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ABSTRACT

Autogenous recovery of mechanical properties and transport properties of
ECC at early-agesunder different environmental conditioningisreportedin
this paper. The mechanical properties studied include dynamic modulus,
tensile stiffness, strength and ductility. The transport properties studied
include water permeability and chloride diffusivity. The chemical make-up
and physical properties, self-controlled tight crack width and high tensile
ductility in particular, of ECC makes self-healing prevails in a variety of
environmental conditions, include water permeation and submersion, envi-
ronmental temperature, wetting and drying cycles. It is demonstrated by
microstructure observation that self-healing of pre-damaged compositetakes
place automatically at cracked locations without external intervention. The
establishment of self-healing in ECC canimprovethelong termductility and
durability of civil engineering structures after cracking.
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INTRODUCTION

Duringthelast decade, significant effortshavebeen
madeto devel op engineered cementitious composites
(ECC) which exhibitstough, strain-hardening behavior
under tensionin spite of low fiber volumefractionl*2.,
ECCisasoan ultra-ductilefiber reinforced cement
based composite which has metal-like featureswhen
loadedintension. Theuniaxiad sress-strain curveshows
ayield point followed by strain-hardening up to severa
percent of strain, resultinginamaterial ductility of at
least two orders of magnitude higher than normal con-

creteor standard fiber reinforced concretd®. ECC pro-
vides crack width to below 100um even when de-
formedto severd percenttensilestrain (Figure1). Fi-
ber breakageis prevented and pullout from the matrix
isenabledinstead, leading to tensilestrain capacity in
excessof 6% for PVA-ECC containing 2% by volume
Poly Vinyl Alcohol (PVA) fiber whichisauniqueimple-
mentation by Lit.

The superiority of ECC hasbeen brought about by
the micromechani cs gpproach and thedevelopment in
fiber, matrix, interfaceand composites processing tech-
nology. Micromechanicsrel ates macroscopi ¢ proper-
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Figure 1 : Typical tensile stress-strain-crack width
relationship of PVA-ECC
tiesto themicrostructure of acomposite, and formsthe
backbone of materid design theory™. Especidly, it d-
lows systematic microstructuretailoring of ECC aswell
asmateria optimization which can leadto extremecom-
positeductility.

Various methods have been attempted to copewith
cracking of high strength cementitiouscompositeat early
ages®. A number of investigations'”® reveded that high
cement content and low water-cement ratio distinctly
raisethe cracking potential at early ageduetothein-
creaseof chemica and autogenousshrinkageand brittle-
nessof high strength concrete. Those early age cracks
provide pathwaysfor the penetration of aggressiveions,
and therefore greatly reduce the timeto initiation of
corrosion of stedl reinforcement and shorten the ser-
vicelifeof infrastructure asaconsequence. For struc-
tural engineers, efforts have been placed on detailing
therebar reinforcement, including increase of reinforc-
ing ratio and thearrangement of transversal or confine-
ment reinforcement. For materialsengineers, various
kindsof fibers, fiber mesh, shrinkage reducing agent,
polymers, crack seder, and curing admixturehavebeen
appliedfor crack control. These approachesare effec-
tivein certain Situationsbut their efficency and consis-
tency remainto bedoubted in other situations. There-
fore, the devel opment of cementitiouscomposite ma-
terialswhich can automatically regain thisloss of per-
formance after early age crackingishighly desirable.
The compressive strength of ECC rangesfrom 50 to
80M Padepending on mix composition, putting ECC

20

into the class of high strength concrete materia's, but
without the associated brittl enesg®1014,

Inthisstudy, autogenous healing of cracked ECC
(crackswere generated by pre-loading) at early ages
wasexperimentdly investigated and verified. Focushas
been placed on early age self-healing behavior under
variousenvironmental exposures, including drying ac-
tion of wind and sunand wetting by rain runoff or snow-
melt. Cyclicwetting and drying at controlled tempera-
tureswas used as an accel erated test method to simu-
late outdoor environmental conditions. Experimental
Investigationson the extent and rate of self-healing for
ECC materia pre-loaded to various strain levels to
deliberatdly inducevariouslevelsof damage, dongwith
themechanicd propertiesof ECC after sdf-heding, are
presented.

