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Summary

Quasi-brittle behavior of concrete in tension oftamses formation of
cracks, which may impair durability and sometimesresafety of concrete
and reinforced concrete structures. One of possilags to address this
problem consists in reinforcing cementitious matwith discontinuous
fibers. In the present lecture, we focus on a classo-called strain-
hardening fiber reinforced cementitious compositgslCC), which can,
due to properly designed fiber reinforcement, sasségnificant straining
under increasing load in tension. The overall defition is mostly
attributed to formation and opening of a large nambf distributed fine
cracks bridged by fibers — a process called meltgpacking.

In the first part of the lecture, a multiscale fework for
characterization and modeling of damage in SHCCeri@s is outlined.
The proposed framework starts at the level of hmposites’ constituents
and ends with the composites’ performance when usedtructural
members. For each relevant length scale, dominabstaictures and
associated physical mechanisms of deformation amlade are identified
and appropriate analytical/numerical models areqred. Attention is paid
to ensuring proper interconnections among theseetaod

In the second part of the lecture, the effectsggfrassive environment
on mechanical performance of a selected SHCC ardiest from the
multiscale perspective. Consistent changes in aelevmechanical
properties are observed across different scales.effiect of environmental
exposure on macroscopic behavior (described bjnesi§, strength, and
hardening), is linked to changes of micromechanpmiameters, such as
matrix toughness and fiber-matrix bond.

In the conclusion, sustainable maintenance and teati®n of
infrastructure with better durability and admissileinvironmental impact is
identified as a prime area for the future use ofC&Hmaterials. The
presented research is one of stepping stonessimlitigction.



Souhrn

Kvazikiehké chovani betonu vtahu f@sto picinou vzniku trhlin,
které mohou degradovat trvanlivost &kdy i bezpénost betonovych a
Zelezobetonovych konstrukci. Jeden z moznyadlsaii, jak éelit tomuto
problému spdiva ve vyztuzeni cementové matricBd@dnim rozptylenych
vldken. V této pednéSce se zatfime na tzv. vlaknocementové kompozity
s tahovym zpewmnim (strain-hardening fiber reinforced cementitious
composites — SHCC), které mohou diky vhéodavrzenému vlaknovému
vyztuzeni snasSet pammé velké deformace ip zvySujicim se tahovém
namahani. Jejich makroskopicka deformace je palk&vmiry fisouzena
vzniku a rozevirani velkého @m rozptylenych jemnych trhlinek
premostnych vidkny.

V prvni ¢asti gednasky je v hlavnich rysech nastinvicedroviovy
ramec pro popis a modelovani posSkozeni v SHCC kaitgzh. Navrzeny
ramec z&ina na Urovni slozek kompozitu a Kéma Urovni jeho chovaniip
pouziti v konstruknich prvcich. Pro kazdou relevantni ardvezliSeni jsou
identifikovany dominantni substruktury a snimi @ mechanismy
pietv&eni a poruSovani a jsou uvedeny vhodné analytiokéénické
modely. Pozornost jeémovana tomu, aby bylo zaj&to nalezité propojeni
mezi jednotlivymi modely.

Druhé ¢ast gednasky je &novana vicelratovému pohledu na vliv
agresivniho progtdi na mechanické chovani vybraného SHCC kompozitu.
Konzistentni zriny mechanickych vlastnosti jsou pozorovany tmanych
arovnich rozliseni. Vliv progedi na makroskopické chovani (které je
popsano tuhosti, pevnosti a tahovym zgeaim) je uveden do souvislosti se
zménami mikromechanickych paramétrjako je lomova houZevnatost
matrice a soudrznost vlakna s matrici.

V zawru je jako primarni oblast budouciho vyuziti SHC@poziti
identifikovana udrzitelnd (drzba a vystavba infralstury s lepSi
trvanlivosti a pijatelnym vlivem na Zivotni progdi. Vyzkum
prezentovany v této ipdnasce tvd jeden ze zéklad pro dalSi rozvoj
v tomto snéru.
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1. INTRODUCTION

1.1 Motivation and approaches behind the development ofiber
reinforced cementitious composites

Concrete, in all its variety, has been the mostelyidised man-made
construction material. In terms of mechanical bé&vrawne of concrete’s
few shortcomings consists in its relatively lowestgth and quasi-brittle
behavior when exposed to tension. In reinforceccrte (R/C), steel bars
are placed in structural members so as to take tewsile stresses. In spite
of this, even R/C structures may exhibit cracksictvtare usually induced
by mechanical or environmental (e.g. thermal volurhanges, shrinkage
etc.) loads. Such cracks may compromise durabitifythe affected
members since they pave the way for water and lplgssther aggressive
agents from environment to enter their inner stmgctSubsequent reactions
with steel reinforcement result in its volume exgian which leads to
spalling of protective concrete cover and furthetedoration of the
structure. Quasi-brittleness of concrete may afpair structural safety,
especially in structures exposed to accidentalddady. during earthquake,
impact or fire) or in complex structural details,have sufficient
conventional reinforcement is technically diffictdt carry out (e.g. beam-
column joints, connections of R/C and steel elesjent

In the history of concrete, two, at times interldk paths have been
followed to eliminate the negative effects of cliiagk One approach aims at
eliminating cracks by increasing the strength oharete. This can be
achieved by using special admixtures, fine fillesd lower water/cement
ratio, which results in concrete with a denser pstiucture. The fresh mix
usually has good flowability and self-compactingogerties. Such a
concrete is less permeable to environmental agevligch improves its
durability. On the other hand, the higher strengtipaid for by increased
brittleness when the material fails. For this clagsaterials, the terrhigh
performance concrete (HPC) has been widely accepted.

The other concept is based on addition of fibete itoncrete mix,
which, rather than affecting the strength, increthgeenergy that has to be
exerted to form a traction-free crack — the fraetemergy. Although various
(most often natural) fibers used to be added taar®in ancient times, the
first and most widely used contemporary technolofythis type is thdiber
reinforced concrete (FRC). In this material, discontinuous fibers dir@ctly
added to a concrete mix. The amount of fibers jgctlly limited by the
requirement of fresh mix workability to a maximuratout 2% by volume.
As shown in Figure 1, the tensile behavior of catdynFRC differs from that
of concrete by the presence of a long “tail” in thesile stress-strain curve,
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Figure 1 Typical uniaxial tensile stress-strainvegrof quasi-brittle
(concrete, FRC) and pseudo strain-hardening (Dueiah-ECC)
cementitious composites

which is attributed to a crack-bridging effect dfdrs. Nevertheless in both
materials, a single major crack forms and open&wuuadiaxial tension.

