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ABSTRACT

A comprehensve experimenta program on pullout behavior of polypropylene
fibers from cementitious matrices is described. The parameters investigated include the
effect of embedded length on the pullout characterigics, the development of the
interfacid bond with age of curing of matrix and the effect of exposure to degrading
environments like seawater and sdt water on the interfacial bond between the fibers
and cementitious matrix. The am of these experiments was to understand the properties
of fiber/marix interface, which are of primary sgnificance for the overdl behavior of
fiber reinforced cement based composites.

Polypropylene fibers have a weak bond with cementitious matrix because of
snooth suface of fibers, which does not dlow for sufficient friction to develop
between the two. In this study a new method to improve the frictional bond by means of
mechanicd indentations of fibers was dso proposed. The bonding performance was
characterized by means of pullout tests of the plan and modified fibers from a
cementitious matrix. An optimum level of fiber modification for maximization of bond
efficiency was determined experimentaly.

Also, recognizing the fact that fibers become most effective only in the post
cracking phase of the matrix, a test method called Wedge splitting test was chosen for
teting fracture characterisics. This tet method dlows dable crack propagation,
providing vauable information about the post cracking behavior of concrete. Specid
molds were prepared for making the samples and appropriate fixtures for the
experimental setup were fabricated. An experimental scheme to understand the effect of

degrading environments on cracked concrete structures was initiated. Wedge splitting



tests were used to initiate cracks in concrete samples in a controlled manner. The
samples were exposed to sdt water to Smulate seawater environment. Testing of the

control samples has been carried out. The samples exposed to st water will be tested

after one-year exposure.
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CHAPTER 1

PULLOUT BEHAVIOR OF POLYPROPYLENE FIBERS FROM
CEMENTITIOUSMATRIX

11 INTRODUCTION

Fibers are incressingly being used for reinforcement of cementitious matrix, to
enhance its toughness and energy absorption capacity and to reduce its cracking
sengtivity. Cement based composites exhibit the generd characteridics of brittle matrix
composites i.e the falure of the matrix precedes the fiber falure, thus dlowing the
fibers to bridge the propagating crack. The toughening effect is the result of severd
types of fiber/matrix interactions, which lead to energy absorption in the fiber-bridging
zone of Fiber Reinforced Concrete (FRC). These processes include fiber bridging, fiber
debonding, fiber pullout (diding) and fiber rupture, as a transverse crack propagates
through the matrix [1] shown in Figure 1.1. Although the amount of energy associated
with each mechanian for individud fibers may not be dgnificant, large amount of
fibers bridging over an extended length can contribute an enormous toughening effect
to the composte. Fiber bridging results in crack closure and a reduction in dtress
intengty factor a the crack tip. Fiber debonding and pullout (diding) at the interface
have a dgnificant influence on total energy absorption during crack propagation. Thus
the fiber-matrix bond strongly affects the ability of fibers to sabilize crack propagation
in the matrix. Many ressarchers have invesigated and modded the effect of the
interfacid bond on composite properties such as crack resistance [2,3] and durability
[4]. Usng different testing techniques, many researchers have conducted fiber pullout

teds to characterize the fiber/matrix interfacid bond properties in fiber reinforced



cementitious composites. In this sudy, the interfacid bond properties between
polypropylene fibers and cementitious matrices were sudied using pullout tests. The
results obtained from this study are important for better understanding of the role of
polypropylene fibers in improving the properties of brittle cement-based composites.

The second part of this study involved a new method for improvement of the
fiber/matrix interfacid bond. While polymer fibers have certain advantages over other
fiber types, they dso have ther limitaions One of these limitations is the poor
adhesion and wettability to a cementitious matrix as a result of their chemica inertness
and low surface energy [5], resulting in a wesk bond with the cement matrix.
Consequently it is necessary to develop specid techniques to enhance the interfacia
bond of polymer fibers in order to utilize the maximum possble srength of the fiber
and to assure advantageous composite properties. The need for enhancing interface
properties is especidly important for higher modulus, higher srength polymeric fibers
that are increesngly being introduced a attractive costs. A vaiey of interface
strengthening mechanisms have been proposed and utilized. Some of these make use of
macroscopic processes such as fiber deformation, others utilize microscopic changes
such as fiber surface and/or trandtion zone modifications. Figure 1.2 shows the
interface dendfication technique, achieved by addition of fine slica fume powder to the
cement matrix. This technique provides bond srength enhancement up to severd times,
but is limited to metd and carbon fibers only. For low surface energy polymer fibers,
fiber deformation and fiber surface modification have been shown to be more effective
in improving the interface bond drength [6]. Most fiber deformation processes result in

an increese in surface area of contact with the cement matrix per unit fiber length.



