o 18" International Conference
m ENGINEERING MECHANICS 2012 pp. 1081-1085
2012 Svratka, Czech Republic, May 14 — 17, 2012 Paper #37

MODELING OF FIBER BRIDGING IN MULTIPLY-CRACKING
MORTAR

M. PFinosil’, P. Kabele ™

Abstract: The use of composite materials is one of curreaids in civil engineering. Proper description
of their behavior is one of prerequisites for catrand appropriate application of these materidifie
subject of our research are fiber reinforced com@omaterials that exhibit tensile pseudo-ductileda
strain hardening behavior. Response of a singlerfis one of many factors that affect the overall
response of the composite. In the literature amedytrelations describing the behavior of a fibeaurohg

its pull-out from the surrounding matrix can be ifiou Up to now, these models did not take into actou
the possibility that a fiber bridges more than anack. In the present paper, we refine the modebfe
fiber by considering that it may cross several pla@facracks. A numerical study is performed to
investigate the effect of this consideration onrtHation between force acting in the fiber andptsl-out
displacement.

Keywords. Fiber-reinforced composite, fiber bridging, pseudo-ductility, strain hardening, multiple
cracking

1. Introduction

Historical monuments are at the present time stdgjieio various effects, which their builders cotldn
take into account at the time of construction ardctv contribute to their deterioration. Excessive
loads caused by temperature fluctuations or teahrseismicity due to traffic and technological
processes cause degradation and cracking of lgiztomasonry. The cracks pave the way for
penetration of water and contaminants into the masowvhich leads to further degradation. These
cracks often formed in the masonry joints, becamsgar is usually the weaker element. To alleviate
the degradation we are developing a fiber reinfbrogortar that under tensile stress undergoes
multiple cracking as opposed to failing by a sinlgliétle crack. During the multiple cracking proses

a large number of fine cracks with controlled widdrms, while the mortar retains macroscopic
integrity. Keeping the small crack width may prevpenetration of contaminants. For these cases a
methodology for systematic design of materials viithtle matrix reinforced with short fibers was
developed (Li, 2003). This methodology employs mmeechanics and fracture mechanics based
models of the damage phenomena taking place detet of the composite microstructure, such as
fiber debonding and pullout and matrix crackingwlis successfully used, for example, for design of
Engineered Cementitious Composites — ECC (Li, 20QR)r intention is to use this approach to
develop a new lime mortar reinforced with shortd@m fibers, which could be applied to restoration
works on historic buildings. As part of this effose further refine the existing micromechanical
models to take into account previously neglecteshpmena.

2. Singlefiber response

Bridging effect of fibers crossing a crack in atttgimatrix composite has a dominant influence on
whether the material eventually exhibits multipkaaking (Marshall et al., 1988). When a fiber-
bridged crack forms and opens, the fibers are bektgacted from the surrounding matrix. This
process can be divided into two main stages, wtéachbe described by the relationship between force
P on the pulled-out end of the fiber and displacenueat the same point. In the first stage, the fiber
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gradually debonds from the matrix and as the f&decreases. Assuming that debonding is resisted
by fiber-matrix chemical bond strengBy, that the debonded portion of the fiber elastjcdkforms,
and that constant frictioty acts on the debonded fiber-matrix interface, stége can be described by
Eq. (1). This stage is completed when the embeddddf the fiber becomes fully debonded from the
matrix. The corresponding displacementudhen reaches the value &fgiven in Eq. (2). A pull-out
phase follows, during which the fiber slips outnfrohe matrix while the contact area with the matrix
diminishes. The pull-out phase is described by(Bq.The whole? — urelation is shown in Fig. 1.
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In equations i€k fiber elastic modulud,. is fiber embedment lengtld; is fiber diameterg, is
frictional stress on debonded interfaGg,is fiber-matrix chemical bond strength ahi fiber-matrix
interface slip-hardening parameter.
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Fig. 1: Single fiber pull-out response

3. Probability of fiber bridging several cracks

The model described above adopts the assumptianatfiber bridges only one crack. However, the
length of fibers that are typically used in shdbef reinforced mortars is in the order of 10 mrhjlev

the crack to crack distance during multiple cragkian be as low as few mm. A question naturally
arises, whether thE — urelation described above is realistic in the rplitcracking composites.
Thus, the aim of this paper is to describe theuarfte of a state when a fiber bridges more than one
crack.

First of all, let us investigate how many fibers ymaridge more than one crack when the
composite undergoes multiple cracking. To this emelassume that fibers of lendthare randomly
distributed and oriented in the composite. Furttimenwe assume that matrix cracks, bridged by
these fibers, are perfectly planar and parallele &halytical relation derived below describes the
probability with which a fiber passing through aefil point P on a one crack crosses another crack at
distanced..