ENVIRONMENTAL CONDITIONINGAND
SELF-HEALING

Therobustness of sdf-healing should be examined
under avariety of environmentd exposurestypicaly ex-
perienced by concreteinfragtructuresystems. Inthein-
vestigationof sdf-hedingof ECC, variousenvironmentd
conditioning regimes havebeen adopted. Theseinclude
cydicwettingand drying, conditioning temperature, and
immersioninwater or chloride solution. Specificsof
theenvironmental conditionings (EC) are summarized
beow:

o ECI1 (water/ar cycle) subjected pre-cracked ECC
specimensto submersioninwater a 20°Cfor 24
hours and drying in laboratory air at 21+1°C,
50+5% RH for 24 hours, during which no tem-
perature effectsare consdered. Thisconditionis
used to ssimulaecyclic outdoor environmentssuch
asrainy daysand unclouded days.

e EC2 (water/hot air cycle) consisted of submer-
sion of pre-cracked ECC specimensin water at
20°C for 24 hours, oven drying at 55°C for 22
hours, and cooling in laboratory air at 21+1°C,
50+5% RH for 2 hours. This condition is used to
smulaecydlicoutdoor environmentssuch asrainy
daysfollowed by sunshineand hightemperatures
iInsummer.

e EC3(90%RHy/air cycle) consisted of specimen
storagein 90+1%RH curing cabin at 20°C for 24
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hours, and cooling in laboratory air at 21+1°C,
50+£5% RH for 24 hours. This condition is used to
smulate high humidity outdoor environmentsbut
with no exterior water available.

o ECA4 (water submersion) consisted of submersion
inwater at 20°Ctill the predetermined testing ages.
Thisconditionisused to smulate ECCinsome
underwater structures.

e EC5(air) consisted of direct exposureto labora
tory air at 21+1°C, 50+5%RH till the predeter-
mined testing ages. Thiscondition isused asthe
coupon condition.

o EC6 (water permestion) cong sted of continuous
permeation through cracked ECC specimenin
water at 20°C till the predetermined testing ages.
Thisconditionisused to smulateinfrastructurein
continuouscontact withwater withahydraulicgra-
dient, such aswater tank, pipelines, andirrigation
channds.

e ECY7(chloridesolutionsubmersion) considered di-
rect exposure of pre-cracked ECC specimensto
asolutionwith high chloride content. Thiscondi-
tionisusedto amulatetheexposureto deicing salt
in transportation infrastructure or parking struc-
tures, or in concrete containers of solutionswith
high sdt content.

In order to devel op acomprehensive understand-
ingof sdf-hedlingin ECC, four methodshavebeenused
in examining itsself-healing behavior. The dynamic
modul us measurements provideaquick meansto as-
sessthe presence of self-healing. Theuniaxid tenson
test isused to determine sdlf-hedling of mechanicd prop-
erties. Water permeability isused to examinethere-
covery of transport property through permeation. Sur-
facechemical analysis, i.e. Energy Dispersive X-ray
Spectroscopy (EDX), and Environmental Scanning
Electron Microscopy (ESEM) areused to analyzethe
chemica composition and morphology of salf-hedling
product. Together, they show unequivocally the pres-
enceof sdf-hedingin ECC in boththetransport sense
andinthemechanical sense.

EXPERIMENTAL

The mix proportion of ECC material follows
TABLE 1. To prepare the material, a force-based

= Fyl] Paper

Hobart mixer with 20L capacity was used in prepar-
ing asinglebatch of ECC material. Thefresh mixture
wasthen cast into coupon molds measuring 300mm
by 76mm by 12.5mm. Thefresh ECC specimenswere
covered with plastic sheets and demolded after 24
hours. After demolding, specimenswereair cured at
50+5% RH, 21+1°Cfor 2days. Uniaxia tensiletests
werethen conducted (Figure.2) on the 3 day to pre-
load/pre-crack ECC specimensat specified tensilede-
formation, i.e. 0.3%, 0.5%, 1%, 2%, and 3%. When
thetensllestrain reached the predetermined va ue, the
tensile load was released, and the specimens were
removed from thetensile test machineto preparefor
predetermined environmental conditioning, i.e. EC1,
EC2, EC3, EC4, and EC5. TABLE 2 showsthe av-
erage number of cracksand their corresponding maxi-
mum crack widthsover agaugelength of 200mm. All
crack width measurements are conducted in the un-
loaded state.