These processes include fibrillation, crimping and twising of fibers shown in
Figures 1.3(a), 1.3(b), 1.3(c). Another fiber deformation process, which results in an
increese in mechanicd anchorage of fibers in cementitious matrix, is the addition of
buttons at the ends of the fibers [7] as shown in Figure 1.3(d). Findly surface trestment
of fibers by means of plasma treatment [8] is dso used to improve interfacid bond
characterigics in polymeric fiberscementitious sysems. In the presence of a ges
plasma, hydrogen atoms are removed from the polymer backbone and replaced by polar
groups. The presence of polar functionad chemica groups on the fiber surface enhances
reectivity and thus improves the adheson between fiber and cement. A review of the
interface strengthening mechanisms in FRC is provided in [9]. In this Sudy, a new fiber
surface modification technique has been proposed and shown to be effective in
improving the intefacid bond drength between polypropylene fibers and cement

matrix.

1.2 EXPERIMENTAL INVESTIGATION AND RESULTS

1.2.1 Pullout samples and experimental procedure

Pullout of a fiber from a cement based matrix was used to characterize the
interfacid bond between the matrix and the fiber. A schematic of the pullout sample
used in this dudy is shown in Figure 1.4. These samples were cast in a 25 mm
diameter, 50 mm long plagtic cylindricd molds. The plastic cement matrix was poured
in the mold and the fiber was introduced from the top and held there by a dot in the lid
of the mold. Embedded fiber length of 25 mm was used for mogt of the tests. A bolt
was cast in the samples on the sde opposte to the fiber to hold the sample on the

Ingtron testing machine through a threaded sted block. The samples were dlowed to



harden in ar for 24 hours and then placed in a wet bath. Pullout tests were carried out
after a period of 7 days. The sample was hdd on the Ingron testing machine and the
fiber was loaded in tenson until the fiber debonded and was withdrawn. The rate of
pullout used in this study was 0.02 mnvs. Pullout load and the end displacement of the
fiber were continuoudy recorded and were used to develop pullout-load versus end
displacement curves. These curves were used to obtain the pesk pullout loads and
pullout energies (toughness) by caculating the areas under the curves. The following
materials were used in this experimental program: Matrix — Cement paste (w/c =0.35)
and Mortar (cement/sand=0.5, w/c=0.35); Fibers — the fibers that were used for this
sudy are cdled Strux 85/80 and were provided by Grace Congtruction Products,
Massachusetts. These are thin drips of polypropylene, 50 mm long and having a
rectangular cross-section of 1.25 x 0.2 mm. A picture of these fibers is shown in Fgure

1.5.

1.2.2 Pullout behavior of strux fibers

A comprehensive experimenta program on pullout tests of strux polypropylene
fibers from cement matrix was caried out. The parameters investigated included the
effect of embedded length on the pullout characteridtics, the development of the
interfacia bond with the age of curing of matrix and the effect of exposure to degrading
environments like seawater and sdt water on the interfacid bond. The bond strength
was caculated from the pesk load and the embedded area of the fiber. Also the area
under the pullout curve up to 5 mm pullout displacement was caculated and termed as

interfacia toughness. A typica Pullout curve of the fibers used in this sudy is shown in



Figure 1.6. It can be seen from this plot that the pullout load initidly incresses amost
linearly with the dip. The non linear region indicates the start of debonding of the fiber
from the matrix. The interfacid debonding can be consdered as a mode Il fracture.
This interfacid crack stably propagates up to pesk load; that is, the crack propagates
only when the pullout load increases. After the pesk load, ungable crack growth
occurs, which means that the crack grows even though the pullout load decreases.
Fndly, the fiber sarts dipping out of the matrix.

The average pullout strength of these fibers for an embedded length of 25 mm
based on 17 samples was 24.5 + 2.1 N. Interfaciad toughness was defined as the area
under the pullout curve up to a pullout displacement of 5 mm. This was decided based
on the consderation that a crack opening of the order of 1 cm is not acceptable for
norma servicesbility in most practicd dructures. The average interfacid  toughness for

the 17 samples tested was found to be 122.6 + 10.3 N-mm.

1.2.3 Comparison of strux fiberswith structural fibers

Strux fibers were chosen for this study over two other fiber types adso provided
by Grace Congtruction Products. These fibers were aso tested and compared with strux
fibers in terms of their drength and pullout behavior. The results of this comparison
revedled Strux fibers to be better than the other two as reinforcements for concrete and

thus these fibers were chosen for further investigation.



