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ABSTRACT

It iswell known that the key material properties to treat cracking in concrete are what described in tension
softening diagram (TSD). In the field of fiber reinforced cementitious composite (FRC), it is important to
observe the very early stage of cracking which precedes apparent cracking, because it would bear the signs
that predict the following cracking and the behavior after cracking. There were few studies discussing the
issue related to fiber functioning at early stage of cracking with employing TSD. To investigate the fiber
functioning at early stage of cracking, closure stress of plain matrix was subtracted from that of composite
applying mixture rule. The same procedure was used to investigate the growth of closure stressthat is dependent
on the maturity. Although the mere observation of TSDs cannot clearly explicate the fiber functioning, above-
mentioned approach reveal ed some interesting phenomena, otherwise not detected. Increasing or decreasing
effect of fiber to tension softening initial stress (Ft) was identified by this method. Polypropylene fiber has a
propensity to decrease Ft, whereas alkaline resistant glass fiber (ARG) has an increasing effect. It was unknown
so far that the fiber bridging stress of Polypropylene fiber remained constant between 20 and 80micro min
COD regardless of the diameter of fiber and length. The fiber bridging stress of ARG diminishes until COD
becomes 80micro m due to fiber breakage when cracking and while mixing. Poly vinyl alcohol fiber has special
phenomena between 5 and 30micro m in COD, where fiber bridging stress soared in dried specimen, while it
subsided in wet specimen. Theformer may be derived from rupture of limited numbers of fiber or local catastrophic
debonding, and the latter may be from Cook-Gordon effect.

1 INTRODUCTION
The ductile fiber-reinforced cementitious composite (FRC) might owe its development to the bringing
fracture mechanicsinto thefield of concrete. One of the most valuable finding in the field of FRC isthat
the key material properties are tension softening diagram (TSD) and fracture energy (G,) which can be
obtained from TSD.
TSD isadiagram that represents closure stress in the function of crack width. Fig.1 represents typical
TSDs: one for plain matrix and the other for FRC. TSD describes essential information of the fiber
composites such as tensile strength, energy dissipation due to cracking (G,) and the maximum crack
width when closure stress becomes naught (W,).
The shapes of TSD for plain cementitious matrix are usually modeled to be a bi-linear function or a
curvilinear function similar to it that are comprised of two parts. Thefirst haf part of TSD isfeatured by
steep declination, which has been considered to be reflecting micro crack extension in the specimen. The
second half part of TSD appears with gradual declining propensity, which has been regarded as the
reflection of bridging of aggregate. These basic postulation regarding TSD was discussed by Nomura
and Mihashi [1] dividing G_. into the contribution from first half and the latter half of TSD. Mihashi [2, 3]
also indicated that the first half of TSD is governed by all the processes from initiation to formation of
apparent crack, and it significantly affects the brittleness of matrix.
In the case of fiber composites, the second half of TSD isimmediately overwhelmed by fiber bridging
effect. Mihashi[4] referred to toughening mechanisms of FRC that consists of zone shielding by small
cracks, crack deflection dueto aggregates and fiber bridging that mostly affect the performance.



Table 1 Mix proportion

Molding Matrix  Reinforce Dry-Wet Cure V.F. S/IC wiC W/Powder Elej%md
% Reactive powder composite
Extrusion RPC Plain R.T. w28 0.0 - - 0.126 V. F:
PP R.T. w28 1.0 - - 0.126 Volume fraction of fiber
PVA R.T. w28 10 - - 0.126 sc:.
Extruson Cement Plan _ R.T. _ AC_ 00 088 038 0200 W;:é_a‘?t'on of Sand/Cement
My RT AC 18 08 038 0190 \Weter 10 cement ratio
TI RT ~AC 18 08 038 0190 W/Powder:
ARG R.T. AC 138 0.88 0.38 0.190 Fraction of Water/Powder
Cast Cement Plain R.T. w7 0.0 0.50 0.40 - R.T.:
Plain RT. W14 00 050 040 - Dried at room temperature
Pain  RT W28 00 050 040 - for 18 hours -
Cement Plain Dry w28 0.0 0.50 0.40 - WZZU\:Veé‘th\Yv?e’ 7 4o
Plain Wet W28 0.0 0.50 0.40 - 28 days '
PVA Dry w28 0.0 0.50 0.40 - AC: Autoclaved at 150
PVA Wet W28 0.0 0.50 0.40 -