A qualitatively different fracture behavior underrett tension can be
observed if the fiber bridging is sufficiently stig (more precise criteria are
discussed later) to allow formation of subsequeberfbridged matrix
cracks in a process called multiple cracking. Thetemal then sustains
increasing load with increasing overall deformatiand its behavior is
called pseudo strain-hardening or strain-hardefseg Fig 1). As a result,
such a material can exhibit relatively large ovemformation while
maintaining a macroscopic integrity. It may be ghessible to control the
crack width in such a range, that the cracks doimgiir the material’'s
durability. Reinhardt and Naamgdl], [45] introduced the ternhigh
performance fiber reinforced cement composites (HPFRCC) for this class of
materials. Since the expression “high-performarisg’ather general and it
is used by different groups to emphasize diffearistanding properties of
materials that they developed (see e.g. the eanéntioned HPC), RILEM
technical committee 208-HF@47] decided in 2005 to use a more
descriptive termstrain-hardening fiber reinforced cementitious composites
(SHCC) instead. It has been found experimentallgt tsome fiber
reinforced cementitious composites may exhibit ipldt cracking in
bending, but not in direct tension. Relevant tecAhtommittee of Japan
Concrete Institute (JC[L2] therefore proposed a broader tetuatile fiber
reinforced cementitious composites (DFRCC), which encompasses both
materials showing multiple cracking in bending d@hdse in direct tension
(HPFRCC or SHCC).



Pseudo strain-hardening and multiple cracking imest-based
composites can be achieved by various technolo@es. technique is to
employ continuous fibers or fabrics as reinforcemes it is done, for
example, intextile reinforced concrete (TRC) [2]. The use of fibers in the
form of fabrics requires that a special productoathod is used, which
makes TRC suitable only to a limited range of strtad members (shells,
sheets, pipes etc.). Other methods rely on theofise high amount of
discontinuous fibers (approximately 5 — 15% by wad). This also often
results in the necessity to employ special produactiechniques. For
example, in material calledlurry infiltrated fiber concrete SIFCON[42],
short steel fibers are first placed in a formwonkl subsequently infiltrated
by cement slurry. Materials commonly calledtra high performance
concretes (UHPC) are based on dense cementitious matriags &si those
of HPC, which are characteristic by strong buttleribehavior. To reduce
brittleness, the mix is enhanced by addition ofcaiinuous fibers.

Resulting composites, such as Ducdl], CARDIFRC" [9] or others retain
high compressive and tensile strengths, but aldubi&xsome multiple
cracking and moderate pseudo strain hardening niside, with tensile
strain capacity typically on the order of 0.1% (Fig.

From the viewpoint of production and processingsileiity, it is
desirable if the multiple-cracking behavior canadohieved with lower fiber
volume fractions up to about 2%, which makes itsjge to use ordinary

concrete mixing and casting equipment. To this eénd30] introduced a
material design approach based on a systematiofusé&cromechanics and
fracture mechanics-based criteria for multiple kiag. Materials developed
using this concept are calleshgineered cementitious composites (ECC).
Since materials of ECC class are central to thie toftthis lecture, they will
be discussed more specifically in the subsequetibse

More details on the history and nomenclature ofrfilveinforced
cementitious composites can be found for exampke necent review paper

by Naamarj43] or JCI repor{f12].
1.2 Engineered cementitious composites

To achieve multiple cracking, a brittle-matrix fitus composite has to
satisfy two criteria formulated on the basis otftae mechanics:

e The ‘steady state cracking criterion’ requires thatatrix crack can
eventually grow under constant applied far fieldaxial tensile stress,
as the bridging stress in the middle of the craekomes equal to the
applied stress. To that end, an appropriate balbateeen sufficiently
high fiber bridging stress-transfer capacity anffidently low matrix
toughness must exist.



» The ‘further cracking criterion’ requires that thmatrix cracking
strength (far field stress at which a throughoutrinarack forms) is
lower than the maximum bridging stress (maximurasstrthat bridging
fibers can transfer across the crack). Consequeadglitional parallel
cracks can form under further loading.

These criteria were set forth in works of Marshadl £0x[38], Cox et

al. [6] and Naamarj41]. Employing micromechanics, Naampti] and Li

and his co-workers, e.d33], [35], [25] expressed the conditions for
multiple cracking and pseudo stain-hardening im&eof micromechanical
parameters of fiber, matrix and fiber-matrix ingeré. These parameters
included, for example, fiber volume fraction, fibespect ratio, fiber
Young's modulus, matrix Young's modulus, matrix dnare toughness,
initial flaw size, fiber-matrix bond characterigtjcetc. Using these criteria,
it was possible to optimize the material compogitem as to achieve the
desired multiple-cracking ability and overall dlitfiwith a relatively small
amount of short fibers. To emphasize the use @aaus micromechanics-
based material design methodology, the materiads catled engineered
cementitious composites (ECCs)[30]. Although various fibers have been
used in ECC (e.g. steel, high modulus polyethyleneyadays a typical
ECC consists of cementitious matrix with very faggregate and up to 2%
by volume of polyvinyl alcohol (PVA) fibers 12 mnorlg and 40um in
diameter. Such a composite exhibits overall tensitain capacity up to
several percent (Fig. 1), while maintaining cradlttv on the order of tens
of um [52].

It should be noticed in Figure 1 that, as opposedJHPC, ECCs
typically show moderate tensile strength but veighhtensile strain
capacity, which is associated with extensive andsdemultiple cracking
(Fig. 2b). This implies that structural use of theo types of strain-
hardening composites should follow conceptuallyfedént ways. While
structures with UHPC are basically designed notreeck, to make use of
ECC features, multiple cracking must be acceptédictiral applications
of ECC can be categorized into following groups:

1. Structural bearing elements, which have to sutaage deformations
under alternating load, such as antiseismic cogfi@amg40], walls [10]

or short columngl11]. In these elements, ECC is used in conjunctigth
conventional reinforcement (reinforced ECC — R/ECG) contrast to
conventional R/C, ECC maintains overall integritydainteraction with
reinforcing bars even at large deformations, whiebults in improved
deformation and load carrying capacity under loawekrsals and enhanced
ability to dissipate energy of the members.



2. Nonbearing elements or details which sustaineraiéd deformations
in a harsh environment, such as waterway, dam GrdRtge surface repair

layers [48], ductile strips for elimination of shrinkagench temperature-

induced cracking in bridge decks (link sldBp], [36], or sewage lines. In
these applications, the abilty of ECC to accomntedanevitable
deformations while maintaining submillimeter craekdth is utilized to
improve structural durability.

