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ABSTRACT
Hinchcliffe, Sean A. (M.S., Department of Civil, Environmental, and Architectural Engineering)
Feasibility Study of Prestressed Natural Fiber-Reinforced Polylactic Acid (PLA) Composite
Materials

Thesis directed by Assistant Professor Wil V. Srubar 111

The feasibility of manufacturing high-performance, prestressed natural-fiber reinforced
biopolymer composites is demonstrated in this work. The objective of this study was to illustrate
that the specific mechanical properties of biopolymers, namely polylactic acid (PLA), can be
enhanced by leveraging a combination of (a) additive manufacturing (3D printing) and (b) initial
post-tensioning of continuous natural fiber reinforcement. In this study, both tensile and flexural
PLA specimens of various cross-sectional geometries were 3D-printed with and without post-
tensioning ducts. The mechanical properties of two continuous reinforcing fibers, jute and flax,
were characterized prior to threading, post-tensioning to a prescribed level of stress, and anchoring
using a mechanical loading frame. The effect of fiber type, matrix cross-sectional geometry,
number of reinforcing strands, and degree of post-tensioning on the specific mechanical properties
(e.g., strength-to-weight, stiffness-to-weight) of PLA were investigated using both tensile and
flexural mechanical testing. Finite element models of a subgroup of the composite specimens were
developed and the same experimental tests were simulated using the models. Additionally,
analytical equations were derived for the prediction of composite tensile mechanical properties.

Experimental results confirm that 3D-printed matrices improve the specific tensile and
flexural mechanical properties of PLA composites and that these properties are further improved

via initial fiber prestressing. The experimental data indicate statistically significant increases (p-



value < 0.05) in specific strengths of 116% and 32% and specific stiffnesses of 62% and 29% in
tension and flexure, respectively, compared to unreinforced PLA specimens. The results suggest
that both additive manufacturing and fiber prestressing represent viable new methods for
improving the mechanical performance of natural fiber-reinforced polymeric composites. Finite
element model simulation results, as well as results from mechanics-based analytical equations,
for mechanical behavior of the composite specimens aligned well with obtained data, thus further
strengthening the validity of the experimental results. This study considered only mechanical
behavior of natural fiber-reinforced biopolymeric composites; the need remains for future research
in other aspects (e.g., long-term durability, economic constraints) in order to further demonstrate

the viability of these novel composite materials for construction applications.
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CHAPTER 1

Introduction

1.1 Motivation and Background

As the need for infrastructure development and renewal increases worldwide, synthetic
fiber-reinforced polymer (FRP) composite materials have gained attention in recent years as
alternatives to more traditional infrastructure materials, primarily due to their favorable durability,
mechanical, weight, and cost characteristics [1-3]. Advances in improving the performance of FRP
composites have further increased their attractiveness as primary infrastructure materials and in
other applications. However, environmental concerns accompany increased use of traditional
FRPs. First, they contribute to the already significant amount of construction and demolition debris
being deposited into landfills each year, which totaled 88 million tons in 2003 [4]. Most current
commercial FRPs are comprised of petroleum-based synthetic matrices, such as epoxies and
polyurethane, and synthetic fibers, such as glass, carbon, and aramid [5]. The exceptional
durability characteristics of synthetic FRPs comprised of these materials that make them desirable
for many applications can conversely be problematic in post-use and disposal phases, due to their
resistance to degradation and the energy required to separate and recycle them [6]. Second, the
production of petroleum-based FRP composite materials requires large amounts of energy and
contributes to the depletion of limited natural petroleum resources [7].

Therefore, investigation into the viability of fully biobased FRP composite material
alternatives (i.e., natural fibers contained within a biopolymer matrix) has been of increasing
interest in recent years. Polymers and composites from renewable resources are being engineered

for target applications not only in construction industries, but also in automotive and packaging



industries at historically high rates to address growing environmental concerns of a globally
unsustainable dependence on petroleum-based resources and to counter the proliferation of
synthetic polymers and plastics in the environment.