Figure2: Uniaxial tensiletest setup

TABLE 1: Mix proportionsof ECC

Materials

Unit weight
(kg/m3)

Cement  Aggregate Flyash Water HRWR  Fiber

578 462 694 319 17 26
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TABLE 2: Crack characterigticsof pre-load ECC

Tensile strain (%) 3 2 1 05 03
Number of cracks 41 24 16 7 5
Maximum crack width (um) 95 70 60 50 50

Recovery of dynamic modulus

Themateria dynamicmodulusmeasurement based
onASTM C215 (Standard Test Method for Funda-
mental Transverse, Longitudinal, and Torsional Reso-
nant Frequency of Concrete Specimens) appearsto be
aparticularly promising techniqueto monitor theextent
andrateof autogenousheding. Thistest method (ASTM
C215), which relies on changesin resonant frequency,
has proven to beagood gauge of materia degradation
dueto freeze thaw damage and is specifically refer-
enced within ASTM C666 for freezethaw eva uation.
Rather than quantifying damage; however, it hasbeen
adapted to measure the extent and rate of self-healing
in cracked concrete, when healingis seen asareduc-
tioninmateria damage.

Test resultsfrom the resonant frequency testsare
giveninFgure3and 4. Each datapointisameanvaue
of two specimens. Figure 3 plotstheresonant frequency
versusthe number of cyclic conditioning. It demon-
strates the rate/process of autogenous healing of
cracked ECC specimensunder different environmenta
exposures. Theshaded areaindicatestherange of reso-
nant frequenciesof virgin (no preloadinginduced dam-
age) ECC specimenswhich had undergonethe same

environmenta conditioning.
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Figure 3 : ECC autogenous healing rate/process (i.e.
resonant frequency vsnumber of cyclicenvironmental condi-
tioning) at differ ent environmental exposur esat early ages
(a) EC1-water/air cycle, (b) EC2-water /hot air cycle, (c) EC3-
90% RH/air cycle, (d) EC4-water (€) EC5-air

Among thefiveenvironmenta conditionings, EC1
(water/air cycle), EC2 (water/hot air cycle), and EC4
(water) Sgnificantly promotethe autogenous hedling of
cracked ECCsat early ages, and roughly 4 to 5 condi-
tioning cyclesare necessary to engage noticeabl e au-
togenousheding of cracked ECC materid. Unlike sdlf-
helaing at later agein which the presence of both water
and carbon dioxide are necessary to form calcium car-
bonate, early age self-healing occurs even when the
specimen issubmersed inwater (EC4). Thismay be
attributed to continuous hydration of damaged ECC to
form C-S-H gel at early ageswhen plenty of water is
provided under ECA. In generd , specimens subjected
to higher preloaded tensilestrain exhibit lower initial
frequency dueto ahigher degree of damage, and ulti-
mately lower recovery values after environmental ex-
posure. However, the resonant frequency can almost
recover to the RF value of virgin ECC specimensin
EC4 (water) even for specimenswith large predeter-
mined tensiledeformation. Interestingly, dthough EC3
(90%RH/air cycle) subjected ECC specimenstoahigh
humidity environment, RF recovery waslimited. The
resonant frequency of cracked ECC specimensexposed
toair (EC5) did not show any distinct changewith en-
vironmental exposures.

= Fyl] Peper

By cdculating theratio of theresonant frequency
after tenwet-dry cyclesto theresonant frequencies of
virgin ECC specimenswhich had undergonethesame
conditioning regimes, theextent of salf-healing can be
deduced as shown in Figure 4. After conditioning re-
gime 1 (EC1), thenormalized RF regained to 62~96%
of initid vauesfor thevariouspreloadinglevel, in con-
trast tothe 39~77% the prel oad specimenswithout saif-
healing. For the EC2 (water/hot air cycle) specimens,
the resonant frequencies after pre-loading were
43~73% of theinitid vaue, and after self-heding had
stabilized at 76~93% of initial. Regardingtherecovery
of RF, theeffect of EC1 (water/air cycle) issmilar to
that of EC2 (water/hot air cycle). For EC4 (water)
specimens, the resonant frequenciesafter pre-loading
were 62~83% of theinitia value, and after salf-healing
attained 95~100% of initia, in which the RF of most
cracked ECC specimens approached those of virgin
specimens. Almost no self-hedling occurredin cracked
ECC specimenswhen exposed to air (EC5). For EC3
(90% RH/air cycle) specimens, the resonant frequen-
ciesafter pre-loading were40~73% of theinitia vaue,
and after self-healing had recovered to 42~78% of ini-
tia. Again, limited self-hedling wasevidentin high hu-
midity condition.