(@ Fibrillated fibers

A picture of fibrillated twisted fibers is shown in Figwe 1.7. The average pullout
drength of these fibers was determined to be 481 + 7.1 N. Although therr pullout
drength is dmost twice the pullout srength of strux fibers they have other drawbacks.
Thexe fibas fibrillae extengvdy during mixing in concrete thus losng ther
effectiveness for bridging macro-cracks. Also, these fibers are about 50% more bulky
than gdrux fibers Thus, to obtain the same volume fraction of fibers in concrete, the
number of drux fibers can be twice the number of fibrillated fibers resulting in the

same efficiency in terms of pullout energy absorption in the composite.

(b)  Welded fibers

To improve the peformance of fibrillated fibers, welds were crested a the
edges of these fibers. A picture of these fibers is shown in Figure 1.8. The am of
putting welds at the edges was twofold. Firdly, the welds would prevent the complete
fibrillation of the fibers Secondly, the fibrils a the edges would flare up during
vigorous mixing in concrete and thus provide excdlent mechanicd anchorage. A
schemdtic illudration of this concept is shown in Figure 1.9. In this study, the strength
of the fibers with and without welds was determined using tenson grips on the Instron
testing machine. The strength of the fibers with welds was found to be 50% less than
that of fibers without welds. Thus it was concluded that the fibers lose much of ther

effectiveness due to loss of strength as result of welding.



Based on the above analysis it was decided to choose strux fibers for this study.
The fdlowing sections ded with the pullout behavior of grux fibers under different

conditions.

1.2.4 Effect of embedded length on the pullout characteristics

Pullout tests were carried out for three different embedded lengths (19 mm, 25
mm, 38 mm) of srux fibers in cement mortar. It was found that the pesk pullout load
increases with the increase in embedded length. With an increase in the embedded
length, the pullout characteridtics of the fibers aso change. The pullout curves for the
three embedded lengths are shown in Figure 1.10 where A, B and C correspond to the
three embedded lengths of 19, 25 and 38 mm. With an increase in embedded length, the
pat of the curve corresponding to frictiond diding shows an increase in the pullout
load. This increase can be dttributed to the increase in friction between the fiber and
matrix due to abrason of the fiber as it dides out of the matrix. The abrason effect
tends to increase with the increase in embedded fiber length. The plot of the Peak
Pullout loads is shown in Figure 1.11. The error bars shown on the graph are 95%
confidence intervals, caculated usng student’s t-digribution. The shear Srength of the
bond based on peak loads was cdculated for the three embedded lengths and it was

found that it isamost congtart, as shown in Figure 1.12.

1.2.5 Effect of curing age of matrix on the pullout characteristics
Mechanicd properties of cement-based materids are time dependent due to

prolonged cement hydration process. In fiber reinforced concrete, mechanicad behavior



may aso be time dependent due to the aging effect not only on the matrix properties
but dso on the fiber/matrix bond property. The contrast in the rate of development
between interfacia bond and various properties could result in a complicated composte
age-dependent  behavior compared with ordinary cement materids especidly a the
ealy age. Thus, it is important to understand the development of interfaciad bond with
the curing age of matrix.

A batch of pullout samples was prepared and tests were carried out after first 8
hours, 24 hours and each day after that for a period of 7 days. The peak pullout loads
from this test scheme are plotted in Figure 1.13. It was found from these tests that the
interfacid bond achieves its maximum grength within the firgt two days of curing and
further curing of matrix has no effect on the interfacid bond. This is in contrast to the

development of the properties of matrix, which isalong process.

1.2.6 Effect of degrading environments on pullout characteristics

Although, polypropylene is farly resstant to chemicd agents such as acids,
dkdis, and sdts [10], concrete is known to degrade under the attack of seawater [11].
Diffuson of aggressve ions present in seawater results in a series of chemicd reactions
leading to degradation of concrete and dso dteration of its microdructure. Changes in
the microstructure a the interfacid zone may dso dfect the fiber/matrix interfacid
bond which is manly mechanica in naiure. To Study the effect of seawater and st
water on the interfacid bond properties, a batch of 24 pullout samples was prepared.
After curing for a period of 28 days, 6 samples were tested to obtain basdine data and 6

samples each were placed in plan water (control), sdt water (5% weight fraction) and



