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Abstract

Throughout history natural fiber was used as one of the main building materials all over
the world. Because the use of such materials has decreased in the last century, not much research
has been conducted to investigate their performance as a reinforcing material in cement and
concrete. In order to investigate one of the most common natural fibers, wheat fibers, as a
reinforcing material, 156 mortar specimens and 99 concrete specimens were tested. The
specimens were tested in either uniaxial compression or flexure. The uniaxial compression test
included 2 in (50.8 mm) mortar cubes and 4x8 in (101.6 x 203.2 mm) concrete cylinders. As for
the flexure test, they were either 40x40x160 mm cementitious matrix prisms or 6x6x21 in
(152.4x152.4x533.4 mm) concrete prisms. Several wheat fibers percentages were studied and
compared with polypropylene fiber as a benchmarking alternative. The average increase in the
uniaxial compression strength for cementitious matrix cubes reinforced with 0.5% long wheat
fiber exceeded that of their counterparts reinforced with polypropylene fiber by 15%. Whereas
for concrete cylinders reinforced with 0.75% long wheat fiber, their strength exceeded that of
their counterparts reinforced with polypropylene fiber by 5% and that of the control by 7%. The
flexural strength of cementitious matrix prisms reinforced with 0.75% long wheat fiber exceeded
that of their counterparts reinforced with polypropylene fiber by 27%. Meanwhile, concrete
prisms reinforced with both long wheat fiber and polypropylene fiber showed deterioration in
strength of up to 17%. Finally, ABAQUS models were developed for concrete cylinders and

prisms to simulate the effect of inclusion of the wheat fibers.
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CHAPTER 1 - Introduction

1.1 Background

The use of synthetic fibers in concrete was first introduced in 1978 by the FORTA
Corporation of Grove City, Pennsylvania, USA (Macdonald 2009). Since then, the study of
concrete reinforced with fibers has become a topic of interest for researchers all over the world.
Synthetic fibers have been proven to reduce micro-cracks at early ages, increase the flexural load
of materials and structures, increase the high temperature performance and toughness (AITCIN
1998), but due to their higher cost, the increase in the unit weight of the structural elements and
their negative environmental impact, the use of natural fibers is an attractive alternative.
Different types of fibers such as steel, glass, and carbon have been studied with the intent of
improving the weaknesses of the concrete. Although natural fibers have been traditionally used
for centuries in construction all over the world (Castro 1981), their engineering behavior has not
been thoroughly assessed as a building material. Berhane (1994) found that some of the
hydration products of Portland cement cause the fibers to become brittle, while another study
indicated that the fibers showed deterioration in concrete mixes (Kosa 1991). Regardless of these
weaknesses of the natural fibers this study aims to assess the increase in the strength and stiffness
of cementitious matrices reinforced with wheat fibers. One possible resolution to the issue of
degradation of the wheat fibers is to dip these fibers in resin prior to mixing if assessment of
benefits is proven positive. Though there are many types of natural fibers that can be used as
reinforcing materials, this study concerns one of the most abundant natural fibers, wheat fiber.
This fiber is especially abundant in the state of Kansas, in the American Midwest, one of the

largest wheat producing areas in the world.

1.2 Objectives

In this research there have been two major studies the initial study and the secondary
study. In the initial study, small cementitious matrix samples were casted with wheat and
polypropylene fibers. In order to verify the advantages of wheat fibers when compared to other
synthetic fibers, 156 specimens were tested in direct compression and flexure. Several
percentages and sizes of fibers were tested in the range of 0.5% to 5% by volume of the

specimens in order to determine the best amount and length of fibers that will lead to highest



strength and initial stiffness increase. As for the secondary study, the percentages of fibers that
have been proven to yield the best result from the initial study will be used to cast concrete
samples. Two types of specimens will be used in the secondary study, 72 specimens of the 4x8 in
(101.6 x 203.2 mm) cylinders and 27 samples of the 6x6x21 in (152.4 x 152.4 x 533.4 mm)
prisms. These samples will be tested direct compression and flexure according to the ASTM C39

and C78 standards in order to verify the advantages of wheat fibers in concrete.

1.3 Scope

CHAPTER 1 -Introduction: This chapter presents a brief background information about
the use of Fibers especially natural fibers as a construction material, the objectives of the study
and the scope of each chapter.

CHAPTER 2 -Literature Review: Contains a brief review on the previous studies
related to the research conducted. Several relevant publications on the use of natural fibers in
concrete and cement matrices are highlighted in this section of the thesis.

CHAPTER 3 -Fiber Reinforced Cementitious Matrix: This chapter presents the initial
study of this research. This initial study of the use of wheat fibers with different sizes and
percentages in cementitious matrices in compared with polypropylene fiber.

CHAPTER 4 -Fiber Reinforced Concrete: This chapter presents the secondary study
of this research. This secondary study depends on the initial study to determine the optimal size
and amount of fiber to reinforce concrete specimens in term of load capacity and stiffness.

CHAPTER 5 -Finite Element Modeling and Simulation: In this chapter the results
from Chapter 4 is used to simulate the fibers in the concrete using a commercial software,
ABAQUS.

CHAPTER 6 -Discussion, Conclusions and Recommendations: Discussion of the
results of the previous chapters is presented along with some conclusions and recommendation

for future work.



CHAPTER 2 - Literature Review

Since the start the human have been on hunt to build better homes. They started using
rocks, woods and mud to build their houses, with the use of mud came the need to enforce a
stronger bond with the use of fibers from natural resources. Since then the use fibers have been
developing to use steel reinforcement and later on to the use of Fiber Reinforced Polymers
(FRP). Recently, the world trend changed toward more green and environmental friendly
materials. One of these materials is the wheat fibers derived from wheat straws, which is
considered one of the most abundant materials in the American Midwest. Looking at the
previous researches led the author to believe that not enough research was conducted to study the
use of natural fibers in concrete and that is due to the fact that natural fibers tend to dissolve or
lose structure due to the high alkalinity of the concrete. Recently there have been some
researches on the use of natural material in cement and concrete structures.

According to Savastano et al. (2006) in their paper titled “Mechanical behavior of
cement-based materials reinforced with sisal fibers” they describe how the high alkalinity of
these cement based matrices cause hydrolysis of the cellulose of the fibers. They also described
that at one month age the sisal fibers in blast furnace slag (BFS) based cement matrices showed
an increase in the flexural strength of 120% over that of the control. They also studied the
toughness of the specimens reinforced with sisal fibers and came to a conclusion that the initial
and the final toughness range between 0.7 to 1 MPa in which they label acceptable.

In his research, Soroushian and Marikunte (1990) showed that the excessive use of
softwood and hardwood kraft fibers lead to deterioration in the compressive strength in cement
based matrices and that due to the entrapped air in the fibers. He also showed that flexural
strength increased and the cracking delayed as the amount of fibers increased in the flexural
specimens.

In his dissertation “Durability of Pulp Fiber-Cement Composites”, Benjamin J. Mohr
(2005), he studies the durability of the pulp fibers in cement matrices subjected to wet/dry
cycling. In chapter two of his dissertation he refer to the work on workability of pulp matrices
done by Soroushian and Marikunte (1990) in which it was concluded that the hardwood kraft
fibers with 1% fiber mass decreased in flow more than that of the softwood kraft fibers, while at

2% there was no difference. Also the work done by Naik et al. (2004) on concrete with low



amounts of fibers showed a significant drop in the slump, from 235 mm to 170 mm when using
0.8% by mass fibers. As for the setting time which was studied by Soroushian and Marikunte
(1990 through 1994), there was no deterioration in the initial setting time but the final setting
time was delayed for the softwood and the hardwood reinforced specimens. In the terms of heat
of hydration Bilba et al. (2003) and Hofstrand et al. (1984) showed that the use of wood fibers
that contains high dosage of lignin cause a reduction in the heat of hydration thus delaying the
setting time. Meanwhile, the effect of the various types fibers on the various types of shrinkage
were studied by many researchers, like; Balaguru (1994) studied different kinds of fibers and
their ability to counter the plastic shrinkage in concrete slaps. He showed that the polypropylene
fibers were much more effective in preventing the cracking that results from the plastic shrinkage
and that due to the small aspect ratio of the pulp fibers when compared to the polypropylene
fibers. As for Soroushian (2000) in his research concluded that a small percentage of 0.2% by
volume of pulp fibers is capable reducing the plastic shrinkage cracks’” width from 0.14 mm to
0.02 mm and delays the appearance of the first drying shrinkage’s crack by about three days.

As for the compressive strength Lin et al. (1994) showed that 4% by mass plup fibers
reinforced cement pastes deteriorated about 50% in the strength when compared to the control.
Soroushian and Marikunte (1990) reported that the 1% of hardwood kraft fibers by mass
exhibited a reduction of about 13% when compared to the control, and at 2% of the same fibers it
increased to 26% reduction and similar results for the softwood kraft fibers. On the other hand,
El-Ashkar (2002) reported that the softwood kraft fibers did not affect the mortar compressive
strength up to 1.2% of fibers by volume fraction and up to 1% for the concrete compressive
strength. In a study by Soroushian and Ravanbakhsh (1999), it was reported that the cellulose
fibers reinforced high early strength concrete exhibited results higher than both control and
polypropylene reinforced specimens. They also concluded that the addition of calcium chloride
improve d the cellulose fibers behavior in cement matrices. Some researchers like de Gutierrez et
al. (2004) were able to compensate for the reduction in the compressive strength by using slag
and silica fumes as cementitious materials.

For the flexural strength, Khorami et al. (2011) reported an increase in the maximum
flexural strength of about 25% exhibited by specimens reinforced by 4% by mass wheat fibers
and contains 5% silica fumes and an increase of about 7% for the same amount of fibers without

the silica when compared to the control specimen. Li et al. (2004) reported a reduction of up to



15% in the flexural strength, from 7.31MPa to 6.15 MPa, for concrete reinforced with wheat
fibers.

In Mohr (2005) dissertation he discussed that the use of supplementary cementitious
materials (SCM) like; silica fumes, slag and others has proven to minimize the natural fibers
degradation due to the fact that these lower the pH of the concrete mix. Also Ziraba et al. (1985)
concluded the same by replacing 45% cement by using rice-husk ash thus lowering the pH by
about 20%.

As for the finite element modeling of concrete structures, Concrete Damaged Plasticity
(CDP) is one of the most recent and commonly applied hypotheses. Concrete Damaged Plasticity
is a modification of the Drucker-Prager strength hypothesis according to models proposed
Lubliner et al. (1989) and Lee et al. (1998). In the meridional plane the CDP model mimic the
behavior of the hyperbolic curve of the Drucker-Prager as described by Kmiecik et al. (2011)
(see Figure 2-1).

—
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Figure 2-1: A Reproduction of the Hyperbolic Surface of Plastic Potential in Meridional
Plane from ABAQUS User Manual.
For the concrete the yield surface in the deviatoric plane correspond to a default value of

Kc=2/3 as shown below.
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Figure 2-2: A Reproduction of the the Yield Surfaces in the Deviatoric Plane from
ABAQUS User Manual.

Meanwhile the response of concrete to uniaxial loading in tension (f’;) was assumed
according to a model suggested by Coronado et al. (2006). This model is bilinear model based on
behavior of the concrete softening under uniaxial tension (see Figure 2-3 for a reproduction of
the model). In which wg, the width of the crack is calculated based on Equation 2-1 and G which

is the fracture energy (N/m) calculated based on Equation 2-2.

Stress

Crack Opening
0.8w.. 0.8Wa

Figure 2-3: A Reproduction of the Concrete Softening under Uniaxial Tension from
Coronado et al. (2006).
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Where oy is 1.44 for crushed aggregates and d, is the diameter of the aggregate in
millimeters and w/c is the water cement ratio. As for the response of concrete to uniaxial loading

in Compression (f’c), it was calculated from the cyclic loading of concrete cylinders.



CHAPTER 3 - Fiber Reinforced Cementitious Matrix

This chapter is intended to address the use of natural fibers derived from wheat straws for
reinforcing cementitious matrix specimens in compare with polypropylene fibers. In order to
study the properties of the cementitious matrix reinforced with wheat fibers, 156 specimens were
tested in uniaxial compression and flexure. The wheat fibers were prepared in two sizes and
different volume fractions of these sizes are studied in this chapter to determine the optimal

amount and size of the fiber for the study in the next chapter.

3.1 Materials

This research studied cementitious matrix with type I cement, Midwest crushed
aggregate, Ottawa sand, long and short wheat fibers and polypropylene fibers (ProCon-F) which
meets the requirements of ASTM C-1116. The following materials (Table 3-1) were utilized in

this study of the cementitious matrix specimens:

Table 3-1: Materials Specifications.

Materials Specification
Cement Type | Cement
Sand Ottawa Sand that meets the requirement of ASTM

C87, C109, C348, C359, C593, C778.
Long Wheat Fibers Nominal Length: 20-30 mm (Error! Reference
source not found., )
Average Diameter: 2-3 mm
Short (Fine) Wheat Fibers Nominal Length: less than 5 mm (Error!
Reference source not found., b)
Average Diameter: 0.01-0.02 mm

Polypropylene Fibers Length of 19 mm (Error! Reference source not




found., a)

Diameter: 0.012 mm

¢ s 4
LR \ 'y o)
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. . b, .
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2

Figure 3-1: (a) Polypropylene Fibers, (b) Short Wheat Fibers, (c) Long Wheat Fibers.

3.2 Mixing Proportions

Table 3-2 represents the mixing proportions of the control cementitious matrix mixes
according to the ASTM C109 (American Standard ASTM 2011) for three cubes and C348
(American Standard ASTM 2008) for three prisms which had a 0.485 water to cement ratio (w/c)
and 0.364 cement to sand ration (c/s):

Table 3-2: Control Mix for Three Specimens.

Material Quantities for Three Cubes (cm®) Quantities for Three Prisms (cm°)

Cement 79.4 155
Sand 259.4 506.6
Water 121 195.3

The mixing was performed by mixing the cement, sand and the fibers for 30 seconds and
then adding the water slowly and mixing for 2 minutes and the reason that the water is added the
last is to avoid clustering the fibers in the mixture. The amount of water in the mixes containing
fibers needed to be adjusted to accommodate for the reduction in workability due to the added
fibers. This adjustment was accomplished by adding 3 mL for each gram of fibers added. That
was concluded based on the absorption of the fibers, after weighting the dry fibers and the wet
fibers (soaked in water then compressed to get rid of the excess water). Also the fibers were

measured by volume of the specimen due to the substantial variability of the wheat fibers.
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Therefore, Table 3-3 represents the adjusted amount of water for each percentage of fibers, the
volume of fiber required for three specimens of cubes and prisms, and the number of specimens
that were cast for each type of the three fibers. These volumes fraction of fibers, between 0.5%
and 5%, were decided based on what El-Ashkar (2002) concluded in his study, that the addition
2% or more of softwood kraft fibers lead to a reduction in mortar compressive. Also Coutts
(1987) in his research showed that 6% of mass fraction of Eucalyptus wood fibers produced the

highest strength.

Table 3-3: Adjusted Water for Each Percentage of Fiber.

Volume %  Adjusted Water, Wheat Fibers Volume, Wheat Fibers Volume,
Fiber mL mm?*/3 Cubes mm?/3 Prisms
0% 121 0 0
0.5% 130 1970 3840
0.75% 134.3 2950 5760
1.0% 138.7 3930 7680
2.0% 156.4 7870 15360
3.0% 174.1 11800 23040
5.0% 209.5 19650 38400

3.3 Specimens and Casting
Due to the availability of 4 molds for prisms and 4 for cubes, each batch contained 12 of
each cubes and prisms.

Table 3-4: Number of Specimen Per Each Percentage.

Volume % Fiber No. of Cube Specimens No. of Prism Specimens

0% 18 21
0.5% 9 12
0.75% 9 12
1.0% 18 21
2.0% 6 6
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3.0%

5.0%

According to Table 3-4, the total number of specimens is 156, consisting of 84 prisms
and 72 cubes. These specimens were divided into six batches according to the mixing date as
shown in Figure 3-2 due to the limitation of the number of molds available to the researcher.
Because of this different control specimens were made to assure accuracy and avoid the
variability of the cementitious matrices. Batch 5 is contains 6 prisms and not 6 cubes due to the

fact that some of the cubes showed huge amount of honeycombing and these cubes were

Cementitious
Matrix Mixes

discarded.

I 1 1 1 | 1
Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6
== Control: 3C+3P | == Control: 3C+3P |J== Control: 3C+3P (== Control: 3C+3P |f== Control: 3C+6P | == Control: 3C+3P
1% Short 0.5% Long 0.5% Short 0.5%
—ﬁ?&?g%‘g&fgt —ﬁ?&?g%‘g&fgt = \\/heat Fibers: |j== \Wheat Fibers: == Wheat Fibers: |j== Polypropylene:
: ' 3C+3P 3C+3P 3C+6P 3C+3P
0.75% Long 0.75% short 0.75%

3% Long Wheat|] _[2% Long Wheat|] 2% short Wheat - . ? . .
S . e < 7 X e ! = \\/heat Fibers: |j== \Wheat Fibers: |f== Polypropylene:
Fibers: 3C+3P Fibers: 3C+3P Fibers: 3C+3P 3C+3P 3C+6P 3C+3P

3% Short 1% Short 1%
5% Long Wheat|L_[3% Long Wheat ; . 1% Long Wheat ; . .
— . h— . Wheat Fibers: | ™", . == \\Vheat Fibers: |&= Polypropylene:
Fibers: 3C+3P Fibers: 3C+3P 3C+3P Fibers: 3C+3P 3C+6P 3C+3P

Figure 3-2: Cementitious Matrix Mix Batches for the Different Types of Fibers (C:

represents the cubes, P: represents the prisms).