Wang and Li [5] measured TSDs of various synthetic-fiber FRCs and observed fractured surface by
scanning electron microscope. Li [6] analyticdly divided closure stressinto contribution of fiber bridging
stress, aggregate bridging stress, fiber prestress and stressloss by Cook-Gordon effect of stedl fiber FRC.
Thiskind of approach, which aims at discussing mechanisms about closure stress devel opment through
detailed investigation into TSD, iswhat authorstakein this paper. The authors[7] have been investigating
TSD of FRC, and successfully divided closure stressinto contribution of matrix and fiber bridging effect.
In the same context, this paper focuses on some characteristicsin developing closure stress et early stage
of cracking.

2 EXPERIMENT

Fourteen types of mixtures made of three types of matrix
that werereinforced with five different typesof short fibers
were used for experiment, which are listed in Table 1.
Table? refersto fiber reinforcement in Table 1.

Bending test was executed employing plate specimens
measured 13.5mmin height and 38.5mm inwidth. Inthe Gr
bending test, load was applied at center of span that was LIl
150mm, and load and deflection at center was measured. 0 Creck Opering Disg mvgﬁ
Fracture mechanicstest was also executed utilizing prism
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Table 2 Mechanical Properties of Short Fiber in Table 1

Type Name Diameter Length Modulus  Strength
mm mm GPg GPg
Polypro- PP 0.110 12.0 10.0 0.410
pylene My 0.018 6.0 6.4 0.250
Tl 0.040 x 0.215 6.0 12.0 0.490
Alkaline 0.018 Zoneshidding  Crack deflection  Fiber bridging
resistant ARG (Mono-filament) 6.0 74.0 1.400 by smd | cracks by aggregate

glass

Polyvinyl .
Alcohal VA 0.100 120 310 1100 Figure 1 Modeled crack and TSD
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Figure 4 Bending diagram of cast cement matrix Figure 5 TSD for 5 types of plain matrix

specimens measured 38.5mm in height and width, which has a half-depth notch at center. In the fracture
mechanicstes, load was applied at center of span that was 150mm, and load and crack opening displacement
(COD) was measured at very low speed (0.002mnV/s). The result of it was analyzed with employing poly-
linear approximation reverse analysis[8, 9], and finally TSD was obtai ned.

2 RESULTS

Figure 2 to 4 represents all of the bending behaviors. After primary cracking, characteristic
bending behaviors were observed. Figure 5 represents all of the TSDs of plain matrices. The
highest tension softening initia stress (Ft) appeared in Autoclave cured cement matrix (18.12MPa)
The second highest stress appeared in RPC cured in water for 28days, which is naturally lower
than that of ordinary RPC cured in steam at 90°c. Others were cast cement matrix cured in water
for 28days, which has different water content ratios: R.T. has 12% (room dried), Dry has 0% and
Wet has 18% (saturated) of it. Because Dry suffers 100°c for 48 hours which progress the
hydration, Ft is higher than that of others. The AC specimen was composed of only powdery
materials (powdered silica and cement) which measure about 15 to 20micro m in average diameter
closure stress decays at about 15micro m. The COD which keeps closure stress is about 60 to
80micro m for others, because they contain sand aggregate under 2.36mm in sift size.

Figure 6 represents the growth of TSD of plain matrix. It is observed that the growth of closure stress
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mostly appearsin Ft. Figure 7 to 9 represent TSDsin the cases of fiber-reinforced matrices. Except for the
case of ARG, closure stresswas about 1.5M Pa per 1% of fiber reinforcement when COD is 0.08mm. All
of the TSDswere different but the difference cannot distinctly be described in this type of plot.

3 DISCUSSION

Closure stress can be divided into contributions of fiber and matrix with employing mixture rule[10] as
described in following egn (1).