3. Highly strained structural details, where streémcentration occurs
due to contact of materials with different stiffeg®.g. steel anchors in

concretg44].

The material cost of ECC is, in general, highenttieat of conventional
concrete and depends on the type of applicationekample, in the case of
the link slab, the cost of cast in-situ ECC was twothree times more

expensive than concref22]. However, it should be noted that ECC is not
intended to form the bulk of constructions; rattiem that, it is strategically
employed in elements where its superior propertas be fully utilized.
Recent studies examining the environmental impadt ldecycle cost of
ECC structures show that in a long time span, u&i@g can lead to a

considerable cost advantage and environmental ite[4].

2. MULTISCALE FRAMEWORK FOR MODELING OF ECC
MATERIALS

It follows from the discussion in the previous setthat using novel
materials, such as fiber reinforced cementitiousmosites, in engineering
practice can bring about considerable advantageterims of structural
durability and safety. At the same time it poseswynahallenges, such as
lack of empirical knowledge about the materials avér and long-term
performance, lack of established design provisicasd possibility or
necessity to apply the new materials with unorthodtiuctural concepts
and construction methods. To stand up to thesdectggs, it is desirable to
employ innovative design methods.

So far, design of materials and design of strustir@ve been mostly
performed separately. Recently, however, the cdnagfp integrated
structures and materials design (ISMD) has been proposed by Li and
Fischer[32], [31]. The integrated structures and materials ceajgproach
implies a two-way interaction between structurakige and material
development: structures are to be conceptuallygdesi so as to take full
advantage of materials’ properties, while materais to be tailored to
specific structural needs.
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Figure 2 Relevant length scales in modeling ofttreecin ECC[15]

For application of ISMD in engineering practice,ist necessary that
suitable computational modeling tools are availalfe particular, these
tools must meet the following requirements:

» to allow reliable prediction of new materials’ pemhance when they
are used in structures;
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» to provide insight into mechanisms of the materiaslinear behavior
and failure on structural scale;

e to provide a transparent linkage between the nagéri
composition/microstructure and their structurapmse.

Macroscopic material properties (such as strengtia) behavior (such
as hardening) that govern structural performancg b@aalways attributed
to physical phenomena that occur on a smaller ferggtale (such as
propagation and localization of microdefects). Whtmese sub-scale
phenomena are looked at in detail, it possiblertd that they result from
mechanisms that occur on yet a finer length seald,so on. Thus, it seems
as natural that a modeling concept, which captutles dominant
mechanisms across several length scales, showdd affeliable predictive
capability of materials’ macroscopic behavior whiteaintaining clear
interconnection to their composition and microstuue.

In multiscale modeling, the goal is to predict theoperties and
behavior of complex materials or structures acedlsselevant length scales
starting from fundamental physical mechanisms. @pthally, two
different approaches to multiscale modeling havenbesed. One of them
attempts to employ simultaneously computational wesl dealing with
individual length scales, while communication betwethe modules is
ensured by a sort of “handshaking” proced(8 Another type of
multiscale concept employs a sequential hierardhgnalytical models, in
which larger-scale models use coarse-grained reptatons of the
material’s substructure based on information oleifrom more detailed,
smaller-scale models.

Against this background, Kabeld5] set forth application of the
sequential multiscale approach to modeling of stma¢ performance of
ECC materials. The main elements of this work eiterated hereafter.

2.1 Relevant length scales

The requirements on structural performance in coosbn industry are
usually specified on the scale of a structural mamitith dimensions on the
order of 18 m. By structural performance we may understandefample,
load carrying capacity, ductility, or durability @ member. Very often,
crack formation, propagation, and localization plime major role that
affects the performance. While in the case of l@adl displacement
capacity, the relationship to fracture is obviothgrability can be related to
resistance against penetration of aggressive ammieatal agents, which in
turn depends on a crack width. Accordingly, desmp of fracture
phenomena should be central to our modeling effort.

The size of geometric details of structural memhesgally falls within
the range of 16 to 10> m. At this length scale, which we will call a
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macroscale, it is possible to distinguish different materialsthe member,
such as ECC and conventional steel reinforcemenetlsas large localized
cracks (macrocracks) — see Figure 2a. Phenomepanii&terial strain-
hardening and softening play the dominant roléiatlength scale.

Largest inhomogeneities in materials like ECC (fiyenitial defects,
etc.) are distinguishable onndcroscale, i.e. in the size range on the order
of 10° to 10° m (Figs. 2d, e). Propagation of matrix cracks from@existing
defects and pullout of fibers that bridge theseksacan be considered as
the dominant mechanisms at this length scale.

When an ECC material undergoes multiple cracking,dracks form a
dense pattern of sub-parallel surfaces with spaoimghe order of 1&m
and width on the order of fOm, as obvious in Figure 2b. The figure also
shows that a crack length reaches the order of iatgnof 10° m. The
length scale at which we recognize these distributeltiple cracks will be
denoted asmesoscale Il. Evolution of the cracks’ quantity as well as
opening and sliding of these cracks are the phenartigat have the major
effect at this length scale.

When a crack is looked at in detall, it is possiblesee that it is bridged
by a large number of fibers (Fig. 2¢). The lengthls that captures these
numerous fibers bridging an individual crack wile breferred to as a
mesoscale |. Transfer of forces by fibers across a crack & dlominant
mechanism on mesoscale |I.

Within the scope of this paper, we will not lookdstails beyond the
microscale. Mechanisms that take place on the tesicale of pore structure
and grains of cement paste as well as those tltair de the fiber-matrix
interface transition zone (ITZ) will be treated pbenenologically.

2.2 Scales linking

In the sequential multiscale approach, a detaitedytical or numerical
model is established for each of the relevant lesgales — see Figures 2f-j
and Sectior2.3. In these models, only the dominant materibssuctures
and associated mechanisms, which are recognizalttee acorresponding
length scale, are explicitly represented. To lihk models across length
scales, the following methods can be used.

2.2.1 Spatial averaging

The concept of spatial averaging is applicable ahly is possible to
identify a spatial element, which contains numersubstructures (fibers,
cracks, etc.) on a finer length scale, yet, orrgelascale, it is small enough
that it can be viewed as a material point. Suchelement is called a
representative volume element (RVE). Then, it is acceptable and
computationally convenient to model the materiakloa larger length scale
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by a spatially uniform constitutive law, which isetdrmined as a
relationship between an overall stress and ovdefthrmation of the RVE.
These overall quantities are defined as spatiatages of corresponding
local quantities on the finer length scale, evadabver the RVE. The
relations among the local quantities, which are general variable
throughout the RVE, are expressed through the RdEtailed analytical or
numerical model.