3.4 Testing
For the different cementitious matrix specimens two types of testing were conducted on
them. On the 2 in (50.8 mm) cubes the uniaxial compression test and on the 160 x 40 x 40 mm

prisms the three point flexural test was performed. In these two destructive tests the load

deflection curves were recorded using the MTS compression machine.
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3.4.1 Uniaxial Compression Testing:

Uniaxial compression tests on 2 in (50.8 mm) cubes were conducted in the load control
mode with a rate of 550 Ib/sec (2500 N/s) in accordance with the ASTM C109 and the EN 196-
1:2005 (European standard EN 2005). The load control was initiated after applying 50 Ib (228 N)

of initial force to guarantee full contact between the machine and the specimen (Figure 3-3).

Figure 3-3: Test Setup for a Cube Reinforced with 0.5% Short Wheat Fiber.

3.4.2 Three Point Flexure:

Three point flexure tests were conducted on 160 x 40 x 40 mm prisms in the
displacement control mode with a rate of 0.4 mm/sec in accordance with the ASTM C348 and
the EN 196-1:2005 (European standard EN 2005) with a span length of 100 mm as shown in
Figure 3-4.

Figure 3-4: Test Setup for a Prism Reinforced with 0.75% Short Wheat Fiber.
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3.5 Results

3.5.1 Cubes Results:

The full load-deflection curves were generated (Figure 3-5 to Figure 3-9) due to the fact
that an MTS compression machine was used. But since the load cell is trying to engage the
specimen, the graphs showed some anomaly in the early stages of loading. Other machines were
used to confirm the peak load of the specimen and it yielded very close results. As for the
calculation of the stiffness, it was conducted over the linear portion of the rising part of the
curves. The following graphs represent the load-deflection curves for the different percentages of
different fibers.

Load-Displacement
Displacement (mm)
1.5

0 0.5 2.5 3
25000 1 1 1 1 1 1
- 100000
20000 -
- 80000
215000 - =
= - 60000 =
© o
810000 - 3
= - 40000 -~
5000 - . - 20000
0 - 0
0 0.02 0.04 0.06 0.08 0.1 0.12

Displacement (in)

= == Cube Control Long Strawsl === Cube Control Long Straws2 == Cube Control Long Straws3

Cubes Long Straws S1 1% Cubes Long Straws S2 1% Cubes Long Straws S3 1%
Cubes Long Straws S4 0.75% Cubes Long Straws S5 0.75% Cubes Long Straws S6 0.75%
Cubes Long Straws S7 0.5% Cubes Long Straws S8 0.5% Cubes Long Straws S9 0.5%

Figure 3-5: Cubes Specimens with 0.5% to 1% Long Wheat Fibers Compared to the

Control Specimens.
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Load-Displacement

0 05 1  Displacgment (mm) 25 3
30000 1 1 1 1 1 1
- 100000
20000 - _
= Z
3 3
(=] o
= 10000 - -
oL

0 0.02 0.04 0.06 0.08 0.1 0.12

Displacement (in)
= == Cube Control Long Strawsl === Cube Control Long Straws2 = Cube Control Long Straws3

Cubes Long Straws S1 1% Cubes Long Straws S2 1% Cubes Long Straws S3 1%
Cubes Long Straws S4 2% Cubes Long Straws S5 2% Cubes Long Straws S6 2%
Cubes Long Straws S7 3% Cubes Long Straws S8 3% Cubes Long Straws S9 3%

Figure 3-6: Cubes Specimens with 1% to 3% Long Wheat Fibers Compared to the Control

Specimens.

Cubes with Short Wheat Fibers
Displacerriesnt (mm)

0 0.5 2.5 3
25000 1 1 1 1 1 1
- 100000
20000 -
- 80000
3 15000 - =
= - 60000 =
T T
3 10000 - 3
- - 40000 -
5000 - - 20000
O = T 0
0 0.02 0.04 0.06 0.08 0.1 0.12
Displacement (in)
= == Cube Control Straws1 === Cube Control Straws2 Cube Control Straws3
Cubes Short Straws S1 1% Cubes Short Straws S2 1% Cubes Short Straws S3 1%
Cubes Short Straws S4 0.75% Cubes Short Straws S5 0.75% Cubes Short Straws S6 0.75%
Cubes Short Straws S7 0.5% Cubes Short Straws S8 0.5% Cubes Short Straws S9 0.5%

Figure 3-7: Cubes Specimens with 0.5% to 1% Short Wheat Fibers Compared to the

Control Specimens.
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Cubes with Short Wheat Fibers

Displacement (mm)
1.5

0 0.5 2.5 3
25000 1 1 1 1 1 1
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20000 -
80000
o 15000 - =
= 60000 =
° -]
3 10000 - 3
- 40000 —~
5000 - 20000
0 - 0
0 0.02 0.04 0.06 0.08 0.1 0.12
Displacement (in)
= = = Cube Control Straws1 = = = Cube Control Straws2 = e« = Cube Control Straws3
Cubes Short Straws S1 1% Cubes Short Straws S2 1% Cubes Short Straws S3 1%
Cubes Short Straws S4 2% Cubes Short Straws S5 2% Cubes Short Straws S6 2%

Figure 3-8: Cubes Specimens with 1% to 3% Short Wheat Fibers Compared to the Control

Specimens.
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Load-Displacement
Displacement (mm)

0 0.5 1 1.5 2 2.5 3
25000 1 1 1 1 1 1
100000
20000 -
80000
T 15000 - =
= 60000 =
© -]
3 10000 - 3
- 40000 -
5000 -
0 -
0 0.02 0.04 0.06
Displacement (in)
= = = Cube Control Polypropylenel = = = Cube Control Polypropylene2

= = = Cube ControlPolypropylene3 Cubes Polypropylene S1 1%

Cubes Polypropylene S2 1% Cubes Polypropylene S3 1%

Cubes Polypropylene S4 0.75% Cubes Polypropylene S5 0.75%

Cubes Polypropylene S6 0.75% Cubes Polypropylene S7 0.5%

Cubes Polypropylene S8 0.5% Cubes Polypropylene S9 0.5%

Figure 3-9: Cubes Specimens with 0.5% to 1% Polypropylene Fibers Compared to the
Control Specimens.

Based on the measured peak loads and calculated stiffness, the following graphs were
developed (Figure 3-10 and Figure 3-11) in order to present maximum, minimum, and average
increasing or decreasing trends with the increasing amount of fibers. In these figures, the lines
are connecting the average peak loads or stiffness in uniaxial compression, while the vertical

lines with the tick marks represent the maximum, minimum, and middle values.
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Peak Load for Cubes

Percent of Fiber

Polypropylene  ==|ong Wheat Fibers Short Wheat Fibers
30 -
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5 - 20
0 0
-0.25% 0.50% 1.25% 2.00% 2.75% 3.50% 4.25% 5.00% 5.75%

Peak Load (KN)

Figure 3-10: Peak Loads for Cubes Containing Different Percentages of Different Fibers.

Stiffness Peaks for Cubes
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Figure 3-11: Stiffness Peaks for Cubes with Different Percentages of Different Fibers.

It is difficult to compare these different types of fibers due to the fact that they have

different control specimens. Consequently peak load and stiffness results were normalized by

dividing the peak load or the stiffness of each specimen by the average load or stiffness of its
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control specimen (Figure 3-12 and Figure 3-13). In these figures, the lines are connecting the
average peak load or stiffness increase relative to the average of its control in uniaxial
compression, while the vertical lines with the tick marks represent the maximum, minimum, and
middle values in term of relative uniaxial compression peak load or stiffness. Table 3-5
represents the average increase in both load and stiffness for the cubes with the different

percentages and different fibers.

Average Peak Loads for Cubes with Different Percentages of Different

Fibers
e Polypropylene = ==|long Wheat Fibers Short Wheat Fibers
60% -

a
S 40% -
S 20% -
T 0% | | | |
2 -20%).00% 1.00% 2. 4.00% 5.00% 6.00%
8 -40% -
&% -60% -
©
T -80% -
[
§ -100% -

-120% -

Percent of Fiber

Figure 3-12: Average Peak Loads for Cubes with Different Percentages of Different Fibers.
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Figure 3-13: Average Stiffness Peaks for Cubes with Different Percentages of Different

Fibers.

Table 3-5: Average Increase in the Load and Stiffness for Cubes with Different Amount of
Different Fibers.

Volume Long Wheat Fibers Short Wheat Fibers Polypropylene Fibers
% Fiber | Avg. Load Avg. Avg. Load Avg. Avg. Load Avg.
Increase Stiffness Increase Stiffness Increase Stiffness
Increase Increase Increase
0% 0% 0% 0% 0 0% 0%
0.50% 27% -12% -13% 0% 12% 9%
0.75% 3% -32% -8% -4% 6% -8%
1% 11% -1% -32% 5% 11% -3%
2% -5% -19% -60% -40% - -
3% -27% -42% - - - -
5% -95% - - - - -

The following Figure shows some of the cubes with the different percentages of fibers.
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Figure 3-14: Cubes with Different Wheat Fibers Percentages.

3.5.2 Prisms Results:

The load-deflection curves were also generated (Figure 3-16 to Figure 3-20) due to the
fact that an MTS compression machine was used (setup shown in Figure 3-4). As for the
calculation of the stiffness, it was conducted over the linear portion of the rising part of the curve
as shown in Figure 3-15. The following graphs represent the load-deflection curves for the
different percentages of different fibers.

Control Poylpropylene Prism 1 Load-Displacement

e Original Linear ——Linear (Linear)

Displacement (mm)

0 0.1 0.2 0.3 0.4 0.5 0.6
800 | | | 1138; 2897.6 | T 3500
1 y= X - .
700 R2=0.9918 - 3000
600 - 2500
— 500 —_
2 - 2000 Z
T 400 ©
S 300 - 1500 S
200 - 1000
100 - 500
0 T T T T 0
0 0.005 0.01 0.015 0.02 0.025

Displacement (in)

Figure 3-15: Load-Deflection Curve for Control Polypropylene Prism Indicating the Linear
Portion Used in the Calculation of the Stiffness.
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Long Wheat Fibers Prisms Load-Displacement
Displacement (mm)
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= = = Prism Control Long Strawsl === Prism Control Long Straws2 === Prism Control Long Straws3

Prism Long Straws S1 1% Prism Long Straws S2 1% Prism Long Straws S3 1%
Prism Long Straws S4 0.75% Prism Long Straws S5 0.75% Prism Long Straws S6 0.75%
Prism Long Straws S7 0.5% Prism Long Straws S8 0.5% Prism Long Straws S9 0.5%

Figure 3-16: Prisms Specimens with 0.5% to 1% Long Wheat Fibers Compared to the

Control Specimens.

Long Wheat Fibers Prisms Load-Displacement
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= = = Prism Control Long Strawsl === Prism Control Long Straws2 === Prism Control Long Straws3

Prism Long Straws S1 1% Prism Long Straws S2 1% Prism Long Straws S3 1%
Prism Long Straws S4 2% Prism Long Straws S5 2% Prism Long Straws S6 2%
Prism Long Straws S7 3% Prism Long Straws S8 3% Prism Long Straws S9 3%

Figure 3-17: Prisms Specimens with 1% to 3% Long Wheat Fibers Compared to the

Control Specimens.
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Short Wheat Fibers Prisms Load-Displacement
Displacement (mm)
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Prism Short Straws S1 0.5% Prism Short Straws S2 0.5% Prism Short Straws S3 0.5%
Prism Short Straws S4 0.5% Prism Short Straws S5 0.5%

Figure 3-18: Prisms Specimens with 0.5% to 1% Short Wheat Fibers Compared to the

Control Specimens.
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Load (Ib)

= = = Prism Control Short Strawsl === Prism Control Short Straws2 e e« Prism Control Short Straws3

Short Wheat Fibers Prisms Load-Displacement
Displacement (mm)

0 0.2 0.4 0.6 0.8 1

700 1 1 1 1 1 . 3000
600 -

- 2500
500 -

- 2000
400 -

- 1500
300 -

200 - - 1000
100 - - 500
O - T T T T T T 0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Displacement (in)

= Prism Short Straws S1 1% e Prism Short Straws S2 1% Prism Short Straws S3 1%

= Prism Short Straws S4 2% e Prism Short Straws S5 2% Prism Short Straws S6 2%

Load (N)

Figure 3-19: Prisms Specimens with 1% to 3% Short Wheat Fibers Compared to the

Control Specimens.
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Figure 3-20: Prisms Specimens with 1% to 3% Polypropylene Fibers Compared to the

Control Specimens.
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The following graphs (Figure 3-21 and Figure 3-22), developed from the peak loads and
the calculated stiffnesses for all three types of fibers, present the peak load and stiffness benefits
of the different fibers. In these figures, the lines are connecting the average peak load or stiffness
in three-point flexure, while the vertical lines with the tick marks represent the maximum,
minimum, and middle values. As for the crack angle which was taken as the angle between the
crack direction and the minor principal stress direction for all prisms Table Error! No text of

specified style in document.-1 in the Appendix shows the values for the different prisms.

Peak Loads for Prisms
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Figure 3-21: Peak Loads for Prisms Containing Different Percentages of Different Fibers.
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Figure 3-22: Stiffness Peaks for Prisms Containing Different Percentages of Different

percentages of peak load and stiffness increases in comparison with the average values of the

Fibers.

Similar to Figure 3-12 and Figure 3-13, Figure 3-23 and Figure 3-24 represent the

corresponding control specimens. In these figures, the lines are connecting the average peak load

or stiffness increase relative to the average of its control in three-point flexure, while the vertical

lines with the tick marks represent the maximum, minimum, and middle values in term of

relative flexural peak load or stiffness. Table 3-6 represents the average increase in both load and

stiffness for the prisms with the different percentages and different fibers.
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Average Peak Loads for Prisms with Different Percentages of Different
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Figure 3-23: Average Peak Loads for Prisms with Different Percentages of Different
Fibers.
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Figure 3-24: Average Stiffness Peaks for Prisms with Different Percentages of Different
Fibers.
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Table 3-6: Average Increase in the Load and Stiffness for Prisms with Different Amount of
Different Fibers.

Volume Long Wheat Fibers Short Wheat Fibers Polypropylene Fibers
% Fiber | Avg. Load Avg. Avg. Load Avg. Avg. Load Avg.
Increase Stiffness Increase Stiffness Increase Stiffness
Increase Increase Increase
0% 0% 0% 0% 0 0% 0%
0.50% 15% -5% -29% 0% -6% 3%
0.75% 30% 23% -31% -19% -10% -3%
1% 10% 7% -30% -19% -13% 1%
2% -10% 17% -46% -12% - -
3% -21% -5% - - - -
5% -90% - - - - -

As for the cracking, Figure 3-25 represents the difference in cracking between the control
prism and the prism with different percentages of wheat fibers. Cracks in the prisms with wheat

fibers are inclined which indicate that these cracks are shear cracks, while the control prisms
have flexural cracks, straight cracks.
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Figure 3-25: Prisms with Wheat Fibers.
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CHAPTER 4 - Fiber Reinforced Concrete

This chapter is intended to address the use of wheat fibers as a reinforcing material for
concrete specimens in compare with polypropylene fibers. In order to study the properties of the
reinforced concrete, 99 specimens were tested in uniaxial compression and flexure. The wheat

fibers percentages and size were concluded from the initial study in CHAPTER 3 -.

4.1 Materials

In this part of the research only long wheat fibers will be studied in compare with the
polypropylene fibers ranging from 0.5-1% fraction volumes (Figure 3-1). The properties for
these fibers are given in Table 4-1.

Table 4-1: Material Properties

Materials Specification

Cement Type | Cement
Long Wheat Fibers Nominal Length: 20-30 mm (Error! Reference
source not found., C)
Average Diameter: 2-3 mm
Polypropylene Fibers  Length of 19 mm (Error! Reference source not
found., a)

Diameter: 0.012 mm

As for the fine aggregate and coarse aggregate (aggregate 12mm or less) the following
figures represent the sieve analysis that was conducted on both of the sand and rock. As for the
absorption for the fine aggregate it was 1.76% and 1.58% for the coarse aggregate which was

conducted over an oven dried aggregate and collected for five samples.
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Figure 4-1: Fine Aggregate Sieve Analysis
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Figure 4-2: Coarse Aggregate Sieve Analysis

4.2 Mixing Proportions

Table 4-2 represents the mixing proportions of the control concrete mixes according to
the ASTM C192 (American Standard ASTM 2007) for 10 cylinders and 6 prisms which had a

0.45 water to cement ratio (w/c), 0.385 cement to sand (fine aggregate) ration (c/s) and 0.374
cement to rock (coarse aggregate) ratio (c/r):
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Table 4-2: Control Mix for Cylinder and Prism Specimens.