Init, o () is closure stress of composites, 77 is fiber coefficient, V, and V _ are volume fraction of
fiber and matrix, and ¢ (f) and ¢ (m) are closure stress of fiber and matrix. Therefore, the first
term of egn (1), which is the contribution of fiber, can be extracted by subtracting closure stress of
plain matrix from that of composite. Following the same procedure, the growth of closure stress of
plain matrix according to the curing duration (maturity) can be extracted by egn (2). Init, ¢ is
closure stress at maturity b, o, is closure stress a maturity a, and Aca-pis increase of closure
stress during aand b.

o(t)=nVio(f)+Vmo(m) @
Cp=0,+AC, )
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Figure 10 represents the devel opment of closure stress
which corresponds to Figure 6. That means Ac,_},
whereais1week or 2weeks, and bis4 weeksinegn
(2). Itisobviousthat theincrease of Ft isobtained in
exchange for theloss of closure stress between 10 to
20micro m.

Figure 11 to 14 represent fiber bridging stress obtained
by egn (1), whose TSDs correspond to Figure 7 to 9.
In the case that fiber volume fraction was 1.8%, the
obtained stress was divided by 1.8 to set equal the
fraction (1%). From these, it can be said that
polypropylene fibers (PR, Tl and My) tend to have
negativevauesnear crack initiation, whichimpliesthe

5 RPC matrix
g
s 1 W/&\e/‘
I VAR
B 0 L/
(@)]
c
D
S -1 PP1%
8 PVA1%
_g - S
i 0 002 004 006 0.08

COD (mm)

Figure 11 Fiber bridging stress for RPC matrix

5 AC cured|matrix
£
= 1 ,
7 olf Q
j@))
oy
oy
2 -1 TI-1%
g My-1%
o _
=

0 002 004 006 0.08
COD (mm)
Figure 13 Fiber bridging stress for AC matrix

§ 2

>3 / RVA-1% in dry matrix
@ 1

S /

17 =

=) 0

c

.c_n . .
2 PVA-19 in wej matrix
S -1 U

o]

o

T -2

0 002 004 006 0.08
COD (mm)
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notch effect of decreasing Ft. On the contrary, Figure 12 shows that ARG has positive vaue at initial
cracking, which means the increase of Ft. The closure stress of polypropylene fibers has constant value
(1.1MPa AC, 1.3MPa: RPC) up to 80micro m, whereasthat of ARG immediately decreases. The reason
of thisdifference of fiber effect derivesfrom the properties of fiber: elastic modulus, affinity to matrix and
the effective fiber length in specimen because ARG easily breaks during mixing. It looks strange that the
closure stress does not depend on the matrix and fiber diameter, which suggest the total fiber volume
governsthe bridging stressin thisvery early stage of cracking.



The interesting finding is that the water content ratio has significant effect on fiber bridging for PVA,
which can be observed from Figure 14. In the case of dry condition, theincrease of fiber bridging stress
may be ascribed to following possibilities: the rupture of limited numbers of fiber dueto decreased tensile
strength by drying process, or local catastrophic debonding of limited numbers of fiber due to enhanced
cohesive strength by drying process. In the case of wet condition, some negative effect occurred in closure
stress between 5 and 15micro m in COD. This phenomenon may bethe result of Cook-Gordon effect [11]
due to the weakened cohesive strength by water layer around fiber.

It should be paid attention to that the crack width isthe nominal value based on fictitious model [12], but
there are some significant phenomenaappear in the early stage of cracking as discussed above.

4 CONCLUSIONS
To investigate the effect of fiber in early stage of cracking, closure stress of plain matrix was subtracted
from that of composite applying mixture rule. The same procedure was used to investigate growth of
closure stress according with the maturity. Although the mere observation of TSDs cannot clearly explicate
the functioning of the fiber, above-mentioned approach revealed some interesting phenomena, otherwise
not detected.
(2) Increasing or decreasing effect of fiber to tension softening initial stress was identified.
(2) Some special phenomena at early stage of cracking were successfully detected.
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