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Fracture Characteristics of Polypropylene Fiber Reinforced Concrete
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ABSTRACT

An experimental research investigation of the fracture properties of polypropylene fiber
reinforced concrete is reported. Fibers used in this experiment were two types, monofilament
and fibrillated polypropylene fibers. Fiber length was 19 mm, and volume fractions were 0, 1, 2,
and 3%. Also, as initial notch depths influence the fracture properties of fiber reinforced
concrete, the notch depth ratios by specimen height were 0.15, 0.30 and 0.45.

The main objective of this experimental program is to obtain the load-deflection and the
load-CMOD curves, to investigate the fracture properties of the polypropylene fiber reinforced
concretes. Therefore, the flexural specimen testings on the four-point bending were conducted.
Then, the load-load point displacement and the load-crack mouth opening displacement curves
were measured.

The effects of different volume fractions of the monofilament and the fibrillated polypropylene
fiber reinforced concrete on the compressive strength, flexural strength and toughness, stress
intensity factor, and fracture energy were investigated through the experimental results.
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1. Introduction

brittle material, with
low tensile strength and strain capacities. To
overcome these problems, there has been a
steady increase in the use of fiber reinforced
cement and concretes. The fibers are not
added to improve the strength, though modest
increases in strength may occur. Rather, their
role is to control the cracking of concrete, and
to alter the behaviour of the material once the
matrix has cracked, by bridging across these

Plain concrete is a

cracks and so providing some post-cracking
"ductility’. In the last few years particularly,
to make the fibers more compatible with the
cementitious matrix, many new fibers more
compatible with the cementitious matrix, many
new fiber types have been developed

Fiber reinforced cement composites repre-
sent a class of cementitious materials gener-
ally constructed by adding short fibers of sm-
all cross-sectional dimensions to the cementi-
tious matrix. Closely spaced fibers are capable
of interfering with the propagation of microc-
racks that initiate from internal flaws in the
material, forcing them to deflect and thus dis-
sipate additional energy during propagation.
This delays the formation of an unstable
crack system and, thus, increases the tensile
strength and toughness of the composite ma-
terial.
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Upon the formation of macrocracks, in the
postpeak region under tensile stress systems,
fibers tend to bridge the cracks and restrain
their widening by providing pullout resistance.
The pullout action of fibers dissipates fric-
tional energy, and the bridging of cracks and
dissipation of frictional energy by fibers lead
to improvements in the postpeak ductility and
toughness characteristics of cementitious ma-

terials.
In the early 1960s, Goldfein"” tried these
fibers as concrete reinforcement in the

In
his research, the addition of small amounts of
fibers(less than 0.5% by total volume) led to
in the ductility and impact
resistance of the composite. His work
provided an incentive for different researchers
to investigate polypropylene fibers in more
detail™.

Polypropylene fibers are produced in a va-
riety of shapes, and with differing properties.
The main advantages of these fibers are their
alkali resistance, relatively high melting point

construction of blast-resistant structures.

improvements

(165C) and the low price of the raw material.
The polypropylene fibers are made of high
molecular weight isotactic polypropylene. Be-
cause of the sterically regular atomic arrange-
ment of the macromolecules, it can be more
readily produced in a crystalline form, and
then processed by stretching to achieve a
high degree of orientation which is necessary
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to obtain good fiber properties. The poly-
propyene fibers can be made in three different
geometries, all of which have been studied in
relation to the reinforcement of cementitious
matnices : monofilaments, film, and extruded
tape.

Polypropylene fiber reinforced concrete has
been finding increasing applications in slabs
on grade, industrial floors, overlays, and
building wall and slab elements. These appli-
cations are being encouraged by the impro-
vements in cracking properties and ductility.
It is noted that polypropylene fiber reinforced
concrete can maintain a significant portion of
its flexural resistance at large deformations
beyond the peak load”.

The research reported here is concerned
with assessing the combined effects of two
different polypropylene fiber types in cement-
based matrixes. The two polypropylene fibers
used are monofilament polypropylene fiber and
fibrillated polypropylene fiber.

The purpose of the present study is to
detect the fracture characteristics of polypro-
pylene fiber reinforced concrete. Therefore, in
this study, the experimental program was
designed to study influence of polypropylene
fiber type, volume fraction, and initial notch
depth.

2. Experimental program

2.1 Test variables and mix design

Fibers are added to concrete to improve the
performance of the relatively brittle matrix.
One of the primary contributions of fibers is
in the area of energy absorption. Improved
energy absorbing capacity provides for better
toughness under various loading configura-
tions.

Polypropylene fibers are generally manufac-
tured in three types such as monofilament
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fiber, fibrillated fiber, and tape fiber. The fr-
acture characteristics of the polypropylene fi-
ber reinforced concrete differ according to fi-
ber types and fiber length. Thus, two type
fibers used widely, namely monofilament fiber
and fibrillated fiber were investigated in this
experimental study. Then, fiber length used in
this experiment was 19mm.