Many biopolymers, such as polylactic acid (PLA), as well as cellulosic natural fibers, are
readily biodegradable (i.e., degrade naturally into harmless products) [8], and thus could
potentially alleviate waste recalcitrance problems [9]. In addition to biodegradability, fully
biobased composite materials exhibit low embodied energy, inherent renewability, and have the
potential to have a closed-loop lifecycle rather than a traditional linear (i.e., production, in-service
use, disposal) lifecycle [6,9]. The biopolymer matrix components of biobased FRPs are commonly
produced by microbial synthesis (e.g., polyhydroxyalkanoates [PHAs], polyhydroxybutyrate-co-
valerate [PHBV]) or from agricultural byproducts (e.g., PLA). A number of biopolymers have
been shown to possess mechanical properties (e.g., strength and stiffness) comparable to those of
synthetic polymer matrices [10,11]. The natural fiber reinforcement constituents of FRPs
commonly originate from plant sources such as sisal, hemp, jute, and flax. Several of these natural
fibers have been shown to exhibit competitive mechanical properties (e.g., strength and stiffness)
and are lower in weight compared to traditional synthetic fiber reinforcement [12-16]. In addition
to enhancing mechanical performance and reducing material cost, the use of natural fibers as
reinforcement in polymeric composites has gained favor due to attributes such as biodegradability,
availability, and economic viability. Natural fibers are generally cheaper to process, easier to
handle, require less production energy, and originate from more locally available and renewable
resources than their synthetic counterparts [2]. The combining of a biobased polymer matrix and
a natural fiber reinforcement produces a FRP composite with considerable potential environmental

and economic advantages.



A variety of natural alternatives to synthetic fibers (e.g., carbon, glass, aramid) and
conventional petroleum-based polymers (e.g., polypropylene, polyethylene), have been evaluated
for natural fiber composite (NFC) applications [17-20]. Previous work has focused primarily on
the mechanical characterization of isotropic, short-fiber composites made from a variety of natural
fibers (e.g., hemp, flax, jute, sisal, wood flour) [21-23]. Investigations of continuously woven
natural fabrics have also been carried out on pultruded hybrid specimens (not fully biobased) of
hemp and continuous glass fibers [24]. In the last decade, hemp linen and jute burlap have been
used as reinforcement in fully biobased composites with resins of PLA, polyhydroxybutyrate
(PHB), and their copolymers [9,25,26].

The tensile strength and elastic moduli of these composites vary widely (depending on their
individual constituents), with many achieving properties similar to wood and engineered products
[27,28]. A list of mechanical properties of selected natural fibers, biopolymers, and fully biobased
composites is shown in Table 1. As mentioned, natural fibers from plants and animals (e.qg., silk)
exhibit excellent tensile mechanical properties (e.g., strength, stiffness), adding to other
advantages such as low cost, rapid renewability, and global availability. Mechanical properties of
fully biobased composites made from these polymers and natural fibers are also shown in Table
1. The properties of these composites are comparable to wood and engineered wood materials, like
plywood (also shown). However, differences are apparent in the relative densities of these
materials. For example, fully biobased composites are approximately three times the density of
conventional wood products. Thus, it is evident from the data in Table 1 that the mechanical

properties of natural fibers are not fully utilized in composite form.



Table 1. Selected material properties of natural fibers, biopolymers, biobased composites, and

wood products (for comparison) [9,11,27,29-32].

_ Tensile  Tensile Tensil_e Flexural  Flexural Density
Material Strength  Modulus Elongation Strength Modulus (kg/m?)
(MPa) (GPa) (%) (MPa) (GPa)
Natural Fiber
Hemp (Bast) Fiber 270-900 20-90 1-4 - - 1500
Jute (Bast) Fiber 200-800 10-35 1-2 - - 1450
Flax (Bast) Fiber 300-1500  25-100 1-4 - - 1400
Kenaf (Bast) Fiber 200 15-34 1-4 - - 1400
Abaca (Leaf) Fiber 500-750 6-30 1-7 - - 1500
Silk (Bombyx mori) 200-750 5-17 20 - - 1300
Biopolymer
PHB 40-45 3.5-4 5-8 50-60 3 1180-1260
PLA 21-60 0.4-3.5 2-6 40-60 2-4 1210-1250
PGA 60-100 6-7 1.5-20 150 7.6 1500-1700
Natural Fiber-Biopolymer Composites
Hemp/PHB 56 55 2-8 65 6.5 1270-1310
Wood Flour/PLA - - - 28 2.3 1200-2200
Wood Flour/PHB 20-40 3.5-5 0.5-2 40 5.9 1800-2900
Wood and Engineered Wood
Douglas-Fir - - - 75-90 134 480
Western Hemlock - - - 70-85 11.3 450
Pine - - - 40-65 8.9 400
Plywood 27 10.3 - 27 10.3 400-810
Oriented Strand Board - - - 21.2 5.3 490-810
Glue-laminated wood - - - 26-72 10.6 320-720

Although the advantages are promising, the disadvantages of fully biobased FRP

composite materials cannot be ignored. One of the most significant drawbacks is mechanical

performance — while they approach the mechanical properties of traditional synthetic FRPs, those

of fully biobased FRPs still require improvement to become more competitive. Another,

potentially more prohibitive disadvantage is the current high cost of producing biopolymers on a



bulk scale. The high production cost is not due to the material itself, but rather the current state of
technological development of biopolymer manufacturing processes — synthetic polymer
manufacturing has existed for many decades, while biopolymer manufacturing is more recent
[17,33]. The cost of biopolymer production, however, is expected to decrease as technology and
manufacturing processes improve.