Quantities for 4x8 in Cylinder Quantities for 6x6x21 in Prism

Material (gram) (gram)
Cement 8649.71 30354.99
Water 3894.24 13666.30
Coarse Aggregate
(SSD) 23147.01 81231.33
Fine Aggregate
(SSD) 22458.21 78814.10

The mixing was performed by mixing the cement, sand, rock and the fibers for 30
seconds and then adding the water slowly and mixing for 2 minutes and the reason that the water
is added the last is to avoid clustering the fibers in the mixture. The amount of water in the mixes
containing fibers needed to be adjusted to accommodate for the reduction in workability due to
the added fibers. This adjustment was accomplished by adding 3 mL for each gram of fibers
added. That was concluded based on the absorption of the fibers, after weighting the dry fibers
and the wet fibers (soaked in water then compressed to get rid of the excess water). Also the
fibers were measured by volume of the specimen due to the substantial variability of the wheat
fibers. Therefore, Table 4-3 represents the adjusted amount of water for each percentage of
fibers, the volume of fiber required for cylinders and prisms specimens, and the number of
specimens that were cast for each type of fiber. These volumes fraction of fibers, between 0.5%
and 1%, were decided based on the previous study on the cementitious matrix in CHAPTER 3 -
CHAPTER 3 -.

Table 4-3: Adjusted Water for Each Percentage of Fiber.

Vol Adjusted Water  Adjusted Water Wheat Fibers Wheat Fibers
olume
) for Cylinders for Prisms Volume for Volume for
% Fiber ) 3 ) 3
(gram) (gram) Cylinder (cm?) Prism (cm?)
0% 0 0 0 0
0.5% 6.2 449.28 5.99 41.29
0.75% 27.8 511.22 9.27 61.94
1.0% 36.9 573.16 12.4 82.59
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4.3 Specimens and Casting

All the specimen were casted in accordance with the ASTM standards for casting
concrete in laboratories and slump and air content tests were performed and the results are
reported in Table 4-4.
Table 4-4: Slump and Air Content of the Concrete Mixes

Type Slump (mm) Air content (%)
Control 0 5
0.5% Wheat Fibers 6.35 2.8
0.75% Wheat Fibers 19.05 2.6
1% Wheat Fibers 44.45 2.7
0.5% Polypropylene 0 6
0.75% Polypropylene 0 4.8
1% Polypropylene 0 3.9

Due to the availability of 9 molds for prisms and 72 for cylinders, all the cylinders were
casted as one batch, while the prisms were divided into batches as shown in Figure 4-3.
Table 4-5: Number of Specimen Per Each Percentage.

Volume % Fiber No. of Cylinder Specimens No. of Prism Specimens

0% 10 9
0.5% 22 6
0.75% 20 6
1.0% 20 6

According to Table 4-5, the total number of specimens is 99, consisting of 27 prisms and
72 cylinders. These specimens were divided into four batches according to the mixing date as
shown in Figure 4-3 due to the limitation of the number of molds available to the researcher.
Because of this different control specimens were made to assure accuracy and avoid the
variability of the concrete mixes. Batch 1 contains all the cylinders, 10 for each percentage
except for the 0.5% of both fibers due to the fact that some of these cylinders were made for
cyclic loading.
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Figure 4-3: Concrete Mix Batches for the Different Types of Fibers.

4.4 Testing

In this portion of the research, two mechanisms of testing were implemented. The first
mechanism is the monotonic testing which included the uniaxial compression and the four point

bending. As for the second mechanism the cyclic testing, it included only uniaxial compression.

4.4.1 Monotonic Testing:

4.4.1.1 Uniaxial Compression Testing:

Uniaxial compression was performed over 4x8 in (101.6x 203.2 mm) cylinders according
to the ASTM C39 (American Standard ASTM 2010). In order to insure perfect contact between

the cylinders and the load-cell, sulfur capping or neoprene pads were used. Figure 4-4 represents

the cylinder setup in the compression machine.
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Figure 4-4: Cyliner Setup for Uniaxial Compression Testing.

4.4.1.2 Four Point Flexure:

Four Point Flexure was performed over 6x6x21 in (152.4x152.4x533.4 mm) prisms
according to the ASTM C78 (American Standard ASTM 2010). On each prism two strain gages
were installed in the bottom of the mid-span of the prism according to Vishay’s Technical note
on mounting gages on concrete structures, Application Note TT-611. Also two LVDTs were
placed on the top of the mid-span of each prism. Figure 4-5 represents the prism setup in the

compression machine with the LVDTs and the strain gages.
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Figure 4-5: Prism Setup for Four Point Flexural Testing.

4.4.2 Cyclic Testing:

In order to determine the modulus of elasticity and the hardening function, the inelastic
strain that develop for the concrete specimen with and without fibers cyclic loading was
performed. For each type and percentages of fiber one cylinder was tested under cyclic loading
after 28 days of curing. Each of these cylinders had two strain gages mounted on the mid-height
of the cylinder 180° from each other. Nine cycles was performed on each cylinder; three on 0.4f .
(159692 N), three on 0.5 f; (199503 N) and three on 0.6 f¢ (239092 N). The f. was determined
from averaging the control cylinders under monotonic loading.

4.5 Results

45.1 Cylinder Results:

4.5.1.1 Monotonic Testing Result:
Since the development of the load capacity of the concrete was studied after 7, 14 and 28

day of curing for the different percentages of the long wheat fibers and the polypropylene fibers.
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Figure 4-6 represent the peak load increase for all the specimens (63 cylinders) over the curing
period, while Figure 4-7 represent the average peak load development for the different
percentages of fibers over the same curing period. The exact values of the peak loads and the
averages are presented in Table 4-6.

Peak Load Development

120000 511036
100000
- 411036
80000
- 311036
= 60000 =
° - 211036 §
S 40000 K]
- 111036
20000
0 - 11036
-20000 -88964

Specimen

B 7-Days Peak Load M 14-Days Peak Load  m 28-Days Peak Load

Figure 4-6: Development of the Load Capacity for the Concrete Cylinders.
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Figure 4-7: Development of the Average Load Capacity for the Concrete Cylinders.
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Table 4-6: Peak Load Development for the Concrete Cylinders.

Specimen | 7-Day Peak  Average 14-DayPeak Average 28-DayPeak  Average
Load (N) (N) Load (N) (N) Load (N) (N)
C1 327871 295406 372316
C2 296166 310680 311153 303220 389709 382377
C3 308003 303102 385105
0.5S1 309989 332238 392711
0.5S2 322753 313205 324653 321162 404721 398487
0.5S3 306874 306594 398027
0.75S1 318902 310575 425828
0.75S2 327879 315515 308907 296689 405567 409333
0.75S3 299766 270585 396603
1S1 275363 300477 345960
1S2 312462 290345 298631 300796 384326 366274
1S3 283209 303280 368535
0.5P1 354437 322607 443732
0.5P2 331039 330889 369936 354961 382347 401029
0.5P3 307191 372338 377009
0.75P1 316621 325343 369714
0.75P2 310523 328570 320050 327953 403476 387470
0.75P3 358565 338465 389219
1P1 288420 292871 354901
1P2 289998 283053 302368 297527 382503 374607
1P3 270740 297341 386417

The full load-deflection curves were generated for cylinders cured for 7 days (Figure 4-8

to Figure 4-11) due to the fact that an MTS compression machine was used. Figure 4-12 to

Figure 4-15 represent the curves for the cylinders tested after 14 days of curing. As for the 28

days curing, Figure 4-16 through Figure 4-19 shows the load-displacement curves. But since the

load cell is trying to engage the specimen, the graphs showed some anomaly in the early stages

of loading. Other machines were used to confirm the peak load of the specimen and it yielded

very close results. As for the calculation of the stiffness, it was conducted over the linear portion

of the rising part of the curves as demonstrated in Figure 3-15. The following graphs represent

the load-deflection curves for the different percentages of different fibers.
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Figure 4-8: All Concrete Cylinders Tested After 7-Days Curing.
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Figure 4-9: Cylinders with 0.5% Fiber vs. Control Tested After 7-Days Curing.
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Figure 4-10: Cylinders with 0.75% Fiber vs. Control Tested After 7-Days Curing.
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Figure 4-11: Cylinders with 1% Fiber vs. Control Tested After 7-Days Curing.
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Figure 4-12: All Concrete Cylinders Tested After 14-Days Curing.
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Figure 4-13: Cylinders with 0.5% Fiber vs. Control Tested After 14-Days Curing.
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Figure 4-14: Cylinders with 0.75% Fiber vs. Control Tested After 14-Days Curing.
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Figure 4-15: Cylinders with 1% Fiber vs. Control Tested After 14-Days Curing.
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Figure 4-16: All Concrete Cylinders Tested After 28-Days Curing.
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Load-Displacement for 28-Days Curing Cylinders
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Figure 4-17: Cylinders with 0.5% Fiber vs. Control Tested After 28-Days Curing.
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Figure 4-18: Cylinders with 0.75% Fiber vs. Control Tested After 28-Days Curing.
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Figure 4-19: Cylinders with 1% Fiber vs. Control Tested After 28-Days Curing.
Similar to what was done in CHAPTER 3 -, the following graphs were developed
(Figure 4-20 and Figure 4-21) in order to present maximum, minimum, and average increasing or
decreasing trends with the increasing amount of fibers based on the measured peak loads and
calculated stiffness for the 28 day cured cylinders. In these figures, the lines are connecting the
average peak loads or stiffness in uniaxial compression, while the vertical lines with the tick

marks represent the maximum, minimum, and middle values.
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Figure 4-20: Peak Loads at 28 Days for Cylinders Containing Different Percentages of
Different Fibers.
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Figure 4-21: Stiffness Peaks at 28 Days for Cylinders with Different Percentages of
Different Fibers.
Since these cylinders all share the same control specimens, it can be seen that the trend is
clear but to be consistent with what have been presented in CHAPTER 3 -, the peak load and
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stiffness results were normalized by dividing the peak load or the stiffness of each specimen by
the average load or stiffness of the control specimens (Figure 4-22 and Figure 4-23). In these
figures, the lines are connecting the average peak load or stiffness increase relative to the average
of its control in uniaxial compression, while the vertical lines with the tick marks represent the
maximum, minimum, and middle values in term of relative uniaxial compression peak load or
stiffness. Table 4-7 represents the average increase in both load and stiffness for the cylinders

with the different percentages and different fibers.

Average Peak Loads for Cylinders with Different Percentages of Different
Fibers
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Figure 4-22: Average Peak Loads at 28 Days for Cylinders with Different Percentages of
Different Fibers.
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Figure 4-23: Average Stiffness Peaks at 28 Days for Cylinders with Different Percentages

of Different Fibers.

Table 4-7: Average Increase in the Load and Stiffness for Cylinders with Different Amount

of Different Fibers.

Volume % Long Wheat Fibers Polypropylene Fibers
Fiber Avg. Load Avg. Stiffness Avg. Load Avg. Stiffness
Increase Increase Increase Increase
0% 0% 0% 0% 0%
0.50% 4% 10% 5% 11%
0.75% 7% 8% 1% 14%
1% -4% 2% -2% 8%

45.1.2 Cyclic Testing Result:

The full load-Strain curves were generated for cylinders cured for 28 days due to the fact

that strain gages were mounted on each cylinder that was tested in cyclic loading. Figure 4-25,
Figure 4-27, Figure 4-29, Figure 4-31, Figure 4-33, Figure 4-35 and Figure 4-37 represent the

cycles with the failure curve for the cylinders tested in cyclic then failed in monotonic loading.

As for the cycles only,

Figure 4-24, Figure 4-26, Figure 4-28, Figure 4-30, Figure 4-32,

Figure 4-34 and Figure 4-36 shows the load-strain curves for three cycles at each of the three

load levels. As for the calculation of the stiffness, it was conducted over the linear portion of the

rising part of the first cycle.
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Control Load-Strain Curve
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Figure 4-24: Cycles for the Control Cylinder.
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Figure 4-25: Cyclic with the Failure Curve for the Control Cylinder.
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0.5% Wheat Fibers Load-Strain Curve

60000
- 250000
50000
- 200000
40000
= - 150000 =
< 30000 e
© M
S S
- 100000
20000
10000 - 50000
0 0
0 01 02 03 04 05 06 07 08 09 1
Strain x102(in/in)
Figure 4-26: Cycles for the 0.5% Wheat Reinforced Cylinder.
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Figure 4-27: Cyclic with the Failure Curve for the 0.5% Wheat Reinforced Cylinder.
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0.75% Wheat Fibers Load-Strain Curve
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Figure 4-28: Cycles for the 0.75% Wheat Reinforced Cylinder.
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Figure 4-29: Cyclic with the Failure Curve for the 0.75% Wheat Reinforced Cylinder.
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1% Wheat Fibers Load-Strain Curve

Strain x102(in/in)

Cyclic Loading  ====Monotonic Loading

60000
- 250000
50000
- 200000
40000
iy - 150000 =
< 30000 o
© ©
S S
- 100000
20000
10000 - 50000
0 0
0 01 02 03 04 05 06 07 08 09 1
Strain x102(in/in)
Figure 4-30: Cycles for the 1% Wheat Reinforced Cylinder.
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Figure 4-31: Cyclic with the Failure Curve for the 1% Wheat Reinforced Cylinder.
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0.5% Polypropylene Fibers Load-Strain Curve
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Figure 4-32: Cycles for the 0.5% Polypropylene Reinforced Cylinder.
0.5% Polypropylene Fibers Load-Strain Curve
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Figure 4-33: Cyclic with the Failure Curve for the 0.5% Polypropylene Reinforced

Cylinder.
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0.75% Polypropylene Fibers Load-Strain Curve
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Figure 4-34: Cycles for the 0.75% Polypropylene Reinforced Cylinder.
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Figure 4-35: Cyclic with the Failure Curve for the 0.75% Polypropylene Reinforced
Cylinder.
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1% Polypropylene Fibers Load-Strain Curve
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Figure 4-36: Cycles for the 1% Polypropylene Reinforced Cylinder.
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Figure 4-37: Cyclic with the Failure Curve for the 1% Polypropylene Reinforced Cylinder.
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At each level of the cyclic load and based on each cycle the modulus of elasticity was
calculated for all the specimens and the results are presented in Figure 4-38 versus the strain at
the same cycle. Figure 4-39 represent the stiffness at each cycle strain level. Table 4-8 show a
summary of the initial stiffness, initial modulus of elasticity and the ductility index for the

cylinders reinforced with wheat fibers in cyclic loading.

Modulus of Elasticity Development
= - 43959 =
8 620000 - o
z 2
S 570000 - - 38959 &
% L
o 7
w 520000 - o
b~ w
o - 33959 o
5 470000 - b
S =
T S
S 420000 . . . . . 28959 3
0 0.002 0.004 0.006 0.008 0.01 0.012 S
Strain (in/in)
=9 Control == 0.5% Wheat Fibers ==fe=0.75% Wheat Fibers
=>¢=1.0% Wheat Fibers =3t=0.5% Polypropylene Fibers =@=0.75% Polypropylene Fibers
1.0% Polypropylene Fibers
Figure 4-38: Modulus of Elasticity vs. Strain at Each Cycle.
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Figure 4-39: Stiffness vs. Strain at Each Cycle.
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Table 4-8: Summary of Cyclic Cylinders Properties.