In the hierarchy of the present multiscale modwat, method of spatial
averaging is applied to link the microscale and aseale | and to
interconnect mesoscale | and mesoscale Il. Initse dase, a generalized
bridging relationship on a single crack is obtairted averaging forces
carried across the crack by a large number ofdiblerthe second case, the
RVE concept is employed to obtain effective properof a material in a
multiple cracking state while taking into accountmrerous cracks. These
effective properties are then used when analyzimg behavior of a
structural member on the macroscale. In specia¢szashen the entire
structural member can be viewed as an RVE, the adetbf spatial
averaging can be also utilized to interconnectrifaeroscale and the scale
of a structural member.

2.2.2 Finite element method

Depending on the analyzed structural element siad Bading
conditions, during the transition from the mesosdabr macroscale to the
scale of a structural element it may not be possitd identify a
representative volume element. In such cases,chlessare linked by the
finite element method (FEM), in which appropriatenstitutive and
analytical models are implemented to representtminant phenomena at
the lower scale.

2.3 Analytical models on individual length scales

2.3.1 Microscale — crack initiation

It has been generally accepted that formation dfimaracks in fiber
reinforced composites, when they are exposed tsidenor shear, is
associated with initial matrix flaws (e.@4], [51]). Some analytical models
(e.g-[39], [35], [54]) idealize initial flaws as flat cracks bridgég fibers,
while others consider them as round voids with srealanating “wing”
cracks[20], which is more consistent with the observednogtructure (see
Fig. 2d and[51]). The condition for propagation of these cmdk then
formulated by comparing the stress intensity fatrthe energy release
rate) due to applied load, possibly reduced byefifiect of bridging, to the
fracture resistance of matrix (fracture toughni€gsor fracture energy,,).
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Note that the stress intensity factor or the eneetgase rate depends on the
flaw shape, its size and the applied load. Material at this length edal
then described by parametey, or J,,, the bridging traction, and flaw shape
and sizec. The latter can be given as a single value or Istadistical
distribution.

By using the fracture criterion it is possible ®timate the first crack
strengtha;. (which is defined as the far-field stress at whtioh largest flaw
initiates formation of the first matrix crack undamiform uniaxial tension)
as well as cracking strengths associated with dréitiated ati-th flaw © a.

Yet another approach is proposed by Dick-Nielseralef7], who
modeled the initial flaw as a traction-free slideamalyzed the stability of a
cohesive crack propagating from it. The first cratkength, which they
defined as the far-field stress at which the matmack propagation
becomes unstable, matched well experimental values.

2.3.2 Microscale — fiber-matrix interaction

Cracks propagating through a composite intersdmtrdi As these
cracks open and/or slide, the fibers that bridgamttare pulled out of a
matrix. This results, first, in fiber debonding repagation of a tunnel crack
along the fiber-matrix interface from the crackfaoe toward the embedded
end. The debonded part of the fiber stretches tmutdeformation is
constrained by friction at the fiber-matrix intexéa This process is modeled
e.g. by Lin et al[37] (Fig. 2j), who derived the relationship betwefier
pullout force P and pullout displacemem\ for a short straight fiber
perpendicular to the crack surface as:

P(A):\/lzerEfd?(1+,7)A+ HZGdEfdf3(l+,7) (1)

2 2

wheren = (EV)/(EwWVnm); Vi = matrix volume fractionE,, = matrix elastic
modulus,V; = fiber volume fractionf; = fiber elastic modulusy; = fiber
diameter; G4 = fiber-matrix chemical bond strength (fracturesiseance
against interface crack growth); armg = frictional stress on debonded
interface (assumed constant due to small slipisnghase).

After a fiber has completely debonded, it startslifp out of the matrix.
Usually, the extension of the fiber is very smalmpared to the slip and
therefore the fiber can be regarded as axiallydrigi this phase. The
slipping is resisted by the friction acting on fiteer-matrix interface. This
friction can either increase or decrease with pedoeg pullout, depending
on the fiber material. For example, when synthBW¥A fibers are used, the
shear-slip relation has a hardening character adiber abrasion and chips
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clogging the interface. For such a case, R relationship is derived in
[37] as:

A-A,

P(A)=ndfr{1+,6’ :I(LE—A+AO) (2)

f

where § = fiber-matrix interface slip-hardening parametég; = fiber
embedment length; anfl, = pullout displacement at which debonding is
completed (depends ap E;, d,, Gq, T, andLy).

When a fiber is not perpendicular to the crackaafand/or it is pulled
in direction inclined to the crack surface, it sawgainst the matrix at the
exit point. Li [29] uses the model of a frictional pulley to regmet this
effect. The pullout force is then expressed as:

» (8)=P(2)e” 3)

wheref = snubbing friction coefficient angg = angle between the fiber
embedment direction and the pullout direction (Big.

When a bridged crack undergoes opening and slidingle g may vary
between 0 andz However, if a fiber is pulled backward (angle
¢D<7r/2,71'>), it will almost certainly cause local damage (bpg) of the

matrix at the exit point. A simple implementatiofthis phenomenon is
proposed by Kabele ifi4]: it is considered that spalling occurs for any
fiber, which is pulled at angle exceeding a giveitical value and the
bridging effect of such a fiber is further neglett&he problem of matrix
spalling is more precisely analyzed by Leung an{Bj, who derived the
spalling criterion by a parametric study based afetailed finite element
analysis. An empirical formula for the spallingesiz proposed by Yang et
al.[56].

Figure 3 Fiber location and direction relative taak surface: a) prior to
pullout; b) after pullout due to crack opening atiding[15]

16



2.3.3 Microscale — protruding fiber

When a fiber-bridged crack opens and slides, thiegrout portions of
fibers spanning the crack undergo deformation. Bdehthis phenomenon,
it is necessary to relate the vector of force tmittied by a fiber

P={P,R,P,} to the vector of relative displacement of the fibetween

crack facesd={4,,3,,d,} (see Fig. 4, Fig. 2h). Deformation in fiber axial

n'>~t '~ m

direction is usually neglected, since its contiidnutis very small compared
to the displacement due to debonding and pullout. tie other hand,
resistance of the protruding fibers against reéatangential displacement
of the crack faces (slip) may play a significariero

One possible way to model this effect is based onsidering the
protruding part of a fiber as a beam, possibly sujgn by elastic-brittle
foundation, and subjected to bending and sheaerng[@8], [27], [13], Fig.
4). The shear components of fiber foreg, P, then can be related to

components of relative displacemeht where d, corresponds to the beam
span. Another approach consists in assuming theatptbtruding fiber is
axially rigid, but perfectly flexible (i.e. that transfers only axial force) —
see e.g[14]. It is then simple to treat finite displacen®iof the fiber by
requiring the vector of relative displacementsand the fiber force vector
P to be collinear. Which of the two approaches igrapriate depends on
the fiber shear and axial stiffness and the rafiothe crack opening
displacementd, and the fiber diameted;.. In ECC with polymer fibers,
when &, is comparable td; the fiber can be viewed as a beam, its bending
can be neglected and the all tangential displacemam be attributed to
shearing. On the other hand, when bdthd, and & are large compared to
ds , the assumption of perfectly flexible fiber ispappriate.