Another disadvantage of biobased polymers is their high density, which can be unfavorable
in applications where low weight and high specific properties are favored. Natural fibers have
disadvantages as well, including considerable variability in quality from manufacturing and
processing, long-term durability concerns due to moisture absorption and ultraviolet degradation,
and poor resistance to high temperatures [34-36]. Natural fiber variability stems from a number of
causes (e.g., plant source, growth conditions, inconsistent microstructure, defects, moisture
content, age) and extraction and processing techniques [37,38]. In order to improve the viability
and feasibility of fully biobased FRP composites, the above enumerated disadvantages and

challenges must be addressed with further scientific investigation.

1.2 Potential for Prestressed Natural Fiber Composites (NFCs)

Much research has been performed on the mechanical properties of synthetic FRP
composites over the course of many decades. A large portion of this research has focused on
continuous-fiber-, short-fiber-, and particle-reinforced composites (bonded composites). While
research on synthetic FRPs is substantial and long-standing, research on FRP composite
configurations containing either a biobased reinforcing fiber or a biobased polymer matrix has
only emerged in the last two decades. These partially biobased, or hybrid, FRPs are defined as

either a synthetic fiber within a biopolymer matrix or a natural fiber within a synthetic polymer



matrix. The latter configuration, primarily due to the availability of synthetic polymers and natural
fibers, has been studied in more depth than the former configuration [2]. Research areas on this
type of natural fiber-reinforced polymer (NFRP) range from quantifying environmental impacts
[39,40], to characterizing mechanical properties and comparing with commonly-used synthetic
fibers [15,16,41-43].

A smaller body of research has focused on fully biobased FRP composites, which consist
of natural fiber reinforcement contained within a biobased polymer matrix. Many of these studies
have investigated the improvement of mechanical properties via more effective fiber-matrix
interfacial bonding [13,23,33,42,44]. Other studies have investigated mechanical performance
improvements by shape optimization and cellular structure utilization [6,45-47] — current
research has shown that reductions in density and improvements in specific mechanical properties
of biopolymers and natural fiber composites can be achieved by foaming [47-49] and engineering
foam-core sandwich structures [28]. Multiscale modeling and long-term durability of biobased
composites have also been investigated, but only preliminarily [50,51]. Due to their generally
inferior mechanical properties, the majority of research regarding fully biobased FRPs has
concentrated on improving these properties [52-54].

Virtually no research, however, has investigated utilizing the effects of prestressing/post-
tensioning in natural fiber reinforcement of biopolymer FRPs as a means to improve mechanical
performance. Prestressing of reinforcement, a technique used in the reinforced concrete industry
that is predicated on providing improved mechanical performance through the utilization of
superior compressive behavior of the composite matrix (concrete) and high tensile strength of the
reinforcement (steel tendons) [55,56], is believed to be effective in the application of NFCs. Their

biopolymer matrices and natural fiber reinforcement exhibit high compressive strength and high



tensile strength characteristics, respectively, as concrete and steel in prestressed concrete
applications. Moreover, prestressing of reinforcement generally reduces tensile forces in the
composite matrix that cause cracking and ultimate tensile failure [55] — a desirable effect for
biopolymer matrices, many of which are weaker in tension and exhibit failure by brittle fracture.
The effect of prestressed reinforcement on the flexural stresses of a flexural member are
demonstrated below in Figure 1. As noted, the magnitude of the internal tensile stresses (denoted
with a “T” in Figure 1) during flexure are reduced with the addition of prestressing forces in the

reinforcement.

l Bending force

@ Eccentric

prestressing
P e e e e e e e e e — fOrCES

Flexural stress Stress due Prestressed flexural

distribution to prestressing stress distribution
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~=C = ‘ =
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Figure 1. Schematic showing (a) an elevation view of a prestressed beam subject to bending and
(b) the beam stress distributions resulting from flexure and prestressing [56].



While previous studies have investigated the effect of fiber prestressing on the mechanical
behavior of synthetic fibers, namely glass [57], ultra-high molecular weight polyethylene [58], and
nylon-kevlar [59] fiber composites, no studies have yet reported on the viability or effects of
prestressing continuous natural fiber reinforcement, which has the potential to provide similar
mechanical improvements as found in such studies.