Based on the above observationsit can be con-
cluded that the presence of water isthe most critical
factor in engaging autogenous healing of ECC at early
ages(e.g. EC1, EC2, and EC4). Further hydration of
unhydrated cement particleisfaster inwater and, aso,
water encouragesthe dissolving and leaching of cal-
cium hydroxidefromthe concretematrix near thecrack
surface, aprecondition for theformation of salf-heding
products. Moreimportantly, very little carbonation can
takeplacein air because only carbon dioxidedissolved
inthe surfacefilmsof water isavailable. Carbon diox-
idein gaseous form does not react with calcium hy-
droxide. It can benoted that submersioninwater (EC4)
resultsin weight change of ECC specimensat early age
which canincrease theresonant frequency. The higher
resonant frequency resulted from water absorption
within concretewasattributed to entry of interlayer water
into Tober-morite gel and to much morecracksfull of
water. Inthisinvestigation, therank of different condi-
tioning regimeintheir effectivenessinrecovery of reso-
nant frequency of ECC at early ages is EC4
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Figure4: Extent of ECC sdf-healing (i.e. resonant frequency ratio) under different environmental exposures(a)EC 1-water/
air cycle, (b) EC 2-water/hot air cycle, (c) EC 3-90% RH/air cycle, (d) EC 4-water

(water)>EC1 (water/air cycle)~EC2 (water/hot air
cycle)>EC3 (90%RH/air cycle)>ECS5 (air). However,
duetothewater absorption s de-effect described above,
the effectiveness of self-hedling under EC 4 needtobe
investigated further in order to assessthetrue salf-heal-
inginmechanica properties, stiffnessin particular.
Recovery of tensile properties

Although resonant frequency test servesasameans
of rapid assessment, it only providesan indication of

thelevd of recovery after salf-hedling. Inorder to ana-
lyzetherecovery magnitudeof tendlestiffness, ductility
and strength, uniaxial tensiletest wasconducted. Fig-
ure5 showstherepresentativereloading tensile stress-
strain curvesof preloaded ECC specimensafter cyclic
conditioning (10 cycles) dong withthetensile stress-
strain curveof pre-loading. Inthe stress-strain curve of
thereloading stage, the permanent residud strainintro-
ducedinthe prel oading stageisnot accounted for.

Au Tudian Yourual



MSAIJ, 5(4) December 2009 Jia Huan Yu and Yang En Hua 503

]
- %
o S
5 1 ._.¢ -3
) : s
= / e IR.T
| MR
E 3 5 l.' -‘r J :l--.,-'iii
o } ; ..-'rr" | Prakad 3%
P ) e Aeiood EC1
| o Ralasd EC2
}f . PR = s - ]
1 i Hd e 2
a Helosd ECS
n 4 y . ] ]
0 1 2 3 4 g
Strain (%)
\~7
&
.;l'"*‘__.. g
51 "j B '. ; ;ﬁ:y“r“ﬂﬁ'ﬂ.ﬂ'
E | N :
4 J 7 .‘
E_ 4 ?..} -
: |
- o, 1
B3NS N
L % . Praload 2%
§ o |7 A 2 A Reload ECH
o if & : — e Reload EC2
4 | # - = -Reload EC3
IF Rsload EC4
! Reload ECS
l:' T T T T
L 1 2 3 4
Strain b
(b)
|
5 4 P
| - [
- i Ty ¥ 1 1
(3 1 i,
0L | ¥ R e .
E-ﬂ- . | -' “: " .'_.-;..-;‘_ _— ¥ '-'rﬁ._._-l
¥ ¢ gt v K
| Eend - e
E B N e 1
oy 1 Fy
" | Preload 1%
E i ':F:'I,-* - Ralpacd ECA
[ "1*. Esload EC2
: ) . = .. Raload EC3
i = Raload ECA
——— Raland ECS
0 . . .
Q 1 ¥ 3 4 ]
Straim (%)
©

== Pyl Paper

L

£
= T

w
i~ _h'lu o

%q e W ."'-\'.r'r R S 8
uw L Ty s
m ¥ e .

q | . -:1""... -2
A Wy
&= i F Pratoad B.5%
jut' | ], | vooo Meload BCY
P | —o Reload EC2