Sample Peak Load Initial Stiffness Ductility Initial Modulus of Elasticity
(N) (N/mm) Index (MPa)

Control 406620.76 1858.68 1.7179 4061.12
0.5% Wheat Fibers 397564.91 1875.42 1.7508 4017.17
0.75% Wheat Fibers 411861.01 1870.95 1.9259 3934.21
1.0% Wheat Fibers 411698.31 1852.97 1.6729 3875.27
0.5% Polypropylene Fibers | 451196.91 1869.28 1.9742 4394.07
0.75% Polypropylene Fibers | 403288.73 1861.40 2.0025 3727.97
1.0% Polypropylene Fibers | 400491.78 1860.94 2.1350 3474.20

4.5.2 Prisms Results:

The full load-deflection curves were generated for cylinders cured for 7 days (Figure 4-8
to Figure 4-11) due to the fact that an MTS compression machine was used. Figure 4-12 to
Figure 4-15 represent the curves for the cylinders tested after 14 days of curing. As for the 28
days curing, Figure 4-16 through Figure 4-19 shows the load-displacement curves. But since the
load cell is trying to engage the specimen, the graphs showed some anomaly in the early stages
of loading. Other machines were used to confirm the peak load of the specimen and it yielded
very close results. As for the calculation of the stiffness, it was conducted over the linear portion
of the rising part of the curves as demonstrated in Figure 3-15. The following graphs represent

the load-deflection curves for the different percentages of different fibers.
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Figure 4-40: Batch 1, Load-Displacement Curves for the Control Specimens.
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Figure 4-41: Batch 1, Load-Strain Curves for the Control Specimens.
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Figure 4-42: Batch 1, Load-Displacement Curves for the 0.5% Wheat Fibers Specimens.
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Figure 4-43: Batch 1, Load-Strain Curves for the 0.5% Wheat Fibers Specimens.
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Figure 4-44: Batch 1, Load-Displacement Curves for the 0.5% Polypropylene Fibers

Specimens.
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Figure 4-45: Batch 1, Load-Strain Curves for the 0.5% Polypropylene Fibers Specimens.
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Figure 4-46: Batch 2, Load-Displacement Curves for the Control Specimens.
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Figure 4-47: Batch 2, Load-Strain Curves for the Control Specimens.
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Figure 4-48: Batch 2, Load-Displacement Curves for the 0.5% Wheat Fibers Specimens.
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Figure 4-49: Batch 2, Load-Strain Curves for the 0.5% Wheat Fibers Specimens.
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Figure 4-50: Batch 2, Load-Displacement Curves for the 0.75% Polypropylene Fibers

Specimens.
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Figure 4-51: Batch 2, Load-Strain Curves for the 0.75% Polypropylene Fibers Specimens.
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Figure 4-52: Batch 3, Load-Displacement Curves for the Control Specimens.
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Figure 4-53: Batch 3, Load-Strain Curves for the Control Specimens.
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Figure 4-54: Batch 3, Load-Displacement Curves for the 1% Wheat Fibers Specimens.
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Figure 4-55: Batch 3, Load-Strain Curves for the 1% Wheat Fibers Specimens.
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Figure 4-56: Batch 3, Load-Displacement Curves for the 1% Polypropylene Fibers

Specimens.
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Figure 4-57: Batch 3, Load-Strain Curves for the 1% Polypropylene Fibers Specimens.
The following graphs (Figure 4-58 and Figure 3-22), developed from the peak loads and
the calculated stiffnesses for the two types of fibers, present the peak load and stiffness benefits
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of the different fibers. In these figures, the lines are connecting the average peak load or stiffness
in three-point flexure, while the vertical lines with the tick marks represent the maximum,

minimum, and middle values.
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Figure 4-58: Peak Loads for Concrete Prisms Containing Different Percentages of
Different Fibers.
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Peak Stiffness for Prisms
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Figure 4-59: Stiffness Peaks for Concrete Prisms Containing Different Percentages of
Different Fibers.

Similar to Figure 4-22 and Figure 4-23, Figure 4-60 and Figure 3-24 represent the
percentages of peak load and stiffness increases in comparison with the average values of the
corresponding control specimens. In these figures, the lines are connecting the average peak load
or stiffness increase relative to the average of its control in four-point flexure, while the vertical
lines with the tick marks represent the maximum, minimum, and middle values in term of
relative flexural peak load or stiffness. Table 4-9 represents the average increase in both load and

stiffness for the concrete prisms with the different percentages and different fibers.
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Average Peak Loads for Prisms with Different Percentages of Different
Fibers
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Figure 4-60: Average Peak Loads for Concrete Prisms with Different Percentages of
Different Fibers.
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Figure 4-61: Average Stiffness Peaks for Concrete Prisms with Different Percentages of
Different Fibers.
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Table 4-9: Average Increase in the Load and Stiffness for Prisms with Different Amount of

Different Fibers.

Volume % Long Wheat Fibers Polypropylene Fibers
Fiber Avg. Load Avg. Stiffness Avg. Load Avg. Stiffness
Increase Increase Increase Increase
0% 0% 0% 0% 0%
0.50% -15% 14% -10% 2%
0.75% -13% 6% -T% 4%
1% -7% 2% -10% 14%
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CHAPTER 5 - Finite Element Modeling and Simulation

In this chapter a finite element modeling is performed for concrete cylinders and prisms
similar to those tested in the previous chapter. Commercial finite element software, ABAQUS

FEA, is used to simulate the control concrete specimen and the specimens with fibers.

5.1 Material Models

For the modeling of the concrete specimens two types of material properties had to be
defined, elasticity and plasticity parameters. For the elasticity parameters, the Young's Modulus
of Elasticity (E) and the Poisson's ratio (v) are required. The Plasticity model that was selected
was the Concrete Damage Plasticity which requires the following as defined by the ABAQUS
user manual:

e Dilation Angle (y), in the p—q plane, and the units in degrees.

e Eccentricity, Flow potential eccentricity (€). The eccentricity is a small positive
number that defines the rate at which the hyperbolic flow potential approaches its
asymptote.

e fh0/fc0, the ratio of initial equibiaxial compressive yield stress to initial uniaxial
compressive yield stress.

o KorK, the ratio of the second stress invariant on the tensile meridian, ¢rwm), to
that on the compressive meridian, qccwmy, at initial yield for any given value of the
pressure invariant p such that the maximum principal stress is negative, omax < 0.
It must satisfy the condition 0.5 < K. < 1.

e Viscosity parameter (), used for the visco-plastic regularization of the concrete
constitutive equations in ABAQUS/Standard analyses.

e Compressive Behavior, which consist of Yield Stress and Inelastic Strain.

e Tensile Behavior, which consist of Yield Stress and Direct cracking displacement.

In order to calculate the concrete compressive behavior the cyclic loading was performed
concrete cylinders which was presented in CHAPTER 4 -. As for the concrete tensile behavior, a
bilinear model suggested by Coronado et al. (2006) was used to calculate the tensile yield stress.
The following table represents the materials parameters for the concrete control specimen
calibrated to fit the experimental results in CHAPTER 4 -,
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Table 5-1: Concrete Damage Plasticity Materials Parameter.

Young's Modulus of Elasticity (MPa) | 4000
Poisson's ratio 0.2
Dilation Angle (°) 36
Eccentricity 0.1
fb0/fcO 1.16
K 0.6666
Viscosity parameter 0
Compressive Behavior Tensile Behavior
. Inelastic Strain | Yield Stress Direct Crackin
Yield Stress (MPa) (mm/mm) (MPa) Displacement (m?n)
32.9380913 0 4.647580015 0
35.68711245 5.01E-05 0.929516003 17.79231175
38.42588634 0.000353254 0 189.0433123
41.16120898 0.000784622
43.90656272 0.00138962
46.63870518 0.002224743
49.39123902 0.003569561

As for the wheat fiber material properties, only elastic properties were obtained from a
paper by Wu et al. (2010). The modulus of elasticity (E) was 20.9 GPa and the Poisson's ratio (v)
was 0.25. The wheat fibers were assumed to have a constant length of 25 mm and a diameter of
2.5 mm. As for the steel supports, the modulus of elasticity that was used is 200 GPa with a

poisson’s ratio of 0.3.
5.2 Geometrical Model

5.2.1 Concrete Cylinders:

Similar to the experimental cylinders the geometrical cylinders have a diameter of 4 in
(101.6 mm) and a length of 8 in (203.2 mm) as shown in Figure 5-1. As for the wheat fiber
distribution Figure 5-2 through Figure 5-10 represent the fiber distribution, which was
distributed in planes with an angle of 90° from each others for the 0.5% fibers, 60° for the 0.75%
fibers and 36 ° for the 1% fibers. The wheat fibers were attached to the concrete using the

embedded region approach.
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Figure 5-1: Cylinder Dimension in Inches.

Figure 5-2: Isotropic View of Fiber Distribution for the 0.5% Wheat Fibers in Cylinders.
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Figure 5-3: X-Y View of Fiber Distribution for the 0.5% Wheat Fibers in Cylinders.

Figure 5-4: X-Z View of Fiber Distribution for the 0.5% Wheat Fibers in Cylinders.
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Figure 5-6: Y-Z View of Fiber Distribution for the 0.75% Wheat Fibers in Cylinders.
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Figure 5-7: X-Z View of Fiber Distribution for the 0.75% Wheat Fibers in Cylinders.

Figure 5-8: Isotropic View of Fiber Distribution for the 1% Wheat Fibers in Cylinders.
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Figure 5-9: Y-Z View of Fiber Distribution for the 1% Wheat Fibers in Cylinders.

Figure 5-10: X-Z View of Fiber Distribution for the 1% Wheat Fibers in Cylinders.

5.2.2 Concrete Prisms:

Also similar to the experimental prisms the simulated prisms have a height and width of 6
in (152.4 mm) and a length of 21 in (533.4 mm) as shown in Figure 5-11. As for the fiber
distribution Figure 5-12 through Figure 5-16 represent the wheat fiber distribution, which was
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distributed in planes with a spacing of 12.7 mm from each other’s for the 0.5% fibers, 14.11 mm
for the 0.75% fibers and 9 mm for the 1% fibers.

[

Ar B8

Figure 5-11: Prism Dimension in Inches.

Figure 5-12: Isotropic View of 0.5% Wheat Fibers Distribution.
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Figure 5-13: Front View of 0.5% Wheat Fibers Distribution.

Figure 5-14: Isotropic View of 0.75% Wheat Fibers Distribution.




Figure 5-15: Front View of 0.75% and 1% Wheat Fibers Distribution.

Figure 5-16: Isotropic View of 1% Wheat Fibers Distribution.




5.3 Model Setup

5.3.1 Concrete Cylinders:

A 3D model of the cylinder was developed in ABAQUS with two different boundaries to
simulate a rough contacts and a smooth contact. The rough contact was simulated by preventing
the top and the bottom surfaces of the cylinder from expanding in diameter, while the smooth

contact was achieved by applying zero limitations to the expansion of the diameter (see
Figure 5-17, Figure 5-18 and Figure 5-19).

Figure 5-17: Cylinder Rough Boundaries.
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Figure 5-18: Cylinder Smooth Boundaries.

Figure 5-19: Cylinder See-Through Mesh.

5.3.2 Concrete Prisms:
As for the 3D model of the cylinder it was simulated with four steel plates, two for the

supports and the other two for the loading, tied to the prism as shown in Figure 5-20. The support
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plates were pin and roller to simulate the simply support conditions. Finally the mesh was

applied to the specimen as shown in Figure 5-21 and Figure 5-22.

Figure 5-20: Prism Boundary Conditions.
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ugh Mesh.

Figure 5-21: Prism See-Thro

Figure 5-22: Isotropic View of the Mesh.
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5.4 Results

5.4.1 Concrete Cylinders:

For the cylinders, the loading was applied as a pressure applied to the top surface till a
load reaching that of the experimental cylinders. Figure 5-23 shows the results of the different
cylinders modeled in ABAQUS with the different Percentages of wheat fibers. Figure 5-24
through Figure 5-27 represent the load versus strain curves for each percentage of fiber
specimens from the experiment in compare with the simulation. Figure 5-28 through Figure 5-35

represents the cylinder contour strains obtained from the simulation for the different cylinders.

60 Stress-Strain Control Cylinder
50
40 === Abaqus 1% Smooth
E == Abaqus 1% Rough
2 30 == Abaqus 0.75% Smooth
a
2 === Abaqus 0.75% Rough
" 20 Abaqus 0.5% Smooth
== Abaqus 0.5% Rough
10 = == Abaqus Control Smooth
=== Abaqus Control Rough
0

0 0.005 0.01 0.015 0.02 0.025
Strain (mm/mm)

Figure 5-23: Stress-Strain for Simulations of Different Cylinders.
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Figure 5-24: Abaqus Control Simulation vs. Experimental Results.
Stress-Strain 0.5% Wheat Fibers Cylinder
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©
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0 0.005 0.01 0.015 0.02 0.025
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Figure 5-25: Abaqus Simulation for Cylinders with 0.5% Fibers vs. Experimental Results.

87




60

50

40

30

20

Stress (MPa)

10

Stress-Strain 0.75% Wheat Fibers Cylinder

/

= Abaqus Smooth
= Experimental

Abaqus Rough

<{> 0.005

0.01 0.015 0.02 0.025

Strain (mm/mm)

Figure 5-26: Abaqus Simulation for Cylinders with 0.75% Fibers vs. Experimental Results.
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Figure 5-27: Abaqus Simulation for Cylinders with 1% Fibers vs. Experimental Results.

88




QDB: controdCR.odb  Abaqus/Standard 6.10-1  Mon

Stap: Loadmng :
Iricrament 1520, Stap Time = 0.9305
v By B2

X Daformedvar U Deformation Scale Facton; 42506400

Figure 5-28: Vertical Strain (E22 in the Y-axis) for the Control Cylinder (Rough
Boundaries).
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Figure 5-29: Vertical Strain (E22 in the Y-axis) for the Control Cylinder (Smooth

Boundaries).
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Figure 5-30: Vertical Strain (E22 in the Y-axis) for the Cylinder with 0.5% Wheat Fibers
(Rough Boundaries).
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Figure 5-31: Vertical Strain (E22 in the Y-axis) for the Cylinder with 0.5% Wheat Fibers
(Smooth Boundaries).
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ODB: CRO7S.0db  Abaqus/Standard 8.10-1 Sun Apr 0B 2Ligd: 01 Central Daykaht Tims 2012

Figure 5-32: Vertical Strain (E22 in the Y-axis) for the Cylinder with 0.75% Wheat Fibers
(Rough Boundaries).
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Figure 5-33: Vertical Strain (E22 in the Y-axis) for the Cylinder with 0.75% Wheat Fibers
(Smooth Boundaries).
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Figure 5-34: Vertical Strain (E22 in the Y-axis) for the Cylinder with 1% Wheat Fibers
(Rough Boundaries).
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Figure 5-35: Vertical Strain (E22 in the Y-axis) for the Cylinder with 1% Wheat Fibers
(Smooth Boundaries).
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5.4.2 Concrete Prisms:

Meanwhile, the loading for the prisms was applied as a four point loading on the loading
steel plates. Figure 5-36 shows the results of the different prisms modeled in ABAQUS with the
different Percentages of wheat fibers. Figure 5-37 through Figure 5-42 represent the load versus
strain curves for each percentage of fiber specimens from the experiment in compare with the
simulation. Figure 5-43 through Figure 5-50 represents the prisms contour strains obtained from

the simulation for the different specimens.

ABAQUS Load-Strain for Prisms

30000
25000
20000
g Control
< 15000
§ = (.5% Wheat Fibers
o .
10000 0.75% Wheat Fibers
= 1% Wheat Fibers
5000
0
0 0.0005 0.001 0.0015 0.002 0.0025

Strain (mm/mm)

Figure 5-36: Load-Strain for Simulations of Different Prisms.
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Figure 5-37: Abaqus Control Simulation vs. Experimental Results for Batch 1 Control

Prisms.
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Figure 5-38: Abaqus Simulation vs. Experimental Results for Batch 1 Prisms with 0.5%

Fibers.
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Figure 5-39: Abaqus Control Simulation vs. Experimental Results for Batch 2 Control

Prisms.
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Figure 5-40: Abaqus Simulation vs. Experimental Results for Batch 2 Prisms with 0.75%
Fibers.
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Figure 5-41: Abaqus Control Simulation vs. Experimental Results for Batch 3 Control

Prisms.
Load-Strain
7000 - 30000
6000 -
- 25000

5000 -
- - 20000 -
2 4000 - £
o - 15000 o
8 3000 - 3
- —

2000 4 - 10000

1000 - - 5000

O T T T T T T O
0 0.1 0.2 0.3 0.4 0.5 0.6

Strain x10°2 (in/in)

1% S3 Strain Gage A ===1% S3 Strain Gage B ====1% S2 Strain Gage A

1% S2 Strain Gage B ====1% S1 Strain Gage B ===1% S1 Strain Gage A

== Abaqus

Figure 5-42: Abaqus Simulation vs. Experimental Results for Batch 3 Prisms with 1%

Fibers.
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Figure 5-44: Strain in X-Direction (E11) for the Control Prism (Front View).
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Figure 5-46: Strain in X-Direction (E11) for Prism with 0.5% Fibers (Front View).
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Figure 5-48: Strain in X-Direction (E11) for Prism with 0.75% Fibers (Front View).
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Figure 5-50: Strain in X-Direction (E11) for Prism with 1% Fibers (Front View).
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CHAPTER 6 - Discussion, Conclusions and Recommendations