seawater. These samples were tested after a period of 6 months. The 28 day average
pullout strength was 24.0 + 1.0 N and the average pullout strength of samples exposed
to plan water, sdt water and seawater for 6 months was respectively 245 + 1.6 N,
27 £ 1.0 N and 303 £ 1.3 N. A comparison of the pullout curves for the samples
exposed to plain water, sdt water and seawater is shown in Figure 1.14. The pullout
curves shown are the average of 6 samples for each of the environments. It can be
observed from these reaults that the pullout strength of samples exposed to sdt water
and seawater is more than those kept in plan water, with the pullout Strength of
samples exposed to seawaer being maximum. The change in microstructure of
concrete at the interfacid region with exposure to seawater could be the reason behind

this phenomenon.

13 AMETHOD FOR IMPROVEMENT OF INTERFACIAL BOND

A new method for improving the interfacid bond between Polypropylene fibers
and cement mortar matrix is proposed. In this method, mechanicd indentations were
cregted on the fiber surface by pressng the fibers between two hardened sted surfaces
having projections. A picture of the indenting surfaces is shown in Figure 1.15. Fibers
were placed one a a time between the two surfaces and the surfaces were pressed
together on an Ingron machine a known loads. Three different levels (pressures) of
indentation were used and pullout tests were carried out with the fibers thus modified.

A schemdtic of the indenting procedure is shown in Figure 1.16.



Pullout of indented fibers

A picture of a plain fiber (A) dong with fibers having three different levels of
indentations is shown in Figure 1.17. Three levels of indentation were obtained by
pressing the fber between the two surfaces a three different pressures of 200 kPa, 500
kPa and 700 kPa (B, C, D). Figure 1.18 shows the comparison of the pullout curves of
these four fibers. The average pullout strengths of the fibers A, B, C, D are 25.8 £ 0.5,
61.0 £ 29, 739 £ 1.4, and 101.6 + 53 N. The pullout srength of fibers with the
indentation level of 700 kPa is 3 times the pullout srength of plain fibers. The peak
pullout loads of these fibers are plotted in Figure 1.19. The figure aso shows the
decrease in the fiber drength with increesng indentation. This plot shows that using
this indentation procedure, an indentation level of 700 kPa would be the optimum for
the maximum utilization of the fiber strength. At this indentation leve, the fiber would
just pullout of the marix without bresking and thus resulting in maximum energy
absorption. These deformations can be easly created on the fibers on a large scde in
the following way. Extruded sheets of polypropylene can be passed through rollers
having projections, and pressed together a the required load using a mechanism
capable of adjusting the pressure between the two rolls. A schematic of this process is
shown in Figure 1.20. The sheets thus produced with indentations can be dit

longitudinally into tapes which can be cut to the required length to obtain the fibers.

10



1.4  CONCLUSIONS

A comprehensve experimental program was caried out to evduate the pullout
behavior of polypropylene fibers from cementitious metrix. This data would be hepful
in better understanding the behavior of the fibers in the cementitious matrix and adso
the overdl behavior of the composte. Based on these experiments, the following
conclusons can be drawn. With the increase in embedded length, fiber abrason effect
becomes prominent and results in an increase in pullout load. The fiber/matrix
interfacid bond atains its maximum drength within the firs two days of curing of the
matrix unlike the drength development of the matrix, which is a long process. The
effect of degrading environments like sdt water and seawater on the interfacid bond
srength was aso evauated. Based on the pullout tedts, the fiber/matrix bond srength
was found to increase with exposure to sdt water and more so with exposure to
seawater. The reason behind this observation could be a change in the microgtructure of
concrete with exposure to such environments, leading to an increase in friction between
the fibers and matrix. Findly, a fiber surface modification methodology for improving
the interfacid bond properties between fiber/cement usng mechanicd indentations of
fibers was proposed. Maximization of bond strength and interface toughness can be
achieved with optimum levd of indentations, as illustrated for polypropylene fibers.
The bond strength between polypropylene fibers and cement matrix was shown to
increese by a factor of 3 with optimum levd of modification. This result may have
important implications in optima desgn of fiber reinforced concrete. This method can

be used for other high drength, high modulus polymer fibers By improving the fiber

11



matrix bond, it is possble to use lower fiber aspect ratio or volume fraction in FRC

while retaining essentidly the same crack resstance.