; F o= Mload BL3

| “ FAlend ECY
s Flznd ECS
0 4 . . - ;
o i 2 X i 5
Siraim %)
@)
&
2

" pretoad 0.3%

Tensile Sress (MPa)
[ ]
-

2 - Relead EC1
—— Fabend EC2
1 Relead EC3
Fakead ECS
0 i . = Hﬁhi-ilﬂ EL:S !
a 1 - £ 4 ]
Elrain (%)
©

Figure5: Typical preloading and reloading tensile stress-
grain curveof ECC with pre-deter mined tensledefor mation
of (a) 3% preloading, (b) 2% preloading, (c) 1% preloading,
(d) 0.5% preloading, (€) 0.3% preloading

Siffness

Ascan be seenfrom Figure5, theslopeof theini-
tial raising branch of thetensilestress-strain curve, i.e.
stiffness, isdifferent between the prel oading and re-
loading curves. The d ope of the preloading curverep-
resentsthestiffnessof virgin ECC materid andthedope
of therel oading curve of EC5 (air) may beconsidered
asthestiffnessof cracked ECC without any healing. It
isclear that the stiffness of theunheal ed specimenwas
drastically reduced dueto the presence of the micro

c—— P alorioly Science
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crack damage generated during prel oading. However,
as can be expected, theamount of stiffnessreduction
diminishes asthe prel oading (strain) magnitude de-
creases. After rehealing (under EC 1 to EC 4), the
material regained acertain degreeof itsoriginal stiff-
ness depending on different environmenta exposures.
In some cases, the stiffness can almost fully recover.

Figure 6 displaysthestiffnessratio asafunction of
prel oading strainand conditioning regimes. Stiffnessratio
isdefined astheratio of the stiffnessof thereloading
curveto thestiffness of the pre oading curve. Ascan be
seen, low initial damageleve, i.e.low pre-determined
tensledeformation, hashigh siffnessratiounder dl five
environmenta conditionings. For example, thestiffness
ratio a prel oading strain of 3% rangesfrom 5%to 30%,
whilethestiffnessratio at preloading strain of 0.3%
rangesfrom 30% to 100%. Ingenerd, EC2 (water/hot
ar cyde) exhibitsthe highest stiffnessratio of ECC spedi-
men and EC 5 (air) showsthelowest stiffnessratio.
Thedtiffnessof ECC materid withlow preloaded strain
can recover completely under EC1 (water/air cycle)
and EC2 (water/hot ar cycle). At high prel caded stains,
however, EC2 (water/hot air cycle) showsabetter re-
covery than EC1 (water/air cycle). Thismight be at-
tributed to the enhanced hydration dueto exposureto
higher temperaturein EC2.

Interestingly, unliketheresult observed fromthe
resonant frequency measurements, EC 4 (water) does
not show themost significant stiffnessrecovery among

120
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100 4 m EC?
e 00 EC3
S 80 |
2 0 EC4
o
~ 60 | | EC5
LV}
{
£ 40 |
in
20 -
o H
0.3 05 1 s 3

Preload Tensile Strain (%)
Figure6: ECC giffnessratiounder different environmental
exposures, for specimenswith different pre-loading levels

thefiveenvironmenta conditions. Thiscanbeexplained
by thehigh interna moisture and actions of excessive
water inddethe self-hed ed ECC specimen continoudy
immersed inwater (EC4). It should be pointed out that
self-healed ECC specimensin EC4 (water) werere-
loaded immediately after alongtimeexposureto water
and theinternal relative humidity iscloseto 100%. It
has been reported that harden cement pastewith ahuge
internd surface areaexhibitsintensefluid-matrix inter-
actions. Moistureinduced micro-forces, include mo-
lecular adsorption forcesalong porewalls, capillary
pressuresin capillary pores, and interlayer fluid pres-
sures (swelling pressure) due to the presence of
interlayer hydratewater in nanopores, ariseasaresult
of repul siveforces between water moleculesand keep-
ing the porewallsat acertain distance. Theinduced
forcesareknownto beextremely sensitivetofluid satu-
rationleve. CSH (Cdcium-Silicate-Hydrate) asmain
binder ingredientsin cement iscomposed of laminar
sheetswith interlayer absorbed water. Themicroscopic
swelling pressureincreaseswith increasing degree of
saturation of water. Therepulsiveforcespush thelami-
nar sheets apart and the cohesive forces among the
hydrated products of cement decrease. Thewater mol-
eculeswill decreasethe surface energy of the hydrated
products of cement and the van der Waals’ bonding
among the hydrated products of cement. Therefore,
higher degree of saturation of water obvioudy resultsin
areduction of the stiffness of wet ECC specimen. It
was concluded that resonant frequency measurements
although providing arapid test method can not pre-
cisaly assessthequality of self-healing in some cases.
Based ontheuniaxid tensletest resultswhich givesthe
truequdification of self-hedling, therank inthestiffness
ratio of cracked ECC at early agesisEC2 (water/hot
air cycle)>EC1 (water/air cycle)>EC4 (water)>EC3
(90%RH/air cycle)>ECS5 (air).