A bridging fiber may rupture before it is fully detdded or pulled out.
Kanda and L{23] report that synthetic PVA fibers tend to rugtat lower
force than that corresponding to their nominal reite, when pulled in
inclined direction from cementitious matrix. Thisgmomenon is attributed
to abrasion of the fiber during pullout, snubbiagd extensive bending at

Py
P

q

n

Q
| V a
Figure 4 Bridging fiber force and relative displaent of crack surfaces
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the exit point. In referend@3], the authors propose an empirical expression
for the critical axial force at which fiber breaks.

2.3.4 Mesoscale | — fiber bridging

It is evident from Figure 2c, that on mesoscalan,element of crack
area can be modeled as a plane of discontinuitichaib bridged by a large
number of fibers. Yet, as Figure 2b indicates, tet larger length scale
(mesoscale II) the element appears as a point.€gomestly, the element of
crack area can be regarded as an RVE that colldpsed3-D to 2-D (we
refer to this RVE as RVHo reflect association with mesoscale 1). Overall
behavior of RVE is expressed as a relationship between bridgiagion
vector t® and vector of relative displacement of the crasfasesd (Fig.
2h).

In a material like ECC, location and direction itifefrs can be assumed
to be random within RVE Behavior of individual fibers is described by the
models discussed in Sectiofs3.2 and2.3.3. The local quantities are the
fiber forces and the fiber relative displacemeritse position of a fiber
relative to coordinate systemt-m affixed to the crack surface can be
expressed by angle§ and & and perpendicular distan@zebetween the
fiber centerC and the crack surface (Fig. 3a).

To obtain the relationship that describes the dveehavior of RVE,

the element is exposed to uniform crack displacérdeand corresponding
traction t® is calculated. The derivation of th&® - & relationship is
hereafter demonstrated for the case of perfectlyilile fibers following
[14]. But the same concept is applicable, when rpdihg fibers are

modeled as beanj$3]. The derivation of fiber-bridging constitutivaw is
also reviewed and further elaborated in a recehtigation by Yang et al.
[56].

Assuming that fibers are perfectly flexible, eadldging fiber must
exhibit the same pullout displacemerﬂ=|5| (Figs. 3b and 2h).

Furthermore, bridging force vectors of all fiberg garallel and collinear

with vector & . Then, following[34] and[14], the overall tractiori® can be
expressed as a sum of forces contributed by algbrg fibers divided by
the area of RVE Thus, for a 3-D random fiber distribution andemitation,

the magnitude of® is:

- (VAR ST L 9. B
|t b| ) Xfel'[ooz'[oie'[o P(‘é‘ ! Le)ew C;nz SmHZdLEdGZdHl )
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where I:E = Lez andL; = fiber length. Either Equation 1 or Equation 2 is
f

substituted for fiber forc®, depending on the magnitude of fiber pullout

displacement and fiber embedment length. Consigedallinearity of

vectors & andt, we obtain the relationship that describes therailve
behavior of RVE Note that the effect of matrix spalling and fivapture
can be incorporated in the preceding derivatiomXsiuding affected fibers
form contributing to the bridging tractid@3], [14].

The concept outlined in the preceding paragrapladsis applicable to
describe the behavior of a crack when it is unldad&y unloading of a
crack we understand the situation, when the alesaligtance between
crack surfaces closes, i.e. its incremental ch@gegative. Bridging fibers
then do not undergo any further debonding and pulltnstead, they
elastically contract. When the fiber force becomegative, the phenomena
of fiber buckling and push-in into a matri%5] as well as crack surfaces
contact should be considered.

2.3.5 Mesoscale Il — multiply-cracked material

Comparison of Figures 2 a, b shows that when a bigitiormance
composite undergoes multiple cracking, it may besjide to identify a
spatial RVE that contains numerous cracks when egkan mesoscale I,
but it is small enough to be reduced into a mateoat on the macroscale.
This RVE will be denoted as RVHo indicate association with mesoscale
Il. The overall behavior of RVEis then characterized by overall stregs
and overall strairg;, which are defined as volume averages of locakstr
and strain (respectively) over RVEThe relationship betwees; and g —
the overall constitutive law — is obtained by exipgsa model of RVE that
captures all details relevant to mesoscale Il tondiorm stress along its
boundaries and calculating its response in ternmvefall strain.

2.3.5.1 Process of multiple cracking

While modeling the process of multiple cracking wensider the
fracture phenomena, which are observed when armmpecdf ECC material
is exposed to uniform uniaxial streg3n a direct tension test, as shown in
Fig.2i. Then the whole specimen can be looked oR\&'. The process of
multiple cracking is schematically depicted in Figin terms of the applied
stresso and overall deformatiorg. The specimen’s behavior is initially
linearly elastic until the applied load attains teeel of the first crack
strength ., at which a matrix crack starts to propagate fithi largest
preexisting flow. Due to low matrix toughness thiack propagates in an
unstable manner through the specimen in the dimecapproximately
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Figure 5 Process of multiple cracking under unieb@asion[15]

perpendicular to the loading. However, the cradiridged by fibers, which
ensure that it maintains a flat shape with operidigplacement almost
uniform over its area. The crack exhibits a hamdgnresponse, i.e.
increased load is needed for it to further opers ftoted that the flat shape
of cracks and hardening crack response are direasetjuences of
satisfying the essential criteria for multiple damg (Section1.2). If
additional loading is applied to the specimen, auses opening of the
existing crack and formation of another matrix &#&om the next largest
flaw. The whole scenario then repeats, resulting $et of almost uniformly
distributed cracks seen in Figure 2b. The procdssultiple cracking
terminates once the load carrying capacity of bnigds exhausted due to
extensive fiber pullout, fiber rupture or matrixaippg on any of the crack
planes. Consequently, bridging on this crack exhibbftening and fracture
localizes into this crack.