Generally, fracture toughness increases acc-
ording to fiber contents. The volume fractions
of this experiment were 09%, 19%, 2%, and 3%
of the mixing concrete volume. Also, initial
notch depths influence the fracture properties
of fiber reinforced concrete. The notch depth
ratios by specimen height were 0.15, 0.30, and
045, in this experiment. Therefore, Table 1 is
the test variables of this experiment.

Table 1 Test variables

Specimen | Notch Depth | Fiber Content Fiber Type
No. Ratio (a/d) (%)

N-1-Vg 0.15

N-I-Vo 0.30 0 Non-Fiber

N-TI-V, 0.45

M-I1-V; 0.15

M-I-V, 0.30 1

M--V, 0.45

M-I-V: 015 Monofilament

M-T-V» 0.30 2 Polypropylenc

M -II-V: 045 Fiber

M-1-V3 0.15

M-0O-V3 0.30 3

M -II-Vj 0.45

F-1-V, 0.15

F-O0-V, 0.30 1

F-I-V, 045

F-1-V, 0.15 Fibrillated

F-O-V: 0.30 2 Polypropylene

F -1 V2 0.45 Fiber

F-1-V3 0.15

F-I-V; 0.30 3

F-10-V; 045

As uniform dispersion of fibers is vital to
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the development of cement composites which
take advantage of the reinforcement properties
of fibers, Good mixing concrete uniformly di-
spersed fibers must be achieved. Fibers tend
to decrease the workability of the fresh mix;
a superplasticizer with naphthalene formalde-
hyde sulfonate as the active ingredient was
used to improve workability. The matrix mix
proportions of polypropylene fiber reinforced
concrete are given in Table 2.

Table 2 Mix proportions of concrete (kg /m")

Cement Fine Coarse .
Water Admixture
content aggregate | aggregate
385 1964 823 1005 0.77

To obtain 28-day compressive strength of
each test variable, three ©10X20cm cylindri-
cal specimens by each test variable were
made. Three 10X10%X50 cm beam specimen by
each test variable were also made to obtain
load-deflection curves and load-CMOD curves.

2.2 Test mothods

The beam specimens were tested using fo-
ur-point loading over a simply supported span
of 45cm as shown in Fig. 1. The crack mouth
opening displacement (CMOD) was measured
using a COD gauge clipped to the bottom of
the beam and held in position by two alumi-
num knife edges glued to the specimen (Fig.
1). For every test, both the load versus load-
point deflection and the load versus crack
mouth opening displacement were measured
simultaneously. A displacement-controlled lo-
ading machine was used. During the test the
cross head speed of the material testing ma-
chine was maintained constant at 0.04 mm/min.

3. Results and discussions

3.1 Compressive strengths
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Fig. 1 Testing setup

21 compression cylinders(®10X20cm) were
tested. The age at testing was 28 days. Fig. 2
shows measured compressive strengths of
monofilament and fibrillated polypropylene fi-
ber reinforced concrete specimens for each
volume fraction. Fiber reinforcement effects on
compressive strength generally are negative,
or sometimes negligible. In this study, poly-
propylene fiber reinforcement effects on com-
pressive strength are negligible as shown in
Fig. 2. It is noted that compressive strength is
little influenced by polypropylene fiber addition
at the dosage rates commonly used in fiber
reinforced concretes,

o
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Fig. 2 Compressive strengths for each polypropylene
fiber volume fraction

3.2 Load-deflection curves and load-CMOD
curves

The main reason for incorporating fiber in
concrete is to impart ductility to an otherwise
brittle material. Fiber reinforcement improves
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the energy absorption, impact resistance and
crack resistance of concrete. Fiber addition
enables the concrete 1o continue to carry load
after cracking, the so-called post-cracking be-
haviour.

The main objective of this experimental
program is to obtain the load-deflection cur-
ves, 10 investigate the fracture properties of
the polypropylene fiber reinforced concretes.
To detect the influence of ductility in poly-
propylene fiber reinforced concretes, 63 beam
specimens (10X 10X50 cm) were made and te-
sted using four-point loading over a simply
supported span of 45cm. Then, the load-de-
flection curves measured for various fiber co-
ntent fractions were shown in Fig.3. These
load-~deflection curves provide qualitative evi-
dence for the favorable effects on flexural be-
havior resulting from use of the polypropylene
fiber in cementitious matrices.