Tenslestrain capacity

Figure 7 showstheresult of tensile strain capacity
of pre-cracked ECC subjected to different environ-
mental exposures. After 10 cyclesof conditioning sub-
sequent to different level sof induced damage, dl speci-
mensretaintensile strain capacity above 1.5%, aduc-
tility distinctly higher than norma concrete,

Among thefiveenvironmenta conditionings, EC5
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(ar) resultsinthehighest tensilestrain capacity and EC2
(water/hot air cycle) resultsinthelowest one. Thisisa
direct reflection of theeffect of hydration degree of the
mortar matrix on ECC tensile strain capacity dueto
different environmenta conditioningsat early age. Re-
call that specimens subjectedto EC2 aresubmersedin
water andthendriedinair at 55°C. Withthistempera:
tureincrease, themoisturein thespecimenswill migrate
out and may result inaprocesssmilar to steam curing.
Therefore, hydration of unreacted cement and fly ash
will beaccelerated, leading to anincreased strength of
ECC matrix and fiber/matrix interfacid bonding (dueto
astrong hydrophilic nature of PVA fiber), especidly at
early ages. Theincrease of matrix cracking strength pre-
ventscrack initiating and propagation from defect sites
and excessively stronginterfacia bonding increasesthe
tendency of fiber rupture. Both mechanismscausea
negativeimpact onthedeve opment of multiplemicro-
cracking, and thereforelower tensileductility observed
asaconseguence.

ECS

Tensilestrength

Theultimatetensilestrength, whichisgoverned by
thefiber bridging strength, of all ECC specimensat re-
loading arelarger than the preloading tensile strength
andthisismost likely the effect of continued hydration
process at early ages, i.e. increased fiber bridging
strength with further hydration. In particular, the ulti-
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mate strength after self-healing for EC2 (water/hot air
cycle) ismuch higher than that of the pre-loaded speci-
mens (Figure5) which againimpliesan accel erated hy-
dration process|eading to astronger fiber/matrix inter-
facial bonding when ECC specimensaresubjected to
EC2 (water/hot air cycle).

Recovery of permeability

The ECC specimenswere preloaded to the prede-
termined tensilestrain 1.5%, 2% and 3% respectively.
Prior tothe permesbility testing, ECC specimenswere
kept in water for 14 days to ensure compl ete water
saturation. Permesbility testing was conducted on both
uncracked and cracked ECC samplesafter immersion
inwater. For thelower permeability materiasafaling
head test setup was used and shown schematically in
Figure8.

The edges of the coupon specimen were sealed
with epoxy tofecilitate unidirectional flow throughthe
crosssection. Dueto thelength of time associated with
thistypeof testing, crack width permeability measure-
mentswere performedin the unloaded state.

Formulationsfor ca culating thewater permesbility
fromthefalinghead test are summarizedinegns (1).

aT. _h
k= Em(h—:’) o
Where

k=water permesability coefficient (m/sec)
a=crosssectiond areaof stand pipe(m?2)=2.84x10°n
T =gpecimenthicknessindirection of flow (m)=0.012m
A=cross sectiona areaof specimen exposed to flow
(M2)=8.93x10°m?

t=timeduration of thetest (sec)=varies

h=constant water head in constant head test (m)=varies
h =initid water head infaling head test (m)=varies
h_fina water headinfaling water test (m)=varies
Fdlling head testswere conducted continuoudy over a
period of threeweeksuntil asteady state

va ue of permeability had been reached. Thereported
permeability valuesarefina steady state
vaueexhibited.