6.1 Discussion

6.1.1 Cementitious Matrix:

6.1.1.1 Uniaxial Compression (Cubes):

The peak load and stiffness values of the fiber-reinforced cementitious matrix specimens
of the first batch (1, 3 and 5% of Long wheat fibers, 20-30 mm) were low when compared to
those of the control group. This is attributed to excessive amounts of fibers in the mixes, which
caused a weak location in the specimens due to the entrapped air in the cell walls of the fibers. In
the second batch (1, 2 and 3% of Long wheat fibers) it was found that the uniaxial compression
peak load for 1% wheat fiber was higher than that of the control specimens. The fourth batch
(0.5, 0.75 and 1% of Long wheat fibers) containing lower percentages of the long wheat fibers
exhibited an increase in uniaxial compression peak load with fiber percentages up to 0.5%. This
increase in peak load can reach 30% over that of the control. At 0.5% of long wheat fibers there
was an average reduction in stiffness of 12%, and at 1% the average reduction in stiffness was
7%. Batches three (1, 2 and 3% of Short wheat fibers) and five (0.5, 0.75 and 1% of Short wheat
fibers), containing wheat fibers shorter than 5mm, were used to study the effects of fiber length
on peak load. The uniaxial compression peak load of samples from these two batches dropped
below that of the control specimens for all fiber percentages tested. Stiffness increase was
observed in uniaxial compression at 0.75% of short wheat fibers. Both other types of fibers
suffered a reduction in stiffness of up to 31% at 0.75%. In the case of the sixth batch (0.5, 0.75
and 1% of Polypropylene fibers), the polypropylene fibers produced a higher uniaxial
compressive peak load at 0.5% and 1%, the average increase being 12% (Figure 3-12). At 0.5%
of polypropylene fibers the stiffness experienced the highest increase (9%) over that of the
control specimen, while the other types of fibers produced stiffness values close to those of their
controls at the same percentage. Cubes reinforced by long wheat fibers demonstrated an average
uniaxial compression peak load 17% higher than that of the cubes containing polypropylene
fibers at 0.5% reinforcement (Figure 3-12). Cubes reinforced by short wheat fibers exhibited the
highest average stiffness, 9% higher than that of the cubes containing polypropylene fibers at
0.75% reinforcement (Figure 3-12).
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6.1.1.2 Three-Points Flexural (Prisms):

In the case of prisms, the measured flexural peak load for the first batch (1, 3 and 5% of
Long wheat fibers, 20-30 mm) was slightly higher than that of the control for 1% of long wheat
fibers and rather disappointing at higher percentages. This can be due to the excessive amount of
fibers, which lead to weak locations in the prisms due to the entrapment of air in the fibers’ cell
walls causing premature failure. The flexural peak loads of the second (1, 2 and 3% of Long
wheat fibers) and third batches (1, 2 and 3% of Short wheat fibers) were lower than those of their
controls, while the stiffnesses of the samples containing 2% long wheat fibers were higher than
those of the controls. Most of the specimens of the fourth batch (0.5, 0.75 and 1% of Long wheat
fibers), containing 1% fibers or less, demonstrated peak loads higher than that of their controls.
The curve showed an increasing trend up to 0.75% of long wheat fibers (Figure 3-23). Most of
the specimens of the fifth (0.5, 0.75 and 1% of Short wheat fibers) and the sixth batches (0.5,
0.75 and 1% of Polypropylene fibers) had flexural peak load and stiffness values below those of
the controls. Prisms reinforced by long wheat fibers showed an average flexural peak load 27%
higher than that of the prisms containing polypropylene fibers at 0.75% reinforcement
(Figure 3-23). Also, prisms reinforced by long wheat fibers showed the highest average
stiffness, a full 28% higher than that of the prisms containing polypropylene fibers at 0.75%
reinforcement (Figure 3-24). As for the crack angle, prisms with long wheat fibers and
polypropylene fibers showed similar trend of an angle between 4 and 15 degrees, while it was
between 3 and 18 degrees for specimens with short wheat fibers in compare with 0 to 1 degree

for the control prisms.
6.1.2 Concrete:

6.1.2.1 Uniaxial Compression (Cylinders):

In the uniaxial compression tests that were performed at 7 days it can be noticed that
0.75% wheat fibers lead to an increase in the peak load of 1.56% (from 310680 N to 315515 N
on average), while it was 6.5% increase over the control for the 0.5% polypropylene fiber (from
310680 N to 330889 N). As the 0.5% polypropylene continue to develop higher peak load at 14
days leading to 17.1% increase over the control (from 303220 N to 354961 N), the 0.75% wheat
fiber deteriorated by 2.15% drop in the peak load over the control (from 303220 N to 296689 N)

leaving the way to the 0.5% wheat fiber which increased by 5.92% in the peak load over the
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control (from 303220 N to 321162 N). Finally, at 28 days the 0.75% wheat fibers achieved the
highest percentage increase in the peak load over the control at 28 days, which was 7.05%
increase, exceeding that of their counterparts reinforced with polypropylene fiber by 5.72%. As
for the 0.5% polypropylene fiber the increase was about 4.88% over the control which is slightly
higher than that of the 0.5% wheat fibers (4.21%) as shown in Table 6-1.

Table 6-1: Percentage Increase in the Peak Load Over the Curing Period.

Curing Percentage Increase in the Peak Load
7 Days 14 Days 28 Days

Control 0 0 0
0.5% Wheat Fiber 0.81 5.92 4.21
0.75% Wheat Fiber 1.56 -2.15 7.05
1% Wheat Fiber -6.54 -0.79 -4.21
0.5% Polypropylene Fiber 6.50 17.06 4.88
0.75% Polypropylene Fiber 5.76 8.15 1.33
1% Polypropylene Fiber -8.89 -1.88 -2.03

In terms of the stiffness the 0.5% wheat fibers showed an increase of 10% over the
control at 28 days followed by 8% increase for the 0.75% wheat fiber. Meanwhile the 0.75%
polypropylene fibers showed the highest increase in the stiffness over the control by 14%.

The cyclic loading on the cylinders indicated that plasticity start as early as 10000 Ib
(44482.22 N) in most cases of fibers and the control. Also it was noticed that the modulus of
elasticity drops after each cycle due to the micro-cracking in the specimens except at 1% wheat
fiber where it increased till the 8" cycle (4303.88 MPa) above the control to drop later to a lower
modulus (4151.27 MPa) but not as low as the starting (see Figure 4-38). It was also noticed that
the 0.5% polypropylene achieved the highest modulus of elasticity but the wheat fibers with the
0.5% and the 0.75% achieved modules close to that of the control. Also the polypropylene
modulus of elasticity dropped below that of the control and the wheat fibers for the 0.5% and the
0.75% polypropylene. Meanwhile the stiffness continued to increase for all the cylinders
reaching a constant stiffness of 15827 Ib/in (2759.71 N/mm) at the final cycles as shown in
Figure 4-39. Although all specimen reached that constant stiffness, not all of them reached it at
the same level of strain, like; the 0.75% and 1% polypropylene which had higher strains and all
the percentages of wheat fibers had similar strain slightly higher than the control. Table 4-8

represents the peak load, initial stiffness, ductility index and the initial modulus of elasticity for
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the reinforced cylinders in compare with the control specimens. In that table the 0.75% wheat
fibers achieved the highest ductility index of 1.9259 among the wheat fibers but the
polypropylene fibers achieved a ductility index of 2.135 at 1% polypropylene, while the control
cylinder had an index of 1.7179. This ductility index is calculated by dividing the strain at the
peak load by the strain at the yielding load.

6.1.2.2 Four-Point Flexure (Prisms):

In the case of concrete prisms, the measured flexural peak loads for the first batch
(control and 0.5% wheat and polypropylene fibers) were lower than that of the control for the
0.5% polypropylene fibers (10% reduction from the control) and rather disappointing for the
0.5% wheat fibers (15% reduction from the control) as shown in Figure 4-60. This can be due to
the entrapment of air in the fibers’ cell walls, which lead to weak locations in the prisms causing
premature failure. The flexural peak loads of the second batch (control and 0.75% wheat and
polypropylene fibers) were lower than those of their controls, while the stiffnesses of the samples
containing 0.5% and 0.75% wheat fibers were higher than those of the polypropylene and the
controls as shown in Figure 4-61. Most of the specimens of the fourth batch (control and 1%
wheat and polypropylene fibers), containing 1% wheat fibers, demonstrated the lowest reduction
in the peak loads (7% reduction from the control). Meanwhile the stiffness of the fourth batch
was the highest for the polypropylene fibers and equal to that of 0.5% wheat fibers in batch 1.
Finally, concrete prisms reinforced with both long wheat fiber and polypropylene fiber showed
deterioration in strength of up to 17%.

6.1.3 Finite Element Modeling and Simulation:

From Figure 5-23 it can be seen that all the cylinders showed an exact trend till the
plasticity started. After the plasticity develops in the cylinders it was noticed that the control and
the 0.5% wheat fibers had very close results, while the other two percentages showed also close
results to each other but different for that of the control. Meanwhile, Figure 5-24 through
Figure 5-27 showed the results of the finite element analysis in compared to the experimental
results. From these figures it can be seen that the results for all the cylinders were very close
except for the 0.75% wheat fiber cylinder in which the finite element results were conservative in
the prediction of the strain.
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As for the concrete prisms simulations, Figure 5-36 represent the difference between the
different percentages of wheat fibers reinforced prisms. In that figure it was a similar trend to the
cylinders at which the 0.5% and the control gave very close results and the 0.75% and 1% wheat
fibers gave similar trends. When compared to the experimental results Figure 5-37 through
Figure 5-42, it was noticed that the result from the finite element analysis were conservative in
all the cases at the early linear stage. The plastic stage in which most of the prisms had a higher
simulated load when compared to the experimental load at the same strain. This can be due to the
fact the fibers in some of these prisms and cylinders are not distributed in a uniform way as
assumed by this simulation through the cross section. Also the dimensions of the fibers in the
actual experimental is not exact and they have range as specified in the previous chapters, while

the finite element analysis is based on an exact values and dimension.

6.2 Conclusions
Advancing the development of natural fibers as a reinforcing material in cement and
concrete matrices is the goal of this study. The authors reach the following conclusions:

1. Cementitious matrix cubes reinforced with 0.5% of long (20-30 mm) wheat fibers and
prisms containing 0.75% of the same fibers demonstrated the greatest increase in the peak
load when compared to their respective control groups.

2. Cementitious matrix cubes containing 0.75% of short (less than 5 mm) wheat fibers and
prisms containing 0.75% of long wheat fibers showed the highest stiffness values when
compared to their respective control groups.

3. A non-uniform spatial distribution in the prisms containing high percentages (3% or
greater) of long wheat fibers created weak locations within the prisms due to the fact that
these wheat fibers entrap air in their cell walls, resulting in their premature failure.

4. Lignin leaching from the cell walls of the wheat fibers causes a delay in the setting time
of the cementitious matrix at high percentages of both long and short wheat fibers. This
conclusion is supported by discussion in references (Li 2004), (Wershaw 2003).

5. An increasing reduction in uniaxial compressive peak load results from exceeding a
threshold of 1% volume fraction of both long and short wheat fibers.

6. The angle between the crack direction and the minor principal stress direction (vertical

axis) of specimens (Figure 3-25) with both long wheat fibers and polypropylene fibers
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was between 4 and 15 degrees, and was between 3 and 18 degrees in the case of
specimens with short wheat fibers (Table Error! No text of specified style in
document.-1). The crack angle of the control specimens was between 0 and 1 degree.
Peri¢ and Rasheed found that the presence of fibers changed the orientation of
deformation bands, which can be interpreted as cracks in the case of strong discontinuity
(Peri¢ 2007)

7. Concrete cylinders reinforced with 0.75% wheat fibers (20-30 mm) achieved the highest
percentage increase in the peak load over the control at 28 days, which was 7.05%
increase, exceeding that of their counterparts reinforced with polypropylene fiber by
5.72%.

8. The stiffness of the Concrete cylinders reinforced with 0.5% wheat fibers (20-30 mm)
showed an increase of 10% over the control at 28, while the 0.75% polypropylene fibers
showed the highest increase in the stiffness over the control by 14% at 28 days.

9. The cyclic loading on the cylinders indicated that plasticity start as early as 10000 Ib
(44482.22 N) in most cases of fibers and the control.

10. The stiffness continued to increase for all the cylinders reaching a constant stiffness of
15827 Ib/in (2759.71 N/mm) at the final cycles as shown in Figure 4-39.

11. The 0.75% wheat fibers (20-30 mm) achieved the highest ductility index of 1.9259
among the wheat fibers but the polypropylene fibers achieved a ductility index of 2.135
at 1% polypropylene.

12. Concrete prisms reinforced with both wheat fiber (20-30 mm) and polypropylene fiber
showed deterioration in strength of up to 17%.

13. The stiffnesses of the concrete prisms containing 0.5% and 0.75% wheat fibers were
higher than those of the polypropylene and the controls as shown in Figure 4-61.

14. The fibers affect only the plastic region of the concrete load-strain curves.

15. The finite element modeling proves that the fiber works only after the cracking starts.

6.3 Recommendations

1. Studying the use of the wheat fibers in reinforced concrete beam and slaps.

2. Studying wheat fibers laminates with natural epoxy.
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3. Investigating the use of supplementary cementitious materials as way to reduce the

degradation of the wheat fibers.
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APPENDIX A- Cementitious Matrix Results

Table Error! No text of specified style in document.-1 shows the peak loads and the

cracking angle for the two types of cementitious matrix specimens that were tested in this

research.

Table Error! No text of specified style in document.-1: Peak Loads and the Angle of the

Crack.
Batch Type Cubes Prisms Angl
Specimen Maximum Specime Maximum e of
Load (N) n Load (N) Crac
k

Batch 1:  Control SP1 87852.38 SP1 2842.41 -
Long Control SP2 88497.37 SP2 2842.41 -
Wheat  “Control Sp3 71349.47 Sp3 2900.24 _
Fibers o4 Fibers  SP1 37565.23 SP1 2989.20 i
1% Fibers SP2 38210.22 SP2 2971.41 -

1% Fibers Sp3 42057.94 Sp3 2789.03 -

3% Fibers SP1 10697.97 SP1 613.85 -

3% Fibers SP2 9919.53 SP2 934.13 -

3% Fibers Sp3 7495.25 Sp3 925.23 -

5% Fibers SP1 4070.12 SP1 293.58 -

5% Fibers SP2 4092.36 SP2 266.89 -

5% Fibers Sp3 3647.54 Sp3 324.72 -

Batch 2:  Control C1 93050.17 PLC1 2530.98 -
Long Control C2 81431.86 PLC2 3072.62 -
Wheat Control C3 89262.83 PLC3 3282.60 -
Fibers 1o Fibers  S1 107735.33 PLS1 2709.42 i
1% Fibers S2 103340.08 PLS2 2981.07 -

1% Fibers S3 101256.28 PLS3 3002.71 -
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2% Fibers sS4 74762.84 PLS4 2384.77 :
2% Fibers S5 87343.04 PLS5 2805.30 i
2% Fibers S6 87909.97 PLS6 2825.50 i
3% Fibers S7 73825.66 PLS7 2410.19 :
3% Fibers S8 63029.49 PLS8 2388.82 i
3% Fibers S9 56638.74 PLS9 2216.54 i
Batch3:  Control C1 93050.17 PSC1 2906.70 i
Short  Control C2 81431.86 PSC2 2928.03 i
Wheat  Conrol C3 89262.83 PSC3 2670.99 :
Fibers 194 Fibers S1 70822.67 PSS1 2399.26 i
1% Fibers S2 68826.07 PSS2 2287.62 i
1% Fibers s3 66197.33 PSS3 2053.40 :
2% Fibers sS4 31656.39 PSS4 1434.03 i
2% Fibers S5 46430.44 PSS5 1336.74 i
2% Fibers S6 28183.99 PSS6 1783.74 :
3% Fibers S7 - PSS7 - -
3% Fibers S8 - PSS8 - -
3% Fibers S9 i PSS9 i :
Batch 4.  Control CL1 79578.68 PLC1 2179.63 0
Long  Control CL2 81251.22 PLC2 1975.01 0
Wheat  “Conrol CL3 67092.53 PLC3 2384.25 0
Fibers 75 594 L0.5% 1 10317650  PL0.5% 2486.56
Fibers 1 0
0.5% L0.5% 2 97980.98 PLO.5% 2450.97
Fibers 2 14
0.5% L0.5% 3 87198.49 PL0.5% 2575.52
Fibers 3 15
0.75% L0.75% 1  78933.69  PLO.75% 254383
Fibers 1 14
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0.75% L0.75% 2 76193.59 PLO.75% 2980.31

Fibers 2 9

0.75% L0.75% 3 78711.28 PLO.75% 2944.72

Fibers 3 6

1% Fibers L1% 1 80076.89 PL1% 1 2620.00 4

1% Fibers L1% 2 79494.17 PL1% 2 2869.10 14

1% Fibers L1% 3 77572.54 PL1% 3 2535.49 7
Batch 5:  Control CF1 73569.14 PSC1 3202.72 0

Short Control CF2 91651.16 PSC2 3460.72 0

Wheat  “Control CF3 64290.15 PSC3 3278.34 0
Fibers  ~Control CF4 i PSC4 2611.11 0

Control CF5 - PSC5 2646.69 0

Control CF6 - PSC6 2869.10 0

0.5% Fn0.5% 1 65806.99 PFn0.5% 2152.94

Fibers 1 0

0.5% Fn0.5% 2 58129.36 PFn0.5% 2059.53

Fibers 2 4

0.5% Fn0.5% 3 76416.00 PFn0.5% 2023.94

Fibers 3 6

0.5% Fn0.5% 4 - PFn0.5% 2237.46

Fibers 4 17

0.5% Fn0.5% 5 - PFn0.5% -

Fibers 5 -

0.5% Fn0.5% 6 - PFn0.5% 2095.11

Fibers 6 10

0.75% Fn0.75% 70793.45 PFn0.75 2241.90

Fibers 1 %1 10

0.75% Fn0.75% 71852.12 PFn0.75 1957.22

Fibers 2 % 2 11

0.75% Fn0.75% 68529.30 PFn0.75 1961.67 9
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Fibers 3 % 3
0.75% Fn0.75% - PFn0.75 1872.70
Fibers 4 % 4 3
0.75% Fn0.75% - PFn0.75 2295.28
Fibers 5 % 5 7
0.75% Fn0.75% - PFn0.75 2246.35
Fibers 6 % 6 7
1% Fibers  Fnl% 1 53365.31 PFn1% 1 1948.32 10
1% Fibers  Fnl% 2 35421.19 PFn1% 2 1801.53 17
1% Fibers Fnl% 3 45051.59 PFn1% 3 1748.15 3
1% Fibers  Fnl%4 - PFn1% 4 1623.60 9
1% Fibers  Fnl1%5 - PFn1% 5 1668.08 5
1% Fibers  Fnl1% 6 - PFn1% 6 1699.22 5
Batch 6:  Control C1 77585.88 PPC1 3385.10 0
Polypropyl  Control C2 96361.83 PPC2 2958.07 0
ene Fibers ~Control C3 83150.61 PPC3 3069.27 0
0.5% Poly 0.5% 95774.66 PP 0.5% 2740.10
Fibers 1 1 8
0.5% Poly 0.5% 99982.68 PP 0.5% 2944.72
Fibers 2 2 15
0.5% Poly 0.5% 93030.11 PP 0.5% 3122.65
Fibers 3 3 14
0.75% Poly 95258.67 PP 0.75% 2811.28
Fibers 0.75% 1 1 4
0.75% Poly 86878.22 PP 0.75% 2806.83
Fibers 0.75% 2 2 7
0.75% Poly 90374.52 PP 0.75% 2873.55
Fibers 0.75% 3 3 9
1% Fibers Poly 1% 1 103132.02 PP 1% 1 2606.66 4
1% Fibers Poly 1% 2 85023.31 PP 1% 2 2789.03 11
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1% Fibers Poly 1% 3 99564.54 PP 1% 3 2753.45 6

APPENDIX B- Finite Element Results

As for the other results for the finite element models, the following figures represent the

sets of contour stresses, strains, displacements, and plastic strains. All units in the contour figures
are Sl Units.