If the sizes and spatial distribution of initialafls are known or
assumed, the criteria described in Seclidhl can be used to determine the
load level at which each flaw should develop inteheoughout bridged
crack. The bridging traction can be expressed uiagnesoscale | model
described ir2.3.4. When a throughout matrix crack forms, bmdgfibers
carry the entire acting load. This load is graduadansferred back to the
intact composite adjacent to the crack throughtifmicat the fiber-matrix
interfaces. This implies that there exists a certaiinimum distance
between adjacent multiple cracks in which no neaclkrcan forni53], [20].
Therefore, in some composites, saturation of nileltipracking can be
observed, which is a state when all multiple craskstinue to open but no
new crack forms.
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2.3.5.2 Overall stress and strain
Consistently with the observations discussed iniGe®.3.5.1, RVE

of a composite in the state of multiple crackinglemuniform stress in 2-D,

whose components develop in arbitrary non-propoeafiomanner, is

modeled with the following assumptiofist]:

e A set of multiple cracks starts to form when thegmitude of the
maximum principal stresg; attains the level of the first crack strength
o.. The cracks are planar within the RVE and are gradjcular to the
maximum principal stress direction.

» Under further increase of stress, new cracks maw,fbut they are all
assumed to be perpendicular to the principal stlesstion determined
wheng; = a.. The number of cracks depends on the maximum taegl
crack-normal component of stress has attained ¢fimmut a history of
loading/unloading. This relationship can be obtdinsing the procedure
discussed in Sectidh3.5.1.

» All cracks may exhibit opening and sliding displaemts, which are
resisted by fiber bridging action. The bridgingi@etis represented by
the mesoscale | model described in Seci@4.

» A secondary set of cracks may form, with crackgperdicular to those
of the primary set, if the normal stress in theoselary crack-normal
direction exceeds the first crack strength. Othesueptions are the
same as for the primary set. No interaction betwkersets is assumed.
The model of RVE is shown in Figure 2g. Note that local Cartesian

coordinate systerd-7—{ is introduced so thaf-7 plane corresponds to the

loading plane and axig is normal to the cracks of the primary set. This
means that in the mesoscale | model, amesd, n = ¢, t = 17 for the primary
crack set om=-¢, n= 7, t = £ for the secondary crack set.

We recall that to define the overall constitutiaer] RVE' is exposed to

a uniform stress with componentsg g,,,0:} on its boundaries (Fig. 29).

As shown by Kabelg13], the overall stress is then equal to the aobli

stress. While analyzing the response of BMBe state when matrix cracks

unstably propagate from initial defects is negldaead only the state when
they cut throughout the element is considered. Ttherbridging tractions
on each crack must be in equilibrium with the aggbliniform stress.
The overall strain is expressed as:
g =6 Te o (5)
where g° = average strain in the continuous material betwe@cks and
&™< andg™" (which we call cracking strains) represent thetdontion to
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the total overall strain due to cracks of the prynand secondary set,
respectively. The components of cracking straintmaexpressed §%3]:

mCs — 1 a (k) ¢, + meé — my — ncy — 1 o (k)
VKZ: .[ 5€dS e = O'gc"c" = O’gw '= VKZ: .[ 5”dS
$1 &l 18 ? ©
mé — . meé — & (k) s¢ my — My — = k) s
RS sz_;é!‘ > J, ds’ €5 €y VKZ_:S;[ 5 J! ds*

where ¢ and &, = opening displacements of cracks belonging to the
primary and secondary set, respectivef and J,7 = crack sliding
displacementsp® andp” = numbers of cracks in each set; ahdnd|” =
dimensions of RVI (see Fig. 2g).

We recall that the crack opening/sliding displacetaeas well as the
number of cracks per length are related to theieghptress through the

finer-scale models and that the overall strajn depends on the stress

through an intact composite compliance. Thus, theral constitutive
relationship of RVE has been obtained.

2.3.6 Macroscale - structural member

The model on macroscale must capture geometrid¢allgl@nd distinct
materials of structural members and possibly laedlimacrocracks, which
occur in ECC after its hardening capacity is extedigFig.2a). Behavior of
the constituent materials is represented througir thverall constitutive
laws, such as that derived in SectiB.5. To analyze the overall response
of the macroscale model, the method of spatialagieg may be used in
special casefd 4]. Otherwise, the FEM is employed.

2.4  Validation and application

In general, validation of the models for distinend¢th scales can be
found in the literature referred to in each sulisecbf Section2.3. The
present concept of the multiscale modeling or it have been
successfully used to solve various problems, ssctiraulation of damage

evolution and failure in ECC under complex stresates [16], [5],
simulation of the effect of flaw size distributian uniaxial stress-strain

relationship of ECC materig20], [15], and others. It has been also utilized
in the material model of SHCC implemented in consizr-EM program
ATENA [4].

22



3. MULTISCALE CHARACTERIZATION OF PVA-ECC
EXPOSED TO AGGRESSIVE ENVIRONMENT

3.1 Introduction

As we discussed in Sectidn2, the use of ECC is often seen as one of
possible ways to improve durability of concrete aRdC structures,
especially of those exposed to harsh environmenmFRhe durability point
of view, it is important that the widths of the thisuted multiple cracks
remain in the sub-millimeter range, even when therall strain attains the
level of several percent. Since the overall medwnbehavior of ECC
materials is closely related to their tailored rogtructure, this ability can
be estimated if the effects of aggressive envirotmen mechanical
phenomena that take place at the micro- and mesosee known. Kabele
and his co-worker§17], [18], [19] recently experimentally investigate the
effects of chloride environment and calcium-leaghanvironment on the
mechanical behavior at various levels of the corntgg'smicrostructure.
The two types of chemical attack were chosen stoa®present, in an
accelerated manner, the typical environmental axgosanticipated in
structures where ECC is used for improved durgbifiir example bridge
decks, waterways, dams, retaining walls, sewersSetme results published
in the most recent artic[@9] are reviewed hereafter.

3.2 Material

The material used for the present study was the HE®loped by
Kajima Co. (Japan)49], and produced by Futase Co. (Japan) under
commercial namé&CC-crete. The material is provided by the producer in
the form of a dry mix. Its main constituents aretRRad cement, fly ash,
fine sand, and PVA fibers 40m in diameter and 12 mm long (2% by
volume).