Figure 9 showstherate of permeation through the
ECC specimensdropped drasticaly fromtheinitid val-
uesuntil asymptotically reaching the recorded val ue,
even though the crack widths during permesbility test-
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Figure8: Falling head test for per meability measurement
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Figure9: Development of per meability for ECC strain to
1.5%, 2%, and 3%

ing do not change. Thisphenomenon can bepartialy
attributed to achieving compl ete saturation and further
densification of thematrix throughout thetesting pe-
riod. However, ECC specimenswere saturated inwa:
ter for 14 daysprior to permeability testing at an age of
28 days. By thetime of testing, the specimens should
have been nearly, if not completely, saturated and con-
tinued to undergollittlematrix hydration.

Throughout the course of permeability testing, a
whiteresidueformed within the cracksand on thesur-
face of the specimens near the cracks. Theseforma-
tions are shown in Figure 10. Figure 10(a) shows a
saturated ECC specimenimmediately prior to the be-
ginning of permesbility testing, while Fgure10(b) shows
the same speci men after permeability testing.

Thewhiteresdueformshbothwithinthecracks, and

®
Figure10: Appearance of ECC per meability speciemens
(a) befor eper meability testing, and (b) after per meability
testing

withinthe pores on the surface of the ECC specimen.
Theeffect of self-heding of crackson permesability has
been investigated by other researchers, and may besig-
nificant in the permeability determination of cracked
ECC. Thiscan beattributed primarily tothelarge binder
content and relatively low water to binder ratiowithin
the ECC mixture. The presenceof significant amounts
of unhydrated bindersallowsfor autogeneous healing
of thecrackswhen exposed to water. Thismechanism
isparticularly evident in cracked ECC material dueto
thesmadl crack widthswhichfacilitatesd f-heding. How-
ever, thisphenomenon isnot observed while cracked
ECC specimensare simply saturated in water (EC4).
Duringthe 14 daysof saturation prior to permeability
testing, cracked ECC specimens showed no signs of
autogeneous healing of thecracks. After only 3daysin
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the permesabiility testing gpparatus, evidence of sdlf-hed-
ing became apparent. A smilar phenomenonwasa so
seen when cracked ECC specimenswerepartialy sub-
merged inwater. Crack heglingwasonly exhibited near
the surface of thewater, whileno healingwasobserved
aboveor below thewater surface.

Microstructur eobservations

Figure 11(a) showsan ECC specimen subjected
to 2%tendlepre-loading and Figure 12(b) displaysthe
same spot on the specimen surface after undergoing
autogenousheding through submersoninweter (EC4).
Thedigtinctivewhiteresidue (reheal product) isabun-
dant within the crack and near the crack face on the
specimen surface.

Figure11: (a)Controlled microcrack damage of preloaded
ECC specimen and (b) autogenoushealing of ECC specimen
subjectedtoEC 4 (water)

= Fyl] Peper

Figure 12 givesaclose-up view of thereheal prod-
uct and itsEDX spectrum. Ascan beseen, calciumis
themain elemental composition of therehea product.
By conducting EDX quantification for oxides, the
amount of calcium carbonate (CaCO,) can beestimated
by combining equa amount of CaO and CO,, Interest-
ingly, excessive CaO wasfound whichimpliestheex-
istence of calcium hydroxide (CaOH). Therefore, itis
likely that the reheal product at early age is a com-
pound of cal cium carbonate (precipitation/crystalliza-
tion) and cal cium hydroxide (further hydration). Fur-
ther investigation by x-ray diffraction analysisisneces-
sary inthefuturein order toreved theprecisechemica
composition of reheal products.

Surface chemical andysis(EDX) of the self-heal-
ing ECC specimensusing an ESEM show that thecrys-

Ca
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Figure12: (a) Reheal product (b) ESEM Surface Chemical
Composition Analysis(EDX) of Self-Healing Crack Forma-
tions
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talsformingwithinthe cracks, and onthe surface adja-
cent to the cracks, are hydrated cement products, pri-
marily calcium carbonate (Figure 11). Thesecrystd for-
mationswithintheself-heded cracksareshownin Fg-
ure11. Tofacilitate healing of the cracks, and promote
formation of calcium carbonate, aflow of water con-
taining carbonates or bicarbonates must be present.
Within the permesability testing, these carbonateswere
introduced by thedissolution of CO, inairintothewa-
ter which flowsthrough the specimens. In the case of
the partiadly submerged specimens, thesmall amount of
carbon dioxidedissolved at thewater surfacewas suf-
fident to causelimited sdf-heding a that | ocation. How-
ever, intheabsence of thisconstant carbonate supply,
asinthe saturation tanks prior to permesability testing,
no self-healing of the ECC micro cracks can occur.
Ultimatdly, theformation of thesecrystalsdowstherate
of permeation through the cracked compositeand fur-
ther reducesthe permesability coefficient.

