixtures are discussed.

v The enhancement promoted by CAs on the self-healing capacity is analyzed focusing on
the mechanical recovery and durability-related aspects.

v' Moreover, the influence of different aspects, such as the environmental exposure,
repeated preloading, crack width, and synergic effect with other components, on the
self-healing ability of CAs are analyzed.
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