3.3  Specimen fabrication

The dry components, water and additives were mired planetary
mixer following a production manuf21]. The wet mix was cast into molds
and covered with a plastic sheet. After hardenspggcimens for tension,
compression and fracture tests were prepared binguhe cast pieces.
Simultaneously with the cast pieces, samples foglsifiber pullout tests
were prepared. These specimens were produced foliothe method
explained in[17] and[18] by casting the mix without fibers into cylirdal
molds (32 mm in diameter and 27 mm long) and emingdd single
protruding fiber.
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3.4  Accelerated ageing in aggressive environment

After hardening and cutting, the specimens weresag to three types
of environment. Samples denoted as O-series wereilkgoom conditions
as a reference. Specimens of S-series were keyaniditions simulating in
an accelerated manner environment of structurggarimity to sea or in
areas where de-icing salts are used. The treatroasisted of 10 cycles of
5-days immersion in a saturated solution of NaCR@t°’C and 2-days
drying in oven at 50C. Samples of N-series were kept in calcium-leaghin
environment, which can be encountered, e.g., inemays, dams,
underground structures, sewers, or agriculturalctitres exposed to soft
water or water containing nitrates. Leaching wasfgymed by immersing
the samples for 70 days into 6 mol/l water solutadnNH,NO; at room
temperature. After the chemical exposition, thecspens were left in room
conditions for 18 to 32 days before being tested.

3.5 Testing methods

3.5.1 Three-point bending fracture tests

One of micromechanical parameters that play an itapbrole in the
energy-based criteria of multiple cracking (Sectib®) is the crack-tip
fracture energy,. This quantity characterizes the resistance timaeerial
offers against initiation of a matrix crack from re-existing flaw
(perceived as a sharp crack) prior to activatiorfileér bridging. For a
composite with a small fiber volume fraction, itapproximately equal to
the fracture energy of the unreinforced matkix In order to evaluatép,
three-point bending tests on notched beams wengedaout. A typical
specimen size was %R0x150 mm, the notch length was 4-5 mm and the
span was 140 mm. The tests were conducted undelacisnent control
and the applied force, machine cross-head displesesnd notch mouth
opening displacement were recorded. Specimens’onsgpwas initially
linear elastic. The onset of matrix fracture wasadly identifiable as sudden
change in the slope of the load-deflection curveéke-corresponding load
was denoted aB,. Then we can use the linear elastic fracture machdo

evaluate corresponding critical stress intensitydiK; ;, [50] as:

=O%:S fa (a,b) @)

wheres = beam spar) = beam height, = beam thickness = notch length,

F = shape correction functiof®0]. The crack tip fracture energy is then
calculated as:

24



Ky
3 =" (8)
whereE composite Young modulus.

Considering that, due to their small size, moghefsamples failed by a
single crack, the three-point bending test was ueeextract yet another
characteristic, the fracture energy ofiagle fiber-bridged crackly. This
qguantity is defined as energy released by formatibra unit area of a
traction free crack. It involves the energy relebaby propagation of the
matrix crack as well as a component due to digjginihe crack fiber-
bridging. Since in ECC the latter far exceeds themér, J actually
characterizes the efficiency of fiber bridging. \&aluatedl,; by adapting
the RILEM work-of-fracture methof#6] (neglecting the beam self-weight)
as:

(©)

whereP = applied forceu = load-point displacementy, = displacement at
complete separation.

3.5.2 Single fiber pullout tests

In order to gain a better understanding of the omwchanisms that
govern the fiber bridging process, pullout testsreveonducted on

individual fibers, using the procedure describefllif] and[18]. To this end,

mortar specimens with a single embedded fiber wserl. The specimen
was first fixed into a loading frame. Subsequetitly protruding fiber was

attached to a load cell fixed to the cross-heath@fload machine. The test
was conducted under displacement control. Appliecce, cross-head

displacement and protruding fiber-end displaceragainst the mortar body
were recorded.

3.5.3 Uniaxial tension tests

Uniaxial tension tests were carried out to exanhioe the ECC overall
tensile behavior is affected by the environmeniglosure. The tests were
conducted on prismatic specimens with typical disi@ms of 1&20x150
mm. The specimens were strengthened by gluedsieets on both ends so
that the remaining free length was 70 mm. Each amps attached to the
loading machine by rigid grips and fitted with ebp extensometer
spanning the entire free length. Tests were coeduahder displacement
control and applied force, machine cross-head aigphent and strain were
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recorded. From the processed stress vs. strain, dhta following
characteristics were identifieds. = first cracking strength — stress at the
point where the response exhibits the first droplaad or significant
decrease of stiffnessy, = post-cracking strength — maximum stress
attained after first cracking,. = strain capacity — strain &.

3.5.4 Uniaxial compression tests

The objective of uniaxial compression tests wasvaluate overall
Young modulus and compressive strength of the caitgaoThe tests were
performed under displacement control on prismaimes with typical
dimensions of 1212x70 mm.

3.6 Discussion of measured data

The averaged results of all valid test data arensarized in Table 1.
The uniaxial compression tests revealed that tineposite elastic modulus
E was almost unaffected by the exposure to chlorshel elevated
temperature (S-series), while the compressive gtiheshowed a slight
reduction. On the other hand, nitrate environmeyséries), which is
known to degrade cementitious materials by thegs®of calcium leaching,
caused a drastic reduction of both of these values.

The average values @ ;p, Jip, andJ,, calculated from notched beam
fracture tests are listed in Table 1. It is seext #pecimens of the S-series
showed a significant increase in the resistancénspaitiation of matrix
crackK; ;, when compared to the control specimens kept imroonditions
(O-series). The same tendency is also observed wheertalculate the
corresponding crack tip fracture enerdy. Nitrate environment, on the
other hand, caused reduction of the critical stiessity factorK 4. It is
noteworthy, however, that the crack tip fractureergy Ji, actually
exhibited increase for the N-series, which is lattiéd to the reduction of
elastic modulus (see Eq. 8). The calculated fractmergy of a single crack
Jt decreased due to the action of chloride/dryingrenment. For the N-
series, there was an apparent increask,qhowever, this might be due to
the fact that multiple cracks developed in somecispens). It should be
also noted that the fracture enerdly indeed exceeds the matrix fracture
energyJ;, by 2 orders of magnitude, as it was discusseceatian 3.5.1,
and therefore can be interpreted as a measure effiber-bridging
efficiency.