12
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Figure 1.3. Fiber deformation processes for bond improvement
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Figure 1.7. A picture of fibrillated twisted polypropylene fibers

Figure 1.8. Picture of Welded Fibers

16



Pullout load (N)

i 7N

Figure 1.9. A schematic of welded fibers

10 T

0 T T T T T T T
0 5 10 15 20 25 30 35

End Displacement (mm)

Figure 1.10. Pullout plotsfor three different embedded lengths
(A) 19 mm (B) 25 mm (C) 38 mm

17



50

€ 40 3
=
g 30 A
*(7; !/I/
E 20
=
% 10
0 T T T T

15 20 25 30 35 40
Fiber Embedded length (mm)

Figure 1.11. Peak Pullout loads for three different embedded lengths

(A) 19 mm (B) 25 mm (C) 38 mm

1
T
o
= 038
2 A B C
g 0.6 —
n —
$ 04
<
n
2 02
(@)
oa)

0 T T T T

15 20 25 30 35 40

Fiber Embedded Length (mm)

Figure 1.12. Bond Shear stress for three different embedded lengths
(A) 19 mm (B) 25 mm (C) 38 mm

18



35
30 1

Fe

—e—
agl

25 1 £
20 1
15 7
10 1

Pullout Strength

5_

O T T T T T T T
0 1 2 3 4 5 6 7 8
Curing Age (Days)

Figure 1.13. Development of Bond strength with curing age of matrix

35

30
T
) {fw\
y T S
. ™
5 N
) | | | |
0 5 10 15 20 25

Fullout load (M)

Pullout displacement (mm)

Figure 1.14. Average pullout curves for (A) ssmples exposed to plain water (B) samples
exposed to salt water (C) samples exposed to seawater

19



Figure 1.15. Picture of indenting surfaces

Figure 1.16. Schematic of the indenting procedure
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CHAPTER 2

FRACTURE CHARACTERIZATION OF POLYPROPYLENE FIBER
REINFORCED CONCRETE

21 INTRODUCTION

In recent years, the importance of fracture mechanical characterization of
cementitious composites has been recognized not only by researchers but aso by the
industry. It was found that parameters such as the compressve srength and the eastic
modulus do not adequately describe the behavior of cementitious materids under
different loading conditions. This is truer for the case of fiber reinforced concrete,
epecidly polymeric fiber reinforced concrete, where the fibers become most effective
only after the matrix cracks. The use of fibers in cement based composdtes leads to a
ggnificant toughening effect, much more so than improvements in drength properties.
Thus, it is of utmost importance to study the fracture behavior of fiber reinforced
concrete to understand the role of fibers in concrete. Severa fracture test methods for
concrete have been proposed to RILEM and ASTM [12]. A wedge splitting test
method proposed by Tschegg and Linsbauer [13] and later refined by Bruhwiler and
Whittman [14] was used for this dudy. This tes method is most suitable for fiber
reinforced concrete because it provides a large fracture surface area and provides stable
crack propagation until complete separation of the specimen thus providing vauable
information about the post cracking region where the fibers are most effective. Specid
molds were prepared for making the samples and appropriate fixtures for the

experimentad sstup were faboricaied.  After edtablishing the experimenta setup and
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procedure, an experimenta progam for determining the effect of degrading
environments on the fracture properties of polypropylene fiber reinforced concrete was
darted. The am of this program is to determine the effect of seawater on cracked

concrete marine structures.

2.2 WEDGE SPLITTING TEST

2.2.1 Wedge splitting test sample preparation

Samples were prepared usng specid molds made of plyform. A picture of a
wedge splitting tet sample is shown in Figure 21 The groove and the dtarter notch
were prepared by ataching a 41 mm x 20 mm x 200 mm PV C bar to the bottom of the
mold. Specimens were taken out of the molds 24 hours after the fina set and PVC bars
were removed. The garter notch and the side notches were cut into the specimens with
a diamond bladed rock cutting saw one day prior to testing. The initid depth of the
darter notch after removing the PVC bar is goproximatedly 5 mm. The depth of the

darter notch isincreased to 25 mm using a diamond blade saw.

2.2.2 Experimental setup and procedure

Wedge gsplitting testing needs specid experimentd fixture snce it is not a
dandard test method. A picture of the test setup is shown in Rgure 2.2. The duminum
fixtures and the sted wedges were fabricated in the mechanica engineering workshop.
The hardened sted wedge was used to load the specimen through a line of rollers
placed on the groove in the specimen. Grace Construction Products provided the specid
rollers. The tests were carried out on Ingron Testing Machine. Testing is performed in

the vertical postion and the sample is supported linearly dong its base directly below
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the line of loading. To maintain an agpproximately condant rate of crack opening, the
tests were carried out a a constant crosshead speed of 1.0 mm/min. The crack mouth
opening displacement was recorded using a dlip gage atached to the duminum fixture
screwed on the sample. The verticd load provided by the wedge trandates into
horizontal splitting load. The vertical load is recorded by the machine and can be
converted into horizontal splitting load using the geometry of the wedge. Thus a plot of
the horizonta splitting load v/is CMOD (Crack Mouth Opening Displacement) can be
obtained.