All possible cases of the position of the fiber guihts fill the space corresponding to the sphere
with radiusL. and center at poiR. For one side of the crack it is a hemisphere. jidts of fibers,
which intersect the second crack, fill the spaceesponding to the spherical cap of the hemisphere
with a heightL-d.. (see Fig. 2). The ratio of the volume of the hephiere and the spherical cap (Eq.
4) describes the probability with which a fiberergects two parallel cracks with the given distance
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Fig. 2: Randomly oriented fiber in space with tvaragllel cracks

P(d,)= (Le - dC)(ZlfL?’_ Ld, -d?) 4)

To verify the validity of the analytical relatioriphin Eq. (4), a numerical simulation was
performed. We considered prismatic specimens ef fibinforced composite with the same length of
200 mm but different square cross-sections withthgich) 50 mm b) 100 mm c) 200 mm.. Within
these volumes, random fibers were generated kedipiexgvolume fraction constant and equal to 2 %.
Pairs of cracks (perpendicular to the specimen) awih different mutual distances were inserted int
each specimen and the number of fibers bridgindy lmoacks was counted. The results for each
specimen were averaged and the probalflityas calculated. Figure 3 shows a very good agneeme
between the results of the analytical solution @aand numerical simulations.
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Fig. 3: Dependence of the number of fibers intersgdwo parallel cracks on their distance

4. Crack spacing

At a crack plane, each fiber carries its bridgingeé. The fiber force decreases along its length wi
increasing distance from the crack plane due tusfeat of the load to the surrounding matrix through
the friction at the interface. At the end of debeddiber-matrix interface (at distanck from the
crack) the force is completely transferred to thadrin. Assuming constant frictional stregslong the
interface, this force can be expressed as:

3
P(dc):,/nzG‘ff(jf +7d, 7,4, (5)

If we consider spatial randomness of fiber origatatthe number of fibers bridging a crack of unit
arealN; is (Naaman 1972 referenced in Naaman, 2008):

N, =2t (6)
mf
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And the area of crack corresponds to single fiber i

_mf ()
A=

The stress in matrix at distandecan be expressed as:
o, =P(d.)/ A, (8)

Assuming that a new crack forms when strggsseaches the matrix tensile stren@ithwe can
express the crack to crack distance for singler fif@pendicular to crack with sufficient embedment

length as:
0 =1[ fd, /ddeEf(1+/7)] ()
I, | &V 2

Whereyn = (EMV)/(EnVnm) expresses deformation of the matik, is matrix volume fractionk,, is
matrix elastic modulusy; is fiber volume fraction. For material and georneeparameters of typical
ECC with PVA fibersdi = 0,04 mmL. = 12 mm,E; = 21 800 MPaz, = 2,21 MPaGy = 0,004 N/mm,
E, = 15900 MPaf, = 4,3 MPa andv; = 0,02 we getd. = 1,34 mm. From Eqg. (4) we get that
approximately 84 % of fibers crossing two crackshiis distance, which shows, that the possibility o
fibers bridging multiple cracks should be takemiatcount.

5. Responseof fiber bridging several cracks

For a description of behavior of single fiber biity several cracks a numerical model was created
and implemented in software MATLAB. This model izéls the analytical relations of Eq. (1) — (3).
We consider that a fiber bridges one main and ore&/@ adjacent cracks. The distances between the
main and adjacent cracks were being changed andoméored theP; - w relationship of the fiber at
the main crack, whene crack opening anB is force in the fiber.

Cracks divide the fiber into several parts. Compiotawas controlled by displacement on
shorter of edge parts, because this part determimedmum force in the fibeP;. During the
debonding stage, separation occurs on every sidmadi crack. There is tunnel crack propagation
along the fiber and debonded length, is:

L _ [Pk
L=V 2 (10)

deb —
¢ .7,

When the debonded lengthe, reaches the embedment lengithon shorter edge part, pull-out
phase occurs and force in fiber decreases infgas@ The crack beside shorter edge part is opening
and others are closing due to fiber stiffness. Aaptase occurs when tunnels propagating from two
nearby cracks meet. Debonding stops and when fragreases, only elastic deformation of fiber
continues, which is restrained by frictional stresat the interface. Displacement of fiber at anynpoi
can be described by equation:

u(x) = ﬁf P, -, 1 x dx (11)
foM

Considering, that center of full debonded part tleahiange its position on fiber and embedment
length on this part corresponds to half distancera€ksd., we get contribution to the crack opening
as elongation of fiber from half of this part:

2
L (12)
7E,d?  2E,d,

Finally, we obtain crack openingas the sum of pulled length on both sides of thekc
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w=3"u (13)

Whereu; is prescribediss for debonding owu for elastic deformation of the fiber from Eq. (12)
Responses of fiber in the main crack are showngarg 4 and schematic drawings (possible states) at
the end of debonding stage are shown in Figure 5.
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Fig. 4: Single fiber response for one nearby crélek) and two nearby cracks (right)
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Fig. 5: Schematic drawings for different-done nearby crack (left) and two nearby crackghf)

6. Conclusions

According to the results, the single fiber respoiseaffected by the interaction of cracks. This
interaction occurs whedh < 2L.. It causes that for the same foRave get smaller crack openimg
Future work on this topic will be focused on exaation how the interaction of cracks affects the
behavior of cracks themselves.

Acknowledgement

The presented research has been carried out wihdial support of the Czech Ministry of Culturg, a
part of the project no. DF11P010VV008.

References

Li, V. C. (2003) On Engineered Cementitious Comiass(ECC) — A review of the material and its apiiens.
Journal of Advanced Concrete Technologly3, pp.215-230.

Marshall, D.B & Cox, B.N. (1988) A J-integral methéor calculating steady-state matrix crackingsgss in
compositesMechanics of Materials7, 2, pp.127-133.

Naaman, A.E (2008) High Performance Fiber Reinfdi€ement Composite. Ikigh-Performance
Construction Materials — Science and Applicati¢g@s Shi & Y. L. Mo eds.). World ScientifiSingapore,
pp.91-154.