Control Cylinders:

¢ Rough Boundaries:

’.\Fﬁ =

ODB: controlCR.odb  Abaqus/Standard 6:10-1  Mon Apr 0803, 15:25 Central Daylight Time 2012

Sept Lo -
Increrment ' 1520; Stap Time = 0.9305
“y  Frimary Var: B, E11
% Daformedvan L Deformation Scsle Factorn +4.250e400

Figure B-1: Strain (E11) in the X-axis.
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Q0B; controfCR.odb  Abaqus/fStandard £.10-1  Mon Apr G 03

Stap: Loadmng :
Ircrement 1520, Step Time = (L3305
Frimary Uar: E, £33

Daformed Var L Deformation Stsls Factor; +4.2508400

Figure B-2: Strain (E33) in the Z-axis.

Q0B; controfCR.odl  Abaqus/Standard £:10-1  Mon Apra

Figure B-3: Strain (E12) in the XY-Plane.
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Q08: controdCR.odb  Abaqus/Standard 6:10-1  Mon Apr 09 O3: 15525 Ck fitral Daylight Tir

Stap: Loadmng :
Inicremment  1520: Stap Time = 0.9305
[ty Frimery Ver: E, E13.

Daformad Var L Dafarmation Scale Factor; 44.250e400

Figure B-5: Strain (E23) in the YZ-Plane.
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QDB; controlCR.odb  Abaqus/Standard £.10-1  Mon Ap -k fitral Dayliaht Tir

Stap:Loadmng .
i Step Time = (03305
Fe2n ;

Figure B-7: Plastic Strain (PE22) in the Y-axis.
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QDB; controlcR.odb  Abaqus/Standard €:10-1°  Mon Apr. 080

Stap: Loadmng :

ricrerment Stap Time = 0.9305

“Frimary Var: BE, PE33.

Daformed ar U Deformation S2ale Factor: +4.2506400.

Figure B-8: Plastic Strain (PE33) in the Z-axis.

OD8: controiCR.odb  Abaqus/Standard 6:10-1  Mon Apr 03 . itral Daylight Tir

Stap: Loadmng :
lru:'_ema: St;p Time = (9305
“Frimary uar: 1

Figure B-9: Plastic Strain (PE12) in the XY-Plane.
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OD8: controiCR.odb  Abaqus/Standard 6:10-1  Mon Apr 03 .

Stap: Loadmng :
= Ircrement 1520, Step Time = (L3305
17ty Primary Var: BE, PE13.
k: Daformed var L Defarmation Scale Factor; +4.2508400

Figure B-10: Plastic Strain (PE13) in the XZ-Plane.

QDB: controdCR.odb Abaqus/Standard 6.10-1  Mon Apr 03 O

Stap: Loadmng :
Ingement gg-,;. Time = 0.9305
X paformedVan L Daformation Stale Fattor +4.2506400

Figure B-11: Plastic Strain (PE23) in the YZ-Plane.

121



QDB: controiCR.odb  Abaqus/Standard 6:10-1  Mon Apr. 03 D3: 15:25 Central Dayhaht Tir

Stap: Loadmng :
ner Stép Time = 0.9308

Figure B-12: Displacement (U1) in the X-axis (mm).

Q0B; controfCR.odb  Abaqus/Standard £.10-1  Mon Apr, 0

Step! Loadng
Aricr f

Stép Time = 0.9305
U Defirmation Scale Factorn +4.2506400

Figure B-13: Displacement (U2) in the Y-axis (mm).
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OD8: controdCR.odb  Abaqus/Standard 6.10-1 Mo

Stap: Loadmng :
_ﬁw.emen: Step Time = 09305

Figure B-14: Displacement (U3) in the Z-axis (mm).

ODB: controftR.odb  Abaqus/Standard £.10-1  Mon Apr' 08 0

Shep Loadmng .
_ﬁw.emen: Step Time = 09305

Figure B-15: Stress (S11) in the X-Direction (MPa).
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0DB; controlCR.odb  Abaqus/Standard 6.10-1 Mon Apr, 8.05; 19:28 Cefitral Daylight T

Stap: Loadmng :
_ﬁw.emen: Stap Time = 09205
g

Figure B-16: Stress (S22) in the Y-Direction (MPa).

QDB: controiCR.odb  Abaqus/Standard £:10-1  Mon Apr'(% Daylight Tir

Shep Loadmng .
_ﬁw.emen: Stap Time = 09205
T

Figure B-17: Stress (S33) in the Z-Direction (MPa).
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QDB: controdCR.odb Abaqus/Standard 6.10-1  Mon Apr 03 O

QD8 controdCR.odb  Abaqus/Standard 6.10-1  Mon Apr 0

Stap Time = 09305

Figure B-19: Stress (S13) in the XZ-Direction (MPa).
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OD8: controdCR.odb  Abaqus/Standard 6.10-1  Mon Apr

Stap: Loadng :
Anersment 1520; Stap Tie = 0.9305

Figure B-20: Stress (S23) in the YZ-Direction (MPa).

e Smooth Boundaries:

QDB; CS.odb  Abagus/Standerd 6.10-1  Mon Apr05.0% 5703 Central

Stap: Loadng
Iricrement 33: Step Timé = 0.9874
Sy FPrimary Ve B, E11 iy
Y DaformedVan U Deformation Scale Factor: +2:2308-01

Figure B-21: Strain (E11) in the X-axis.
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ODB: CSiodb  Ablgus/Standerd £.10-1  Mon Ape0S,07 57:02 Central Daylight Time 2012

Stap: Loadng
Iricrement  23; Step Timé =  0.9874
Var: £, £330 il

Daformed Var L Deformation Sesls Factor; +2,2408-01

OD8: CS.odb  Abagus/Standerd £.10-1  Mon Apr 08 03! 5702 Central Daylight Tims 2012

Stap: Loadng
Iricrement  33:Step Timé = 0.9874
Frimary War: E, E1 iy

i il
Daformed Vari U Deformation Scals Facton +2.2406-01

Figure B-23: Strain (E12) in the XY-Plane.
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QDB; CSodb  Abagus/Standerd 6.10-1  Mon Apr 09 03: 5

Step: Loadng
- ncrement  33:Stap Time = 0.9874
i o .Frlrnr\r Var: E, E13

Npari il Deformation Scals Facton +2.2406-01

O0DB; CS.odb  Abagus/Standard £,10-1  Mon Apr 09 03: 5

Step! Loadng

Increrment 330 Step Time = 0 93?4

‘Frimary Var: E, E23

Daformed Var L Defarmation Scale Factor; +2.2408-01

Figure B-25: Strain (E23) in the YZ-Plane.
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O0DB; CS.odb  Abaqus/Standerd £,10-1 Mo Apr09.0= 5702 Centr

Stent Loadmy
Iricrement  33: Step Timé =  0.9874
[ty Frimery Var: BE, FELL il

X Daformedvari L Daformation Stale Factor; 42330801

Figure B-26: Plastic Strain (PE11) in the X-axis.

QDB; CSodb  Abagus/Standerd 6.10-1  Mon Ape09.03:57:07 Centr

Stap: Loadng
Increment  33: Stap Time = 09874
% paformedivan U Deformation Sosle Factor: +2,240e-01

Figure B-27: Plastic Strain (PE22) in the Y-axis.
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aaqus/Standend 6.10-1  Mon Apr 0%,03:57:03 Centre

Step! Loadng
Iricrement ' 33: Stap Tims = 0.9874
FE, PE. .

: Fﬂﬂl.'\flll‘ﬂ': bt -
Daformed Var U Deformation Scals Facton +2.2406-01

ODB: CSodb  Abagus/Standard 6.10-1  Mon Apr 09 03 57:0% Central Daylight Time 2012

Stap: Loadng
. Iricrement ' 33: Stap Tims = 0.9874
iy Primary Var: BE, PELZ. .
Daformed Vari U Deformation Scals Facton +2.2406-01

Figure B-29: Plastic Strain (PE12) in the XY-Plane.
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ko |

Abagus/Standard £.10-1  Mon Apr 09 03: SR> EDayliaht Time 2012

Stap! Loadng
érweme:‘t :Jel Dseta Timé = 0,9874
“Frimary War: PE, PEL .

3t Ul Daformation Scale Factor: +2.240e-01

OD8: CS.odb  Abagus/Standerd 6,10-1  Mon Apr 08 03: 5%:0% Contral Daylight Tirr

Stap! Loadng

Inrement 33 Step Timé = | 019874

“Frimary Var: P, PE2: .

Daformed Vari U Deformation Scals Facton +2.2406-01

Figure B-31: Plastic Strain (PE23) in the YZ-Plane.
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O0B; CSodb Abagus/Standord 6.10-1  Mon Apr 0907 57:0% Central Doylight Tims 2012

tep Time = 0.9874

Figure B-32: Displacement (U1) in the X-axis (mm).

Abagus/Standaerd 6.10-1  Maon Apr 0

tep Tine = 03874

Figure B-33: Displacement (U2) in the Y-axis (mm).
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QDB; C5odb  Abaqus/Standerd 6.10-1  Mon Apr L

Stap: Loadng
Arir tep Timé = 0.9874°

Deformation Scale Factor: +2.240e-01

Figure B-34: Displacement (U3) in the Z-axis (mm).

O08: CS.odb  Abagus/Standerd 6.10-1  Mon Apr 09 03: 5702 Central Daylight Tims 2012

Step! Loadng
Aricr

tep Time = 0.9874
Deformation Sale Factor: +22406-01

Figure B-35: Stress (S11) in the X-Direction (MPa).
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OD8: CS.odb  Abagus/Standerd 6.10-1  Mon Apr 09 031 5503 Central Daylight Tims 2012

QDB; C5odb  Abaqus/Standerd 6.10-1  Mon Apr O

Stap: Loadng
oo, ncrement 33 Step Timé = 09874
e s L s

Vari U Deformation Sl Factor: +2.2406-01

Figure B-37: Stress (S33) in the Z-Direction (MPa).
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raqus/Standerd 6.10-1  Mon Apr 09 03: 5702 Central Daylight Ti

Sésat!p Time = 03874
512 .
o Deformation Scale Facton; +2:2408-01

Figure B-38: Stress (S12) in the XY-Direction (MPa).

Ime 2012

Figure B-39: Stress (S13) in the XZ-Direction (MPa).
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OD8: CS.odb  Abagus/Standerd £.10-1  Mon Apr 09 835702 Contral Daylight Tims 2012

Stap: Loadng
o N Incremment  33: Step Timé = 0.9874
[y Frimary Ve 5, 523 .
. DaformedVar U Deformation Scals Facton +2.2406-01

Figure B-40: Stress (S23) in the YZ-Direction (MPa).

Cylinders with 0.5% Wheat Fibers:

e Rough Boundaries:

Step: Loadng
. Increment | 6821 Step Time =  0.9243
i ‘Primary var: E, E11 -
k: Daformed var L Defarmation Scale Factor; +8 2134400

Figure B-41: Strain (E11) in the X-axis.
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OD8: CR.odb  Abagus/Standerd 6.10-1  Sun Apr 08 159!

Step: Loadng
. ircrement 6827 5tep Tinie = 0.9243
g Primary Var: E, B33 .l
Daformed var U Defarmation Scale Factor; +8 2134400

Figure B-42: Strain (E33) in the Z-axis.

OD8: CR.odb  Abagus/Standerd 6.10-1 SunApro8 L

Step: Loadng
: Irerement  682: Step Time = 09243
i Primary Var E, E12) .l
Daformed var L Defarmation Scale Factor; +8 2134400

Figure B-43: Strain (E12) in the XY-Plane.
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O0B: CR.odb  Abagus/Standerd 6.10-1  Sun Apr 08 19: 45137 Central B aylight Time 2012

Srep: Loadng
> Increment ' 682 Step Time = 0.9243
[ty Frimery Ver: E E13 -
. DaformedVar U Deformation Scals Facton: 452134400

Figure B-44: Strain (E13) in the XZ-Plane.

QDB CR.odb - Abagqus/Standard 6.10-1 Sun Apro8 1

Srep: Loadng
- Increrment - 682 Stap Time = 09243
[ vy Primary Ver B, E23 -
L DaformedVar U Deformation Scals Facton; 452134400

Figure B-45: Strain (E23) in the YZ-Plane.
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O08: CR.odb  Abagus/Standerd 6.10-1  Sun Apr 08 19, #

Stap! Loadng
Ancrerment *bEs:ep Time = 09243

Frimary \a:
Ve L Daformation Stale Fattor; 482138400

Figure B-46: Plastic Strain (PE11) in the X-axis.

O08: CR.odb  Abaqus/Standerd 6.10-1 SunApro8 1

Stap! Loadng
Ircrement 2 Step Tins = 0.9243

‘Frimary War: P, PE23
Daformed Ll Deformation Scale FActorn: +5.2134400

Figure B-47: Plastic Strain (PE22) in the Y-axis.
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QDB: CR.odb - Abagus/Standard 6.10-1  Sun Apr 08 19;

Step! Loadng
Ancrement  682; Step Timé = 0.9243

R paformedvan U Defarmation Sesle Factor: +5,2138400"

OD8: CR.odb  Abagus/Standerd 6.10-1  Sun Apr 08 194!

Step! Loadng
- Increment ' 682; Step Time = 0.9243
[y Frimary Ver: BE, PEL2 -
© Daformedvar U Deformation Scals Facton; 452134400

Figure B-49: Plastic Strain (PE12) in the XY-Plane.

140



Q0B; CR.odb  Abagus/Standerd 6,10-1  Sun Apr 08 159537 Central Daylight Time 2012

Stap! Loadng
Increment ' 682; Step Time = 0.9243
i Primary ar: PE, PE13 -
‘Daformed Vari U Deformation Scals Facton; 452134400

Figure B-50: Plastic Strain (PE13) in the XZ-Plane.

OD8: CR.odb  Abagus/Standerd 6,10-1  Sun Apr 08 15453

Stap! Loadng
Increment ' 68F; Step Time = 0.9243
i Frimary Var: B, PE23. ki
‘Daformed Vari U Deformation Scals Facton; 452134400

Figure B-51: Plastic Strain (PE23) in the YZ-Plane.
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OD8: CR.odb  Abagus/Standerd 6.10-1  Sun Apr 08 194537 Central Daylight Tinie

Shap: Loading .
e Step Tt = 0.9243

Deformation Scale Facton +5:2134400

Figure B-52: Displacement (U1) in the X-axis (mm).

OD8: CR.odb  Abagus/Standerd 6.10-1  Sun Apr 08 19;4¢

Stap: Loadng
Iricr

2, Step Tie = 09243
1 Deformation Sosle Factor; 452134400

Figure B-53: Displacement (U2) in the Y-axis (mm).
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QO08: CR.odb  Abagus/Standard 6.10-1  Sun Apr

Stap: Loadng
Ircrement Usez. Step Time =  0.9243

QDB: CR.odb - Abagus/Standord 6.10-1  Sun Apr 08

Stap: Loadng
inrement | 6820 Sten THie = 0.9243
4 & Ay 5

| Deformed Vari bl Defarmation Stale Factor; +5:2138400

Figure B-55: Stress (S11) in the X-Direction (MPa).
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OD8: CR.odb  Abagus/Standerd 6.10-1  Sun Apr

Step: Loadng
Anicrement SEep Time = 0.9243

Deformation Scale Factor: +5:2134400°

Figure B-56: Stress (S22) in the Y-Direction (MPa).