700

6001 ad=0.18

Load(kg)

0 .5 1 1.5 2 2.8
Deflection(mm)

Fig. 3a Load-deflection curves according to the initial
notch depth (without fiber)

The another object of this experimental pro-
gram is to obtain the load-CMOD curves, to
investigate the fracture properties of the pol-
ypropylene fiber reinforced concretes. There-
fore, while the flexural testings were conduc—
ted, the crack mouth opening displacement
(CMOD) was measured using a COD gauge
as shown in Fig. 1. Then, the load~-CMOD cu-
rves measured for various fiber content frac-
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Fig. 3b Load-deflection curves according to the initial
notch depth (1% monofilament PF)
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Fig. 3¢ Load-deflection curves according to the initial
notch depth (2% monofilament PF)
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Fig. 3d Load—deflection curves according to the initial
notch depth (3% monofilament PF)

tions were shown in Fig.4. As shown in Fig.
4, it is noted that there is the ductility effects
of the polypropylene fiber in cementitious ma-
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trices.
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Fig. 3e Load-deflection curves according to the initial
notch depth (1% fibrillated PF)

700
600
J ¥d~0.15
500
.
& 0o a/d = 0.30
2
] 3004
2/d /0.4
200
1001
[}
o -] 1 1.5 2 2.5

Deflection(mm)

Fig. 3f Load-deflection curves according to the initial
notch depth (2% fibrillated PF)
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Fig. 3g Load-deflection curves according to the initial
notch depth (3% fibrillated PF)
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Fig. 4a Load-CMOD curves according to the initial

notch depth (without fiber)
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Fig. 4b Load-CMOD curves according to the initial
notch depth (1% moncfilament PF)

600
5003

400

LOAD(kg)

3001

200

1001

-]

) B 2 3

0
0

Fig. 4c Load-CMOD curves according to the initial
notch depth (2% monofilament PF)

3.3 Flexural strength and equivalent flexural
strength

Using the load versus load point displace-
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Fig. 4d Load-CMOD curves according to the initial
notch depth (3% monofilament PF)
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Fig. 4e Load-CMOD curves according to the initial
notch depth (1% fibrillated PF)

CMOD(mm)

Fig. 4f Load-CMOD curves according to the initial
notch depth (2% fibrillated PF)

ment curves it was possible to calculate fl-
exural strength, o, and equivalent flexural
strength, o. for each test where ¢, and o«
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are defined as”

LOAD(kg)

CMOD(mm)

Fig. 49 Load-CMOD curves according to the initial
notch depth (3% fibrillated PF)

P!
Gu = b(d— a)z s (1)
R S
%= Wd— ), @

where Prax is the maximum load, [ is the
span of the specimen, b is the specimen
width, d is the specimen depth, a is the initial
notch length, T» is the area underneath the
load-deflection curve up to a &8 deflection,
8 1s a deflection equal to span length di-
vided by 150. The flexural strengths which
calculated from Eq.(1) and the maximum load
of load-deflection curves are shown in Fig.5.
Fig.5 also shows the notch sensitivity. As
shown in Fig.5 the flexural strengths are
observed to increase a little with the poly-
propylene fiber reinforcement, while notch se-
nsitivity tends to be constant according to the
notch to depth ratio.

The equivalent flexural strengths which cal-
culated from Eq.(2) and T, of load-deflection
curves are shown in Fig.6. It is noted from
this figure that the equivalent flexural st-
rengths tend to increase slightly with poly-
propylene fiber content. It is also observed
that the equivalent flexural strengths of the
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fibrillated fiber reinforcement increase more
than that of the momofilament, as shown in
Fig. 6. It is concluded that the flexural post-
peak resistance of the fibrillated fiber rein-
forced concrete is slightly more effective than
the monofilament.
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Fig. 5a Flexural strength according to the fiber content
(monofilament PF)

50

v & Notch depth ratioia/d=0.1%% |
' -8 Nctch depth ratioi{a/d=0.30)
@~ Notch depth ratic(a/de=D.4%) |

Flexural Strength (kg/cnt)

) 1 2 3
Fiber Content(%)

Fig. 5b Flexural strength according to the fiber content
(fibrillated PF)

3.4 Critical stress intensity factor

According to the ASTM E 399 recommen-
dation, the critical load for evaluating a valid
K, value is determined from the load-deflec-
tion curves by the secant line with a slope of
0.95 times the initial tangent slope. Instead of
this procedure, the maximum load is utilized
in determining K; and this would result in a

LA ATE R M2 MaZ 97 128

0 1 2 3

slightly K; higher value. A similar approach
has been used in determining the stress in-
tensity factor of cementitious materials®.
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Fig. 6a Equivalent flexural strength according to the
fiber content {monofilament PF)
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Fig. 6b Equivalent flexural strength according to the
fiber content (fibrillated PF)

Assuming a beam of cross section bX{(d—
a) with an initial crack length a, the critical
stress intensity factor was calculated by using
the equation for four—point bending developed
by Brown and Srawley”. The relationship is
as follows

Kie= o,V ma {1.12—1.39(a/d)

+17.32(a/d)?=13.07(a/ d°
+13.99(a/ d)*}

where o, is the flexural strength equal to
Eaq.(1). Then, the critical stress intensity fac-
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tor, Kjc is the limiting value of K;. Fig.7a, 7b
show Kjc of monofilament polypropylene fiber
reinforced concrete specimen and fibrillated
polyropylene fiber reinforced concrete speci-
men according to the initial notch to depth
ratio, respectively.