Figure 6 summarizes the valid results of individiifa¢r pullout tests in
terms of applied forcé’ and protruding fiber-end displacemedt As
discussed in detail ifil8], we can infer the micromechanical phenomena
occurring during the fiber pullout process from gheplots. Taking the
upper curve of O-series in Figure 6 as an examiple, distinct parts

26



correspond to elastic deformation of the fiber befonset of debonding
(initial linear part), debonding (hardening pa)id pullout (descending
part with rebounds). The sudden drop then corredgptmfiber rupture. The
lower curve, on the contrary, indicates that theffidid not rupture and was
completely pulled out. The pull-out curves for $ise show a considerably
different behavior. The debonding phase is mucffestiindicating an
increase in the chemical bond between fiber andixndthe pullout phase,
which follows the first load drop, shows a sigrdifit hardening, which is in
all cases terminated by fiber rupture. This impliezeased frictional bond
and probably damage to the fiber surface. Specin@nshe S-series
sustained the highest loads on one hand, butebriifture on the other. In
the case of N-series, the debonding resistanceaasderably reduced. All
fibers debonded at relatively low force and subsetly were pulled out
without rupturing. The response was weak, but thicti

It should be noticed that the results of the pulkests are qualitatively
consistent with the behavior on the scale of alsiegack observed in the
fracture tests. It can be concluded that the ettdrient associated with
exposure to cycles of chloride and thermal treatnmgedue to the stronger
fiber bond, which: a) results in the increase atéocarried by bridging
fibers and b) causes more damage to fiber surfadag pullout. Both a)
and b) then spur rupture of fiber bridging. On thentrary, leaching
environment reduces the fiber bond, which faciisafiber pullout and
subsequently causes less brittle response of alfiiged crack.

Figure 7 shows the overall stress-strain curvesiobtl from the
uniaxial tension tests. Averaged values of measpagdmeters are listed in
Table 1. It is noted that the tests were perforrnadspecimens with a
relatively small cross section. In previous compeeatests it was found
that this configuration, in general, results inskrsdevelopment of multiple
cracks and lower tensile strain capacity than wla&ger specimens are
used. In the present tests, the control speciménsefies) exhibited
moderate strain hardening and multiple crackingh strain capacityg, of
about 0.6%. It should be noted that in most caeshardening behavior

Table 1 Summary of experimental results of PVA-HCEY]

notched beam bending uniaxial tensign  uniaxial cdmp
Ser. Ki tip Jip Jiot G. | O | & | E |strength
(N.mm*?) | (10°N/mm) | (N/mm) | (MPa)| (MPa)| (%) | (GPa)| (MPa)
O 134 6.65 2.06] 3.68 3.4 0p27.8 54.6
S 17.3 10.7 1.72| 5.88 4.11 0pB8.0| 48.2
N 11.0 12.0 348 1.81| 2.62| 2.2$10.1 23.7
) multiple cracks developed in some specimens
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Figure 6 Results of single fiber pullout teft9]
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Figure 7 Results of uniaxial tension tests on PM&EH19]

occurred after the load dropped following formatadrthe first matrix crack.
The post-cracking strengdy,. was lower than the first cracking strength
Qualitatively similar behavior was observed for Sseries, though the first
crack and post-cracking strength were higher asdotrerall ductility &)
was lower. Also, very few cracks developed in tipecémens. On the
contrary, the specimens of N-series showed a dendiple cracking and
high ductility of over 2%. This behavior was assted with a decrease of
both first and post-cracking strengths, with therfer becoming lower than
the latter.

As it follows from Sectiorl.2, multiple cracking under uniform tension
can be favorably affected by lowering the matrimaking strength and
increasing the fiber crack-bridging capacity. Cdesing that size of initial
flaws (assumed as sharp cracks) is not affectedhly environmental
exposure, the first cracking strength is proposaloto the critical stress
intensity factorK, 4,. Indeed, as we see in Table K, increased for S-
series and decreased for N-series. By reviewingahges ofl, in Table 1
one can see, that for S-series the efficiency lérfibridging decreased
while for N-series it increased. The results ofanial tension tests are thus
again consistent with the behavior observed on i@wrales.

4. CONCLUDING REMARKS AND FUTURE OUTLOOK

In this lecture, the author presented in a thexa#yi unified framework
a hierarchy of interlinked analytical and numeriocaldels that capture the
fracture behavior of ECC materials across all rtévength scales, starting
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from the level of the composites’ constituents aewding with the
composites’ performance when used in structural beesa All of the
models maintain a transparent connection to doniinar@chanical
phenomena that take place on the individual lesgties. The system can
be easily extended to account for phenomena likeg;rfatigue, chemical
degradation, etc. just by incorporating them omjapropriate scale.

In the second part of the lecture, the effectsggfrassive environment
on mechanical performance of PVA-ECC are studiedhfthe perspective
of the multiscale framework. The presented expamaleresults show that
exposing PVA-ECC to cycles of immersion in chlorgtgdution and drying
at elevated temperature caused embrittlement otdmeposite, though it
still retained some of the strain-hardening abilityder uniaxial tension.
Immersion in nitrate solution, on the other handused reduction in
strength but improvement of the strain-hardeningab@r. These effects
were observed consistently on different scales lariced to changes of
micromechanical parameters, such as matrix toughaes fiber-matrix
bond.

Although specific examples were not elaborated his fecture, the
presented modeling concept has been successfidly s solve various
problems, such as simulation of the effect of flaiwe distribution on
uniaxial stress-strain relationship of ECC matej24l], [15] or analysis of

damage evolution and failure in ECC under compteass stateglL6], [5].
It has been also employed for formulation of thearial model for SHCC,

which is implemented in the commercial FEM progrs&&MENA [4].
Results of the present research have been utiliz¢loe work of technical
committee 208-HFC of RILEM47] (esp. in subcommittee on structural
design and performance and subcommittee on dusgbilThe broad
objective of this committee is to facilitate theansfer of the SHCC
technology into engineering practice by proposingthndologies for
structural design, material property charactermatand field execution.
The presented theoretical work has also served &sseés for further

research, e.48].

Strain hardening cementitious composites, such @€,Ehave been
presented as progressive materials with outstangirgperties, which
possess a potential to qualitatively improve penfmnce of structures in
terms of durability, reliability, and safety. Ma@mtance and construction of
infrastructure is seen as a prime area for theéiréuuse. Along this line, an
International collaboration initiative to utilize SHCC for enhanced
infrastructure durability, which encompasses academic and industrial
partners from the Americas, Europe, and Asia andghith the author is an
active member, has been established in 2008. Tiiative intends to
develop integrated material technologies and sirattconcepts for
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efficient, environmentally friendly, durable, andstinable infrastructure.
Specifically, the technologies will aim at usingcddly available raw

materials, green materials, natural fibers, low ssioh cement, etc. to
achieve environmentally friendly strain hardenirgmentitious composites
made from recyclable and renewable materials. Tlesemted research is
one of stepping stones for reaching these goals.
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