ODB: CR.odb  Abagus/Standard £,10-1  Sun Apr 08 18 -ntral Glight T

Stap: Loadng
Iricrement Step Timie = 0.9243

Ly Frimary var: 3;
* paformed Deformation Scale Factor; 452134400

Figure B-57: Stress (S33) in the Z-Direction (MPa).
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OD8: CR.odb  Abagus/Standerd 6.10-1  Sun Apr 08 194!

Step: Loadng
Anicrement Step Time = 0.9243

o
Deformation Scale Factor: +5:2134400°

Figure B-58: Stress (S12) in the XY-Direction (MPa).

QDB CR.odb - Abagus/Standard 6.10-1  Sun Apr 08 19:

Stap: Loadng
Iricrement Step Timie = 0.9243

Ly Frimary var: 3
* paformed Deformation Scale Factor; 452134400

Figure B-59: Stress (S13) in the XZ-Direction (MPa).
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O08: CR.odb  Abagus/Standerd 6,10-1  Sun Apr 08 19 ritral Daylight T

Stap: Loadng
Inicrement a&’élsstgp Time = 09243

U Deformation Seals Factor: 52134400

Figure B-60: Stress (S23) in the YZ-Direction (MPa).

e Smooth Boundaries:

OD8: CS.odb  Abagus/Standerd £.10-1 Sun Apr08.01:1

Stap: Loadng
ricrement 30, Step Timé = 0.9864
Var: £, £1 gk

;  Frimary 1
* Daformed Van Ll Dafarmation Scals Factor: +1:2156-01

Figure B-61: Strain (E11) in the X-axis.
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ODB: CS.odb  Abagus/Standard 6,10-1  Sun Apr 082

Stap: Loadmny
Ancrement asatap Time = 0.9864

Deformation Scale Factor: +1.2154-01

Figure B-62: Strain (E33) in the Z-axis.

008: CS.odb  Abagus/Standerd 6.10-1  Sun Apr 08 2111144

s;;p Timé = 0.3864
s ek
| Deformation Scals Facton +1.2156-01

Figure B-63: Strain (E12) in the XY-Plane.
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O0B: CS.qub  Abagus/Standerd £.10-1  Sun Apr 08 11TTLHA Ce

Step: Loadng
Increrment é_u: Srap Timé = 09864

X DaformedVarh Deformation Scale Factor +1:2154-01

ODB; CS.odb  Abagus/Standerd £,10-1  Sun Apc 08 11111144

Step! Loadng

Increment  30; Stap Timé = | 0.9864

Erimary Var: . £33, i

Daformed Var L Defarmation Scale Factor; +1.2154-01

Figure B-65: Strain (E23) in the YZ-Plane.
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DB CS odb Abagus/Standard £.10-1 SURABC0B.21:11:44 Central Daylight Trme 2048

Step! Loadng
Iricrement  30; Step Timé =  0.9864
“Frimary , PELL i
U Deformation Scale Factor: +1.2154-01

Figure B-66: Plastic Strain (PE11) in the X-axis.

OD8: CS.odb  Abagus/Standerd £.10-1  Sun Apr 0

Stap: Loadng
rement

o tap Timé = 0.9864

Deformation Stale Factor: +1:2164-01

Figure B-67: Plastic Strain (PE22) in the Y-axis.
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ODB: CS.adb Abagqus/Standand 6.10-1 SURABE0B. 21 11:44 Centra! Daylight Tirne 2023

O0B: CS.odb  Abaqus/Standerd 6.10-1  Sun Apr 08 2111144 Ce

Stap: Loadng
rement

1 0: s:_a‘f Time = 0.9864
. iy b

U Daformation Scale Factor +1.2156-01

Figure B-69: Plastic Strain (PE12) in the XY-Plane.
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raqus/Standerd £.10-1  Sun Apr 08 1111114 Co

D:_Dseta; Timé = 0.3864
) W PELS: -
Daformad Var L Dafarmation Scale Factor; +1.215-01

ODB: CS.odb  Abaqus/Standard £.10-1  Sun Apr 08 2111144 Ce

Stap: Loadng
Iricrament

1 0: S!;: Timé = 0.9864
Daformed Vari U Deformation Scals Factor; +1.2156-01

Figure B-71: Plastic Strain (PE23) in the YZ-Plane.
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QDB; CSipdb - Abagqus/Standard 6.10-1 Sun Apr08.71:11:54 Co

Figure B-72: Displacement (U1) in the X-axis (mm).

Q0DB; CSodb  AbagusiStanderd 6,10-1 Sun Apro8.n1:11

Stap: Loadng

A= O G H
Defermation Sesls Factor; +1:2154-01

Figure B-73: Displacement (U2) in the Y-axis (mm).
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OD8: CS.odb  Abagus/Standerd £.10-1  Sun Apr 08

Stap: Loadng
Iricramen tep Time = 0,9864
“Erimary x ek

Deformation Scale Factor: +1:2154-01

Figure B-74: Displacement (U3) in the Z-axis (mm).

ODB; CS.odb  Abagus/Standerd £.10-1  Sun Apr 08 11111k Ce

Stap: Loadng
rement

o tep Time = 0,9864

Deformation Scale Factor: +1:2154-01

Figure B-75: Stress (S11) in the X-Direction (MPa).
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Figure B-77: Stress (S33) in the Z-Direction (MPa).
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'ésam Timé = 09864
513, il
B Deformation Scale Factor: +1:2154-01

Figure B-79: Stress (S13) in the XZ-Direction (MPa).

155



OD8: CS.odb  Abagus/Standerd 6,10-1  Sun Apr 08 11111544 Cenlrd Daylight Tirme 2032

Stap: Loadng
Iricrement ' 30: Step Tims = 0.9864
F Vari 5, 523 i

r '_ “Frimary 3, SEd
X Daformed Vet Deformation Scale Facton +1:2154-01

Figure B-80: Stress (S23) in the YZ-Direction (MPa).

Cylinders with 0.75% Wheat Fibers:

e Rough Boundaries:

ODB; CRO7S.0db  Abaqus/Standard £.10-1 Sun Apr 0B'2Li44; 01 Central Daykaht Time 2012

Stap: Loadng
. Iricremient 472! Step Tk = 0.9204
[y Frimary Ve £ ELL ey
k: Daformed Var U Defarmation Scale Factor; +£ 4d9e400

Figure B-81: Strain (E11) in the X-axis.
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ODB: CRO7S.0db  Abaqus/Standard 6.10-1 Sun Apr C

Step! Loadng
ircrement - 472; Step Time =  0.9204
P el

. L Frimary Var: £
‘Daformed Var U Deformation Scals Facton: 45 449e400

ODB; CRO7S.0db  Abaqus/Standard 5.10-1 - Sun Apr 0B'21144: 01 Central Daykaht Time 2012

Stap: Loadng
Increrment - 472 Step Time = 0.9204

- . Erimary Var: B, 12
Daformed Var bl Daformation Seale Factorn 454496400

Figure B-83: Strain (E12) in the XY-Plane.
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OD8: CRO7S.0db | Abagus/Standard £.10-1 - Sun Apr 08 21:840; 01 Centr 4l Daykght Tim= 2012

Stap: Loadng
Inicrerment E.:re! g_;gp Tevie = 0.9204

27y Erimary Var: £ E13/
X DaformedVar U Deformation Sesls Factors +5449e4+00

Figure B-84: Strain (E13) in the XZ-Plane.

Central Daykght Time 2012

O08: CRO7S.0db | Abaqus/Standard £.10-1 Sun Apr O

Stap: Loadng
Incremment - 472; Step Time = 0.9204

77y Erimary Var: £ E23)
X DaformedVar U Deformation Sesls Factors +5449e4+00

Figure B-85: Strain (E23) in the YZ-Plane.
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ODB: CRO7S.odb  Abaqus/Standard £.10-1 - Sun Apr 08 18 01 Central Daykgt

Stap: Loadng
Iricrament J2;

ry, W

ODB: CRO7S.0db  Abaqus/Standard 8.10-1 - Sun Apr 0 L 61 Cenitral Daybahit Time 2012
=

Stap: Loadng

Increment | 472; Step Time = 0.9204

‘Frimary War: B, PE23
Daformed Ll Deformation Scale FActon +5,449e400

Figure B-87: Plastic Strain (PE22) in the Y-axis.
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O0B: CRO7S.0db  Abaqus/Standard £.10-1 - Sun Apr 0B a0 01 Central Crayhgt

Step! Loadng
= Increrment | 472 Step Time =  0.9204
0Ly Primary Ve PE, PE33 i
% paformedvan L Deformation Scsle Factor +£ 449e400

Figure B-88: Plastic Strain (PE33) in the Z-axis.

ODB: CRO7S.0db  Abaqus/Standard 6.10-1 Sun Apr OB 21744: 01 Central Daybght Time 2012

Stap: Loadng
. Iricrement ' 472, Step Tnd = 0.9204
[Ty Frimary Ver: B, PEL2 il

Figure B-89: Plastic Strain (PE12) in the XY-Plane.
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O0B: CRO7S.0db  Abaqus/Standard £.10-1 - Sun Apr 08 21740 01 Cenftry

Stap: Loadng
lm'_emev‘}: 2;3955? Tk = 0.9204
0y Primbry var BE, PEL :

ari b Defarmation Sosle Factor: +£ 4498400

ODB: CRO7S.0db  Abaqus/Standard 6.10-1 Sun Apr OB 21744: 01 Central Daybght Time 2012

Stap: Loadng
> Increment 472, Step Time = 0,920+
[ ry  Frimery Ver: BE, PE23. iy
© Daformedvar U Deformation Scals Facton 4 449e400

Figure B-91: Plastic Strain (PE23) in the YZ-Plane.
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QDB; CRO7S.0db | Abagus/Standard 6.10-1 Sun Apr 0B 21140 01 Central Daylght Time 2012

Step! Loadng -,
Arier Step T = 0.9204

Figure B-92: Displacement (U1) in the X-axis (mm).

OD8: CRO7S.0db | Abagus/Standard £.10-1 -Sun Apr 08 °!

Step! Loadng
Aricr

Step T = 0.9204

Figure B-93: Displacement (U2) in the Y-axis (mm).
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O0B: CRO7S.0db | Abaqus/Standard £.10-1 - Sun Apr O

Step! Loadng
= Ircrement 27 Sep Tme = 09204
0Ly Primay e U L3 gy,

QDB: CRO7S.odb  Abagus/Standard £.10-1 Sun A it al Bayhaht Time 2012

Stap: Loadng
. Iricrament J2; Step Tk =  0.9204
[ny Frimany a5, S11 il

Figure B-95: Stress (S11) in the X-Direction (MPa).
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1744 01 Ceritral Dayhagt

i al Baykoht Time

O08: CRO7S.0db | Abaqus/Standard £.10-1 - Sun Apr 08'Y

Step! Loadng
Iricrement 472, gtgp Tevie = 0.9204

y U ‘Primary War: 5, 533
Daformed Var U Defarmation Scale Factor; +£ 4a9e400

Figure B-97: Stress (S33) in the Z-Direction (MPa).
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Q0B CRO7S.0db  Abaqus/Standard £.10-1 - Sun Apr 0B 21140 0

Stap: Loadng
lru:r_ernea:
o ar

QDB; CRO7S.0db  Abaqus/Standard £.10-1 Sun Apr 0B 21:ad DR Central Daykght Time 2012

Step Time = 0.9204

Figure B-99: Stress (S13) in the XZ-Direction (MPa).
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Figure B-100: Stress (S23) in the YZ-Direction (MPa).

e Smooth Boundaries:

QDB CSOFS.odh L Abagqus/Standard 6.10=1 Mon &ge. r5 00:38: 39 Central Daylight Tirme 2013

Tirre = 0.

Figure B-101: Strain (E11) in the X-axis.
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Q0DB; C5075.0db | AbaqusyStandard £.10-1  Mon Apr. 05 002

Srep: Loadng
i tep Time = 0.9824

Figure B-102: Strain (E33) in the Z-axis.

ODB: C5075.0db  Abaqus/Standard £.10-1  Mon Apr U5 0028:39 Central Daylight T

Figure B-103: Strain (E12) in the XY-Plane.
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db  Abaqus/Standard £.10-1  Mon Apr99 002

Step: Loadng
Iricrarment — 20; Stap Timé = 0,9824

U Erimany Var F, £13.
DaformedVar bl Daformation Seale Faton +4:9134400

Figure B-104: Strain (E13) in the XZ-Plane.

ibral Daylight Trme

QDB: ¢ db  Abaqus/Standard £.10-1  Mon Apr 09 0K

Step! Loadng
Increment ' 20: Step Time = 0.9824

. . Erimary Var E, £23.
‘Daformed Var U Deformation Scals Facton: +4.9134400

Figure B-105: Strain (E23) in the YZ-Plane.
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Q0B; C5075.0db | AbagusyStandard 6.10-1  Mon Apr. 55 0

Figure B-106: Plastic Strain (PE11) in the X-axis.

GEESESOFS OabE B aUSISanOarc SR D=l MONNSNR 05 00 38: 39 Central Daylight Time 2018

Figure B-107: Plastic Strain (PE22) in the Y-axis.
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Q0DB; C5075.0db | AbaqusyStandard £.10-1  Mon Apr. 05 002

Stap: Loadng
Iricn

? Time = | Q9624

Figure B-108: Plastic Strain (PE33) in the Z-axis.

ODB: C5075.0db  Abaqus/Standard £.10-1  Mon Apr U9 0028:39 Central Daylight T

Figure B-109: Plastic Strain (PE12) in the XY-Plane.

170



db  Abaqus/Standard £.10-1  Mon Apr09 002

Step! Loadng
Increment ' 20: Step Time = 0.9824

y i Frimary Var: BE, PE13
‘Daformed Vari U Deformation Scals Facton; +4.9134400

Figure B-110: Plastic Strain (PE13) in the XZ-Plane.

ibral Daylight Trme

QDB: ¢ db  Abaqus/Standard £.10-1  Mon Apr 09 0K

Stap! Loadng
. Iricrement ' 20: Stap Tims = 0.9824
. Frimary Ver: BE, PE23. >
‘Daformed Vari U Deformation Scals Facton; +4.9134400

Figure B-111: Plastic Strain (PE23) in the YZ-Plane.
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\

QDB; CS075.0db | Abagqus/Standard £.10-1  Mon Ape.09 00:38:39 Centra

Figure B-112: Displacement (U1) in the X-axis (mm).

Q0B; C5075.0db | Abaqus/Standard 6.10-1  Mon Apr 05

Stap: Loadng
rermient - 20:

Figure B-113: Displacement (U2) in the Y-axis (mm).
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N\

|

| !,‘
OD8: C5075.0db | Abagus/Standard £.10-1 - Mon Apr ﬂ?‘ﬁ%ﬂ? Eentral Daylight Ty

5, 511 .
i Deformation Scale Facton: +4.9134400

Figure B-115: Stress (S11) in the X-Direction (MPa).
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Q0B; C5075.0db | Abaqus/Standard £.10-1 - Mon Apr. 0

tp! Loadng
Iricrement ' 20; Stap Time = | 0.9824

Figure B-116: Stress (S22) in the Y-Direction (MPa).

2835 Central Daylight

Figure B-117: Stress (S33) in the Z-Direction (MPa).
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db  Abaqus/Standard £.10-1  Mon Apr.09 002

Step: Loadng
3 Incremment  20: Stap Time = | 0,9824
Ly Erimary Ve $, $12° :
Daformed Var Ll Deformation Scals Facton +4.9138400

Figure B-118: Stress (S12) in the XY-Direction (MPa).

db  Abagus/Standard £.10-1  Mon Apr. 9.0

'ésst!p Time = 03824
513 .
Vari Ll Defarmation Scale Factor: +4.9134400°

Figure B-119: Stress (S13) in the XZ-Direction (MPa).
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ODB: C507S.0db  Abaqus/Standard 8.10-1  Mon Apr 09 00:28:39 Central Daylight Tirme 2013

Stap: Loadng
A Increment  20; Stap Timé = | 0.9824
[Ty Frimary Ve 5, 523 .
k: Daformed Var U Defarmation Scale Factor; +4.9134400

Figure B-120: Stress (S23) in the YZ-Direction (MPa).