Initid tests were carried out on a batch of 4 samples (batch 1), prepared using
fibrillated fibers. A picture of fibrillated fibers is shown in Figure 1.7. The mix design
of this concrete is shown in Table 2.1. The horizontd splitting load v/s CMOD for one
of these samples is shown in Figure 2.3. This curve shows three distinct regions, a
lineer eadtic region up to the peek load, initiation of the crack and ungable crack
propagéation i.e, the crack requires lesser and lesser load to propagate, and findly a
region of stable crack propagation where the crack propagates at constant |oad.

A picture of the fractured surfaces is shown in Figure 2.4. The fibers can be
seen to have fibrillated and broken. The criticd dress intendty factor for this geometry
has been cd culated using finite eement method [15] and is given by

Kic = K.Fumax @)
where k for this geometry has the vaue of 62.37 m*® and Fymax iS the maximum
horizontd splitting load. Average fracture toughness of the four samples based on the

peak horizontal splitting load was 0.86 + 0.02 MPaOm.  Normally accepted vaue of
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fracture toughness for concrete is approximatdy 1 MPaOm. The fracture toughness of

this concrete was low because of high water/cement ratio of 44%.

23 EFFECT OF SALT WATER ON SAMPLESWITH INITIATED

CRACKS

2.3.1 Test Program

The motivation behind these experiments was to determine the effect of seawater on
cracked concrete dructures. Exposure to sdt water was used as a smulation for
seawater. For this purpose a batch of 54 wedge splitting samples was prepared. The mix
design of this concrete is shown in Table 2.2. After a period of 28 days of curing, three
different crack lengths were initisted in the samples. The three crack lengths were
corresponding to three CMOD (crack mouth opening displacements) of 0.25 mm, 0.5
mm and 1.5 mm. Three samples each with these crack lengths and three samples each
without cracks have been placed in two environments (a tota of 48 samples), plan
water and st water. Another Ix samples were tested immediatdy after the curing
period of 28 days, to obtain basdine data. Fracture energy (G) for extending the crack
from 0 to 0.25 mm (Go.0.25) , 0.25 mm to 0.5 mMMm(Gp 25-0.5), 0.5 mm to 1.5 mm (Gg 5.1.5)
and 1.5 mm to 25 mm (Gy5.25) Wwas obtained experimentdly for these samples. The

fracture energy was caculated usng

ag
1

%
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where W= width of crack area, B=Height of crack area, Fy =Horizontd splitting load,

ao=initid crack length, &= find crack length.

The samples placed in the two environments will be tested after a period of one year
and the fracture energies (Gop-0.25s , G.25.05 , Gus5-15 , Grs-2.5) for the samples placed in

plain water and salt water will be compared with the basdline data.

2.3.2 BaselineData

Six samples were tested immediately after 28 days of curing to obtain basdline data. For
three of these samples the test was run continuoudy up to a CMOD of 25 mm. The
horizontal splitting load v/is CMOD for ore of these samples is shown in Fgure 2.5. For
the other three, a repeated loading-unloading pocedure was followed where the sample
was loaded up to a CMOD of 0.25 mm, unloaded and loaded again up to a CMOD of
0.5 mm and s0 on up to a CMOD of 2.5 mm. The horizontal splitting load v/s CMOD
for one of these samples is shown in Figure 2.6. The fracture energy for extending the
crack from O to 25 mm CMOD was caculated from al the sx specimens. The fracture
energies (Go.025 , Go2s-05 , Go5-15 , Gi.5-2.5) were caculated from the three samples that
were subjected to repested loading and unloading. This data is shown in Table 2.3.

Average fracture toughness for this batchwas 1.28 + 0.07 MPaOm,

24 FRACTURE SURFACES
The wedge splitting tests provide a large fracture surface that can be used to understand

the behavior of fibers in the concrete matrix. A dde view of one of the fractured
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surfaces is shown in Figure 2.7. Mogt of the fibers in this sample can be seen to have
pulled out rather than broken. The interaction of the fibers with a crack can be observed
from the fracture surface. Figure 2.8 shows a propagating crack in a wedge splitting
test. In this figure, the fibers can be seen being pulled out of the matrix and bridging the
crack. This observation further stresses the need of understanding the pullout behavior

of fibers from matrix.