Thequality of seif-hedingislikey influenced by the
type of self-healing productsformed insdethecrack.
Analyses of these products were conducted using
ESEM and EDX techniques. Thecrystdlineand chemi-
ca propertiesof sdf-heding productsweredetermined.
Thesetechniquesare particularly useful inverifying the
chemica makeup of self-heaing compounds, essentid
inidentifyingthechemicd precursorstosdf-hedingand
ensuring their presencewithin thecomposite.

CONCLUSION

Thisstudy presentsthefindingsof aninvestigation
on autogenous healing of ECC subjected to different
environmenta exposuresat early ages. Theinherent tight
crack width lessthan 60pum, make ECC anideal mate-
ria to engagein robust self-heding at early age under
proper environmenta exposureswhen compared with
concrete. Self-healed ECC shows substantial recovery
of Resonant Frequency |ossfrom damage (resonant fre-
guency test) aswell as adequate mechanical perfor-
mance (uniaxial tensiletest). It can be expected that
autogenousheding of ECC will greetly benefit thelong-
term durability and safety of civil infrastructure. This
study representsasystematic revel ation of mechanica
(not just transport) propertiesin cementitiousmaterid,
and through the use of commonly encountered expo-
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sureenvironmentsintheexperiments, demondratesthe

realization potential of self-healingin concrete struc-

tures. A number of other specific conclusionscan be
drawn:

e Fourtofivecydesarenecessary for engaging sdf-
hedling of ECC at early age under EC1 (water/air
cycle), EC2 (water/hot air cycle), and EC4 (wa-
ter). For different environmentda exposures, water
isthemaost determining environmentd factor toen-
gage autogenous healing of ECC at early ages.

e Ingenera, ECCwithlower initiad damageleve,
I.e. low pre-determined tensile deformation, has
higher level of recovery for the same conditioning
regime. This confirmsthat thetighter the crack
width and thelower the crack number, the higher
theprobability of self-healing. Crack width below
150um and preferably 50um leadsto highly ro-
bust self-heding. Thistight crack width, whiledif-
ficult to control innormal concreteeven with steel
reinforcements, arereadily attained in ECC when
strainingisbeow 1%.

e  Resonant frequency measurement can be used as
arapid screening of the presence or absence of
sdlf-healing. Thismeasurement reflects averaged
bulk property changein the specimen under the
different exposure conditions. Uniaxid tensleted,
whilemore cumbersome, givesatrue assessment
of thequaity of self-healing of the microcracks,
and provides quantitative measurements of recov-
ered mechanical properties.

e  Under proper conditioning, self-healing candis-
tinctly enhancethe stiffness of cracked ECCre-
sulting inthe true mechanical self-healing of the
composites. In some cases, the stiffness of the
cracked ECC canrecover compl etely.

e Thetenslestrain capacity of all re-healed ECCs
remains above 1.5%, even higher if theresidual
strain dueto preloading damageisaccounted for.

e Higher conditioning temperature (EC2) tendsto
promotethedegreeof hydration at early age, and
thereforeincrease matrix toughnessaswell asfi-
ber/matrix interfacid bonding. Thisresultsin higher
tenglestrength and lower tensile strain capacity of
self-healed ECC subjectedto EC2 (water/hot air
cycle).

e FromtheEDX results, therehea product at early
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ageislikdy acompound of cacium carbonate (pre-

cipitation/crystallization) and calcium hydroxide

(further hydration). Further investigation by x-ray

diffraction andysisisnecessary inthefuturetore-

ved the chemica composition of rehed products.

Based onthisstudy which employsavariety of en-
vironmenta conditioning, salf-healing of microcracksin
ECC is expected to overcome the problem of early
age cracking in high performance concrete materials
for infrastructures exposed to water, e.g. transporta-
tioninfrastructure such asroadwaysand bridges. Thus
ECC combineshigh ductility, high strength, and self-
hedling capability. Further sudiesinthefield should be
conducted to confirm thisexpectation in actual struc-
tures exposed to natural environments and the precise
chemica composition of rehed productsremainsto be
explored.
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