Cylinders with 1% Wheat Fibers:

e Rough Boundaries:

QDB: CReoontrolodb  Abaqus/Standard 6.10-2  Sun Apr (B 22 24:22 Central Day# ght Time: 2012

Stap: Loadng
. Iricremient 907! Step Tk = 0.9258
[y Frimary Ve B E1L iiliady
k: Daformed var L Defarmation Scale Factor; +8.051e400

Figure B-121: Strain (E11) in the X-axis.
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jaqus/Standard 6.10-2  Sun Apr O

Step! Loadng
Inicrerment wrg@p Time = 09258

i '_ ‘i -Primary Var: E; E:
K paformed Var L Defarmation Sesle Factor: +5.0516400

ODB: CReontrolodb  Abaqus/Standard £.10-2  Sun Apr'08 2

Step! Loadng
Incremment  907: Step Time = 0.9258

ST Erimary Var B, 13
X Daformedvan U Deformation Seals Facton +5.0516400

Figure B-123: Strain (E12) in the XY-Plane.
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OD8: CReontrolodb  Abaqus/Standard 6.10-2 Sun Apr 08 22 24:22 Central Dayight Tir

Srep: Loadng
lm’_emev‘}: 2.0; g;gp ime = 09258
0 vy Frimany Var B ELS :

U Deformation Scale Factor: +£.0516400

ODB: CReontrolodb  Abaqus/Standard £.10-2  Sun Apr. 1

Srep: Loadng
> Increment ' 907, Step Time = 0.9258
0 L%y Primany Ve B E23 iy
. DaformedVar U Deformation Scals Facton; 450516400

Figure B-125: Strain (E23) in the YZ-Plane.
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O08: CReontrolodb  Abaqus,

Stap: Loadng
Iricrement 7. Step Time = 0.9258
“Frimary Var: PE, PELL iy

U Deformation Scale Factor: +£.0516400

Figure B-126: Plastic Strain (PE11) in the X-axis.

OD8: CReontrol odb  Abaqus/Standard 6.10-2  Sun Ap Central Day¥ght Tir

Step: Loadng
Increrment 207 Step Tims = 0.9258

‘Frimary War: B, PE23
Daformed Ll Deformation Scale Factor: +5.0816400

Figure B-127: Plastic Strain (PE22) in the Y-axis.
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ODB: CReontrolodh  Abaqus/Standard 6:10-2  Sun Apr 0822 24

Srep: Loadng
> Increrent | 907 Step Time = 09258
0 L5y Primary Ve BE, PE33 i
* Daformedar U Deformation Scals Facton; 450516400

Figure B-128: Plastic Strain (PE33) in the Z-axis.

O0B: CReontrolodb  Abaqus/Standard £10-2  Sun Apr (8.2

Srep: Loadng
> Increrment | 907 Step Time = 09258
[ ry  Frimery Var: BE, FEL2 e
* Daformedar U Deformation Scals Facton; 450516400

Figure B-129: Plastic Strain (PE12) in the XY-Plane.
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OD8: CReontrolodb  Abaqus/Standard 6.10-2  Sun Apr 08 2

Srep: Loadng
lm’_emev‘}t ?2’52'? Tiie = 09258
i “y  Frimary Var: bE, PEL '

ari bl Deformation Sosle Factor: +£.0516400

O0B: CReontrolodb  Abaqus/Standard £10-2  Sun Apr (8.2

Stap! Loadng
lm'_emea: :g?g;;oima- 0.9758
X paformedVan L Daformation Stale Fattor 480816400

Figure B-131: Plastic Strain (PE23) in the YZ-Plane.
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OD8: CReontrolodb  Abaqus/Standard 6.10-2  Sun Apr 082

Shap: Loading .
e Step Tt = 0.9258

Deformation Scale Facton; +5.0518400

Figure B-132: Displacement (U1) in the X-axis (mm).

OD8: CReontrol odb  Abaqus/Standard 6.10-2  Sun Apr. O

Stap: Loadng
Iricr

step Tre = 09258
Deformation Scals Factor; 450516400

Figure B-133: Displacement (U2) in the Y-axis (mm).
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QDB; CReor fodb  Abaqus/Standard £.10-2  Sun Ap

Step! Loadng
Increment ' 907; Step Timé =  0.9258
| vers U, U3 kiiagy

X Daformed L Deformation Scals Facton: 450516400

Figure B-134: Displacement (U3) in the Z-axis (mm).

ODB: CReontrolodb  Abaqus/Standard £.10-2  Sun Ap

Step: Loadng
Ircrarent - 907 Step TWie = 09258
1 :

(7 Wy Frmary Ver S,
X Daformed L Deformation Scals Facton; 450516400

Figure B-135: Stress (S11) in the X-Direction (MPa).
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ODB: CRCo

Step! Loadng
Iricrament

OD8: CReontrol odb  Abaqus/Standard 6.10-2  Sun Ap 22 W&Do\-lgm Tir

Step: Loadng
Increrment Step Timie = 0,928

Ly Frimary var: 3;
X Daformed Deformation Scale Factor: +£.0516400

Figure B-137: Stress (S33) in the Z-Direction (MPa).
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O08: CRoontrolodb  Abaqus/Standard 6.10-2  Sun Apr D

Step: Loadng
Aricrement SttpTine = 09258
Deformation Seale Facton +5.0816400

ODB: CReontrolodl  Abaqus/Standard 6.10-2  Sun Apr U8 2224622 Central Daylahit Tir

Step: Loadng
Increrment Step Tiie = 0,928

Ly Frimary var: 3
X Daformed Deformation Scale Factor: +£.0816400

Figure B-139: Stress (S13) in the XZ-Direction (MPa).
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OD8: CReontrol odb  Abaqus/Standard 6.10-2  Sun Apr. 1

Stap! Loadng

Inicrerment Step Tivie = 0.9258

Py Vi b 9258

Daformad Deformation Scale Factor: +£.0516400

Figure B-140: Stress (S23) in the YZ-Direction (MPa).

e Smooth Boundaries:

O08: CS.odb  Abagus/Standerd 6.10-1  Mon Apr 09 046 =2 Contral &

Step: Loadng
Increrment éze Stap Time = 0,9851
EEr 051

‘Frimary War: | 5 &
Daformed Var L Defarmation Scale Factor; +1.1848400°

Figure B-141: Strain (E11) in the X-axis.
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QDB CSiodb - Abagus/Standard 6.10-1  Mon Apr ¢

Step: Loadng

Increment  22: Stap Timé = | 0.9851

‘Primary Var: E, £33 —
Daformed Var Ll Deformation Scale Factor: +1.1848400

Figure B-142: Strain (E33) in the Z-axis.

Q0DB; CSodb  Abagus/Standerd 6,10-1  Mon Apr 2 Central Daykaht Time 2012

Step: Loadng
Ircraent . 22: Stop(Tka = 03681
: 051

‘Frimary ar 1
Daformed K Deformation Scale Facton +1.1848+00

Figure B-143: Strain (E12) in the XY-Plane.
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OD8: CS.odb  Abagus/Standerd 6.10-1  Mon Apr 0 2 Central Daykght Time 2012

Stap: Loadng

Inicrement  22: Stap Time = 0.9851

‘Frimary Var: E, E13 .

‘Daformed var L Defarmation Stale Factor; +1.1848400

Figure B-144: Strain (E13) in the XZ-Plane.

O0B: CS.otb  Abaqus/Standerd 6.10-1  Mon & 2 Central Daybg

Step: Loadng

Increment 22: 5tap Timé = 0.9851

Erimary Var: £, 23 :

Daformed Var U Deformation Scale Factor; +1.1848400

Figure B-145: Strain (E23) in the YZ-Plane.
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OB CSingh S abagusiStandard 6 10=1 MO BRE 08 08" =2 Central Cayhight Time 201 2,

Figure B-146: Plastic Strain (PE11) in the X-axis.

O0B: CS.odb  Abagus/Standerd 6.10-1  Mon Apr 09 0.

Stap: Loadmng |
rement 22
> RE,

ke

Figure B-147: Plastic Strain (PE22) in the Y-axis.
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QDB CSiodb - Abagus/Standard 6.10-1  Mon Apr ¢

Step! Loadng
Inicrerment 5

‘Primary var: B, PEX.

Daformed vari Ll Deformation Scale Factor: +1.184s400

Figure B-148: Plastic Strain (PE33) in the Z-axis.

ODB: CS.odb  Abagus/Standard 6.10-1  Mon Apr £ 2 Central Daykaht Time 2012

Step! Loadng
Ircrement L St_a; Timé = 0.9851
'y PEX iy

“Frimary uar:
Daformed U Deformation Scale Factor: +1.1844400

Figure B-149: Plastic Strain (PE12) in the XY-Plane.
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Abagus/Standord £.10-1  Mon Ape | 2 Central Daykght Time 2012

Step! Loadng
Increment ' 22: Step Time = 0.9651

y i Frimary Var: FE, PEL3
Daformed var L Defarmation Scale Factor; +1.1848400°

Figure B-150: Plastic Strain (PE13) in the XZ-Plane.

entral Daybaht Ti

QDB CSodb - Abagqus/Standard 6.10-1  Mon Apr |

Stap! Loadng
. Increrment | 22 Step Timé = 09851
iy Frimary Var: FE, PE23. >
‘Daformed Vari U Deformation Scals Facton: 411848400

Figure B-151: Plastic Strain (PE23) in the YZ-Plane.
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OD8: CS.odb  Abagus/Standerd 6.10-1  Mon Apr 09 D4:G

Stap: Loadmng |
ific o0 Time = 0,9851

Figure B-152: Displacement (U1) in the X-axis (mm).

O0B: CS.odb  Abagus/Standerd 6.10-1  Mon Apr 09 0.

Stap: Loadmng |

tep Time = 09851,

Figure B-153: Displacement (U2) in the Y-axis (mm).
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Q08: CS.odb  Abagus/Standard 6.10-1  Mon Apr 09 D40 i—}z CentralDaykoht Tim: 2012
Stap! Loadng
lm’.emc":: uz? 36!_09 Time = 0.9851
X paformed U Defarmation Scale Factor; +1.1848400

Figure B-154: Displacement (U3) in the Z-axis (mm).

O0B: CS.odb  Abagus/Standord £,10-1  Mon Apr 09 2.Cratral Daykoht Time 2012

Step: Loadng
Ircraient | 22: Stop(Tkna = 03681
: 5, 811 foiy

K paforn U Defarmation Scale Factor; +1.1848400

Figure B-155: Stress (S11) in the X-Direction (MPa).
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2 Central Daykaht Time 2012

Figure B-157: Stress (S33) in the Z-Direction (MPa).
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Abagus/Standard €,10-1  Mon Apr &

2 s;ep Timé = 09851
Sl .
0 Daformation Stale Fattor; +1.1896400

entral Daykoht Tirme 2012

2 S1ep T = 0,351
S13 :
0 Daformation Stale Fattor; +1.1896400

Figure B-159: Stress (S13) in the XZ-Direction (MPa).
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s/ Standard 6,10-1

Stap Timé = 0.9851
Yy Primary 23, .
Daformed Vari L Defurmation Scale Facton; +1.1848400

Figure B-160: Stress (S23) in the YZ-Direction (MPa).

Control Prisms:

E. .
fofmed Var U Defannanon Scele Factor +1.000e-+01 -

Figure B-161: Strain (E22) in the Y-axis.
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0D8: controfrism.odb - Abaqus/Standard 6.10-1  Sun Apr 0B 09:43:50 Central Dayh:

Stap: Loading
Incrament  17: Step Timé = 1,000

Prirary \ar: B, £33

Daformed ar U Dafammation Scale Factor] +1.000e401 -

Figure B-162: Strain (E33) in the Z-axis.
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ODB: controffrism.odb  Abagus/Standard 6,10-1  Sun Apr 0B 09:43:50 Central Dayhaht Twn'e:\

Stap: Loading
Incrament  17: Step Timé = 1,000

Prirary \ar: B, E12

Daformed yar U Dafammation Scale Factor] +1.000e401 -

Figure B-163: Strain (E12) in the XY-Plane.




0DB: controfrism.odb  Abaqus/Standard 6,10-1  Sun Apr 0B 09:43:50 Central Daylight Time 2012

Stap: Loading
Incrament  17: Step Timé = 1,000

Prirary \ar: B, E13

Daformed yar U Dafarmanion Scale Factor] +1.000e401 -

Figure B-164: Strain (E13) in the XZ-Plane.

0D8: controfrism.odb - Abaqus/Standard 6.10-1  Sun Apr 0B 09:43:50 Centrsl Dayhght Time 2012

Stap: Loading
Incremant 17 Stap Time = 1.000

Primary Var: B, E23.

Daformed ar U Dafammation Scale Factor] +1.000e401 -

Figure B-165: Strain (E23) in the YZ-Plane.




0DB: contro¥rism.odb  Abaqus/Standard 6.10-1  Sun Apr 0B 05:43:50 Central Dayhght Time 2012

0DB: contro¥rism.odb  Abagus/Standard 6.10-1  Sun Apr 08 09:43:50 Central Dayhght

Figure B-167: Displacement (U2) in the Y-axis (mm).




Prisms with 0.5% Wheat Fibers:

QODE: Frism0S.odb  Abaqus/Standard 6.10-1  Sun Apr 08 09:20:53 Central Dayhght Thng

Stap: Loading
Increment  17: Stap Timé = 1,000

Primary Var: B, E22°

Daformed yar U Dafamation Scale Factor] +1.000e401 -

Figure B-168: Strain (E22) in the Y-axis.

0D8: Prism0Siodb  Abaqus/Standard 6.10-1  Sun Apr 08 05:20:59 Central Dayhght 1

Stap: Loading
Incramant 17 Step Time = 1.000

Primary \ar: E, E33

Deformed ar U Defirmation Scals Factory +1.0006401

Figure B-169: Strain (E33) in the Z-axis.
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Stap: Loading
Incrament  17: Step Timé = 1,000

Prirary \ar: B, E12

Daformed yar U Dafammation Scale Factor] +1.000e401 -

Figure B-170: Strain (E12) in the XY-Plane.

008: Prism0S.odb  Abaqus/Standard 6.10-1 Sun Apr 08 05:20:5% Central Daylight Téme 2002

Stap: Loading
Incrament  17: Step Timé = 1,000

Prirary \ar: B, E13

Daformed yar U Dafarmanion Scale Factor] +1.000e401 -

Figure B-171: Strain (E13) in the XZ-Plane.




008: Prism0S.odb  Abaqus/Standard 6.10-1  Sun Apr 08 05:20:5% Central Dayight Téme 2002

Stapt Loading

Increment 17 Step Time = 1.000

Primary \or: B, E23 -

{eformed yar U Definmanon Scale Factor 41.000e+01 -

Figure B-172: Strain (E23) in the YZ-Plane.
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0D8: Prism0Siodb  Abaqus/Standard 6.10-1  Sun Apr 08 09:20:59 Central Dayhight T:me 2012

Stapt Loading

Increment 17 Step Tims = 1.000

Primary \Var; PE, PE11. T

peformed yar U~ Deformation Scale Factor +1.000¢+01

Figure B-173: Plastic Strain (PE11) in the X-axis.




Figure B-174: Displacement (U2) in the Y-axis (mm).

Prisms with 0.75% Wheat Fibers:

Figure B-175: Strain (E22) in the Y-axis.
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Figure B-177: Strain (E12) in the XY-Plane.

204



QD8: Prism.odb Abaqus/Standard £.10-1  Sun Apr 08 07:44:47 Central Davhght Time-2012

Stap: Loading
Incrament  17: Step Timé = 1,000

Prirary \ar: B, E13

Daformed yar U Dafarmanion Scale Factor] +1.000e401 -

Figure B-178: Strain (E13) in the XZ-Plane.

QD8: Prism.odb’ Abaqus/Standard £.10-1  Sun Apr 08 07:44:47 Central Davhght Time 2012

Stap: Loading
Incremant 17 Stap Time = 1.000

Primary Var: B, E23.

Daformed ar U Dafammation Scale Factor] +1.000e401 -

Figure B-179: Strain (E23) in the YZ-Plane.




S oading

Step Time = 1.000

Figure B-181: Displacement (U2) in the Y-axis (mm).
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Prisms with 1% Wheat Fibers:

Figure B-182: Strain (E22) in the Y-axis.

Figure B-183: Strain (E33) in the Z-axis.

207



O08: Prism.odb

Step: Loading

Increment 17 Step Time = 1,000

Frimary Var: E, E12

Daformed Van L Defarmation Scale Facton; +1.0008401

Figure B-184: Strain (E12) in the XY-Plane.

ODB: Prism.odb Abac ndard B.10-1  Mon Apr 03 04/41:58 Central Daylight Tht

7: 5tep Timé = 1,000
Frimary var: E, E13
Daformed Van L Deformation Scale Facton; +1.0008401

Figure B-185: Strain (E13) in the XZ-Plane.

208



ODB;: Prism.odb Abaqus/Standerd 6.10-1  Mon Apr 05 04!41:58 Central Daylight Time 2012

Stap: Loadng
Iricn

Figure B-186: Strain (E23) in the YZ-Plane.

__ w’&

QD8: Prismodb Abaqus/Standard 8.10-1  Mon Apr 05 04:41:58 Central Daylight Ty, “012

Srep: Loadng

Figure B-187: Plastic Strain (PE11) in the X-axis.
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S g
< Increrment 17 Step Timé = 1,000
. Primary Var: U, U2
Daformed Var L Defurmation Scals Facton; 410006401

Figure B-188: Displacement (U2) in the Y-axis (mm).
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