25 CONCLUSIONS

A sgtup for conducting wedge splitting tests was successfully fabricated and the
procedure established. The vaues of fracture toughness obtained from these tests are
farly close to the reported vaues for concrete. The wedge splitting tests povide stable
crack propagation until complete separation of the specimen. This feature was utilized
in this dudy to initiste cracks in samples in a controlled manner and then exposing
them to degrading environments. This would be hdpful in underganding the impact of
environment on cracked concrete structures. The tests of the control batch (28 days
curing) have been caried out and samples with initiated cracks have been placed in
plan water and sdt water. The tests will be caried out after one year and will be

compared with the basdline data
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CEMENT (PORTLAND TYPE I1) 984 Ibs (447 kg)
FINE AGGREGATE (SAND) 1730 Ibs (786 kg)
COARSE AGGREGATE (19 MM) 3900 |bs (1772 kg)
FINE AGGREGATE (3.2) 461 |bs (209 kg)
WATER (W/C =0.43) 425 Ibs (193 kg)

Table 2.1 Concrete mix design for batch 1

CEMENT (PORTLAND TYPE I1) 725 Ibs (329 kg)
FINE AGGREGATE (SAND) 1433 Ibs (651 kg)
COARSE AGGREGATE (19 MM) 1162 Ibs (528 kg)

FINE AGGREGATE (3.2) 387 Ibs (175 kg)

WATER (W/C =0.40) 290 Ibs (131 kg)

Table 2.2 Concrete mix design for environmenta testing
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Fracture Go-2.5 Go-0.25 Go.25-0.5 Go5-1.5 Gi5.25
Energies
Vduesin

1133.6+30.3 | 246.4+11.1 | 105.9+8.5 | 351.3+15.4 | 368.6+17.2
N-mm

Table 2.3. Basdline data for fracture energy comparison
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Figure 2.1 Picture of awedge splitting test specimen

Figure 2.2 Experimenta setup for conducting wedge splitting test
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Figure 2.3 Horizonta splitting load v/is CMOD for awedge splitting sample

Figure 2.4. Fracture surfaces of Wedge
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Figure 2.5 Horizonta splitting load v/is CMOD for a control batch sample
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Figure 2.7. A picture of the fractured surface showing fiber pullouts



()

Figure 2.8. (a) Photograph of acrack in wedge splitting test sample
(b) A close-up view of fibers bridging the crack
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CHAPTER 3

RECOMMENDATIONS FOR FUTURE WORK

The intefacid bond between polypropylene fibers and cement matrix were
sudied using pullout tests. The data from the pullout tests can be used in modding the
compogdte properties. Improvements in the propeties of interfacid bond trandate
directly into improvements of the composte properties. In this study, a new method for
improvement of the interfacid bond between polypropylene fibers and cement matrix is
proposed and its effectiveness demondrated through pullout tests. This method was
based on the observation that the fiber/matrix interfacid bond is manly frictiond in
nature. Another means of incressing the friction between fiber and matrix and thus
enhancing the bond could be to deiberatdy introduce resdud shrinkage stress, and
therefore, clamping pressure on the fiber by the surrounding matrix. For example, using
specid additives for increasing the shrinkage of concrete. The fibers can be coated with
such materids before mixing them in concrete.

The method for improvement of interfacid bond described in this study for
polypropylene fibers can dso be used with sed fibers. Sted fibers are stronger than
concrete, so the optimum level of surface modification would be the point where the
fibers pull out of the matrix without bresking the marix. This would result in the
maximum possible utilization of the strength of the fiber.

Wedge splitting test is a rativey new type of test for measuring the fracture
properties of concrete. A facility for peforming these tests and for preparing the

samples has been edablished. These tests provide stable crack propagation until
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complete separdtion of the specimen. This feaiure was utilized in this dudy to initiste
cracks in samples in a controlled manner and then exposng them to degrading
environments. This would be helpful in underdanding the impact of environment on
cracked concrete structures. Wedge splitting tests can be used to understand the
contribution of fibers towards improvement of fracture properties of concrete. The
energy absorbed during the pullout of fiber can be obtained from the pullout tests and
can be compared with the difference in energy absorption between plain concrete and
fiber reinforced concrete. The effectiveness of the fiber modification proposed in this
sudy has been shown using pullout tests. The effectiveness of this modification can be

verified by usng the wedge splitting tests.
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APPENDIX A

POLYPROPYLENE FIBER REINFORCED CONCRETE

POLY PROPYLENE FIBER

Polypropylene is the most commonly used polymeric fiber for reinforcement of
concrete. Polypropylene is a man made hydrocarbon polymer. Polypropylene fiber is
made usng an extruson process in which the materid is hot drawvn through a die. The
draw ratio, which is a measure of the extenson that is applied to the fiber during
faorication, is respongble for the molecular orientation and cryddlization that
determines the physicd maerid properties of the fiber. Draw ratios are generdly
around eight for polypropylene fiber.