As shown in Fig.7, the critical stress in-
tensity factors decrease a little with the poly-
propylene fiber reinforcement, but the decrease
is negligible. Therefore, it is concluded that
notch to depth ratio hardly influences the cri-
tical stress intensity factor.
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Fig. 7a Critical stress intensity factor according to the
fiber content {(monofilament PF)
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Fig. 7b Critical stress intensity factor according to the
fiber content (fibrillated PF)

3.5 Fracture energy

Using the load versus load point displace-
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[ 1 2 3

ment curves it was possible to calculate Gr
for each test where Gr is defined as®

GFZ

and A is equal to the total area under the
load-deflection curve. Gr can be used as an
approximate measure of fracture energy but
has been shown to be dependent on the beam
size used to determine it>. Then, Fig. 8 shows
Gr values for each volume fraction.

It is noted from this figure that there is a
significant increase in the energy absorption
ability as the fiber volume fraction is incre-
ased. This is achieved by fiber breakage and
pull-out after the matrix has cracked. It is
also noted that Gr value increases a little as
the fiber content is increased in both monofi-
lament and fibrillated fiber reinforced concrete.

Gy (kg/m)

) N
| & Notch depth ratio{a/d=0.15}
j <@~ Netch depth ratiofa/d=0.30)
| 0~ xotch depth ratiofa/d=0.45)

) 1 2 3
Fiber Content (%)

Fig. 8a Fracture energy according to the fiber content
(monofilament PF)

The J-integral evaluated along a contour I’
surrounding the elongated process zone near
the macrocrack tip can be expressed as

8
](6) = fo 0-(6) A wrererreee (4)

where ¢ is the separation at the physical
crack tip and ¢(d8) is the corresponding st-
ress-transferring capability across the process
zone. Then, the critical J-integral value, Jc is
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defined as
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Fig. 8b Fracture energy according to the fiber content

(fibrillated PF)
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Fig. 9a Critical J-integral according to the fiber content
(monofilament PF)
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Fig. 9o Critical J-integral according to the fiber content
(fibrillated PF)
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where & ¢ is the value of the critical crack
separation at the end of the tension-softening
curve, namely, the load-CMOD, when ¢ =0,
and Jc is equal to the total area under the
tension softening curve(the load-CMOD) up to
CMOD = 02mm. Then, Fig.9 shows J¢ for
each volume fraction.

It is observed from Fig.9 that the critical
J-integral increases linearly as the fiber vol-
ume fraction is increased, similar to Gr. It is
also noted that Jc doesn’t decrease or increa-
se, as the notch to depth ratio is increased, in
both monofilament and fibrillated fiber reinfor-
ced concrete. It is concluded that constant J¢
value with the notch to depth ratio, like this,
is owing to the CMOD relatively unaffected
by support settlements.

4. Conclusions

An experimental research investigation was
reported in the fracture properties of monofi-
lament and fibrillated polypropylene fiber rein—
forced concrete. Four mixtures were construc-
ted. Compressive strength, flexural strength,
fracture toughness, and fracture energy were
studied.

Based on the results presented in this paper
and observations during the specimen testing,
the following conclusions can be derived.

1) Generally, fibers have negative effects on
the compressive strength of cement-based
matrices. In this study, polypropylene fibers
had little effect on compressive strength of
concrete.

2) The flexural behavior of polypropylene fi-
ber reinforced concrete can be characterized
by the post-peak flexural resistance. It was
found that the fibrillated polypropylene fi-
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ber were slightly more effective than the
monofilament for enhancing the post-peak
resistance.

3) The critical stress intensity factors shows
a steady constant as the fiber volume
fraction is increased. Therefore, notch to
depth ratio hardly influences the critical
stress intensity factors.

4) The critical J-integral increases linearly a
little, the same as Gr, as the fiber volume
fraction is increased, but, Jc doesn’t decr-
ease or increase as the notch to depth ra-
tio is increased, in both monofilament and
fibrillated fiber reinforced concrete. This
reason is that the CMOD is relatively un-
affected by support settlements. Therefore,
Jc value calculated from the load-CMOD
curve is a more reliable parameter for pre-
dicting the fracture properties of concrete.

This paper was supported by NON DI-
RECTED RESEARCH FUND, Korea Re-
search Foundation. 1996.
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