Polypropylene fibers are produced as continuous cylindrical monofilaments that
can be chopped to specific lengths or as films and tapes that can be fibrillated to form
the fibrils of rectangular cross-section. Fibrillated means the polypropylene film is dit
0 it can be expanded into an open network of fibers. Monofilament polypropylene
fibers are more expensve than the fibrillated film or tape fibers and have inherent weak
bond with the cement matrix because of ther rdatively smdl surface area.

Polypropylene fibers have some unique properties that make them suitable for
incorporaion into concrete matrices. They are chemicaly inet and very dable in the
dkdine environment of concrete They have a rdativey high mdting point with low
cost raw materials. The polymer has a hydrophobic surface so that it does not absorb
water. Disadvantages include poor fire resstance, sengtivity to sunlight and oxygen, a

low modulus of eadticity, and apoor bond with the concrete matrix.
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FABRICATION AND PROPERTIES OF POLYPROPYLENE FIBER REINFORCED
CONCRETE

Polypropylene fibers can be incorporated into concrete in severa different
forms and usng severd different methods. In this study short discrete chopped fibers
were used as reinforcement. Because polypropylene fibers are hydrophobic, they need
only be mixed long enough to ensure even disperson in the concrete mix. These fibers
are added when dl the condtituents have been mixed and further mixing is caried out
for five minutes. The addition of rdativdy lowmodulus polypropylene fibers to
concrete does not yidd subgtantidly improved srength properties. However these
fibers help in controlling temperature and shrinkage cracking and aso in improving the
post crack behavior of concrete. Typicd applications of concrete reinforced with
polypropylene fibers include overlays and pavements, dabs, flooring systems, crash

barriers, recast pile shells, and shotcrete for tunne linings, cands, and reservairs.

FAILURE MODES OF POLY PROPY LENE FIBER REINFORCED CONCRETE
Standard tests were carried out on polypropylene fiber reinforced concrete with
1% volume fraction of fibers. Tenson, compresson and flexure tests were carried out
usng ASTM dandards. Fracture test was caried out usng the wedge splitting test
method. The main am of these experiments was to determine the faillure modes of the
polypropylene fiber reinforced concrete under the modes of tenson, compression,

flexure and fracture.
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Compression tests

Compresson tests were caried out on cylinders (4’diameter and 8’length)
according to ASTM gtandard C 39. A picture of a falled specimen is shown in Hgure 1.
The specimen failed in shear mode. The falure was not @tastrophic as is the case with
regular concrete. The fibers held the specimen together even after pesk load. The
average compressive srength was 26 Mpa. The accepted benchmark for compressive

strength is 21 Mpa

Tensiletests

Splitting tengle tests were carried out on Cylinders (4" diameter and 8’ length)
according to ASTM standard C 496. A picture of a falled specimen is shown in Figure
2. Regular concrete cylinders bresk gpart into two haves under tengle splitting load.
For the samples with fibers, the two hadves were held together by the fibers. The fibers
can be seen bridging the two haves in Figure 2. The average tensile strength was 2.7

MPa. The accepted benchmark for tensile strength of concreteis 2.0 MPa.

Flexure tests

The flexurd toughness was measured using ASTM C 293-94. These tests were
performed on a MTSO testing syssem Modd 810. The specimen had a 152.4 mm (6")
thickness and height and a 508 mm (20") length, which gave a 457.2 mm (18") test
span. The test setup and a falled specimen is shown in Figure 3. The fibers can be seen

bridging the cracked surfaces. The average flexura toughness was 3.9 MPa.
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Figure 1. Failure mode in compresson

Figure 2. Failure mode under tensile splitting load



Figure 3. Fallure of abeam in flexure



APPENDIX B

DRAWINGSOF THE WEDGE SPLITTING TEST SAMPLE AND FHXTURE
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Geometry of the wedge splitting test sample
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Picture of the wedge splitting test fixture and the wedge
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