The two most common methods of prestressing synthetic fiber-reinforced polymers (FRPSs)
involve (a) pre-tensioning fibers prior to application of epoxy-based (thermoset) matrices [60] or
(b) pre-tensioning entire FRP composite laminates prior to external bonding to concretes structures
[1,61]. The majority of existing literature on prestressed FRP composites concerns the latter, with
primary application to the retrofit of concrete structures [1,62]. In previous ply- and laminate-level
studies of synthetic FRPs, Motahhari and Cameron [57] found that the flexural modulus and
strength of glass-epoxy composites increased 33% through initial fiber prestressing. The
experimental data also indicated a fiber prestressing level (approximately 50% of ultimate stress)
at which flexural properties reached maximum values. Similarly, other studies have shown that
prestressing unidirectional glass fibers increases the flexural deflection and strength of dental
resins by 60% and 30%, respectively [63]. However, no FRP studies have applied a prestressing
technique frequently employed by the prestressed concrete industry, in which the prestressing
tendons are not bonded with the matrix (unbonded prestressing) and are anchored in place at either
end of the structural element. Analogous to an unbonded prestressed concrete structural member
in this application, the polymer matrix of a prestressed FRP would act similar to the concrete, and

the natural fibers similar to the prestressed steel tendons.



Given the proven success of prestressing synthetic fibers, the inherently high stiffness and
strength of natural fibers, and the ability of additive manufacturing to form complex, structural
geometries, there is significant potential to improve the specific mechanical properties of natural-
fiber composites. However, to the author’s knowledge, the viability and feasibility of prestressing

natural fibers for high-performance NFCs has yet to be sufficiently proven.

1.3 Thesis Organization

The primary objective of this research was to demonstrate that the specific mechanical
properties of natural-fiber biocomposites can be improved by (a) leveraging 3D printing
capabilities and (b) applying a prestressing technique to the natural fiber reinforcement. This thesis
is divided into five chapters, throughout which the efficacy of cross-sectional shape and post-
tensioning of non-bonded natural fiber reinforcement on improving the specific mechanical
properties of fully biobased FRP composite structural members is investigated.

This first chapter elucidates the main motivation, objectives, and goals of this thesis.
Chapter 2 and Chapter 3 present the experimental methods and results obtained from tensile and
flexural mechanical testing, respectively, of unstressed and prestressed NFC structural members.
Chapter 2 provides an overview of the characterization of the tensile mechanical properties of both
jute and flax reinforcing fibers and of the compressive mechanical properties of PLA, the
manufacture and preparation of non-fiber-reinforced and fiber-reinforced composite tensile
specimens (including prestressing fibers to prescribed levels of pretensioning), the characterization
of mechanical properties of the NFCs, and comparison of mechanical properties between groups
of tensile specimens. Chapter 3 is structured similarly to Chapter 2, but focuses on flexural NFC

structural member experimental testing rather than tensile testing. In Chapter 4, two models are



presented. First, numerical finite element model simulations, created for the purpose of comparison
with the flexural experimental tests, are presented and discussed. Second, analytical equations that
predict the tensile mechanical properties of the specimens described in Chapter 2 are derived, and
their results are discussed. Chapter 5 provides conclusions drawn from the research presented in
previous chapters, as well as challenges and opportunities remaining to be addressed in the future.
Appendices A and B contain raw force-displacement data from the tensile and flexural testing,

respectively, and are organized by specimen type.
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CHAPTER 2

Experimental Tensile Testing

2.1 Overview

Dogbone-shaped PLA specimens of two (2) cross-sectional geometries were manufactured
for experimental tensile testing. Next, two (2) types of natural fibers were experimentally tensile
tested and subsequently mechanically characterized to determine their effectiveness in the
prestressing application. Compressive mechanical testing and characterization of solid PLA was
then performed. Then, solid, unreinforced, and prestressed fiber-reinforced composite PLA tensile
specimens were prepared. Finally, the PLA and fiber-reinforced PLA tensile specimens were
experimentally tested in order to characterize mechanical properties. Results for specific (weight-
normalized) mechanical properties were calculated from the experimental testing data for each
specimen type and compared between groups to determine the influence of cross-sectional

geometry and fiber reinforcement on mechanical properties.

2.2 Materials and Experimental Methods

2.2.1 Materials
Natural jute fibers (2.0 mm diameter) and flax fibers (0.5 mm diameter) were commercially
obtained from a local hardware supply store. True white- and natural-colored polylactic acid (PLA)

was supplied in spooled filament form (1.8 mm diameter) by MakerBot Industries, LLC.
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2.2.2 Experimental methods

2.2.2.1  Tensile specimen manufacture and preparation

PLA tensile dogbone specimens were computer-modeled according to ASTM D638
standards and 3D-printed using a MakerBot 5"-Generation Replicator Desktop 3D printer. The
extruder temperature, resolution, and print speed were set to 215 °C, 0.2 mm, and 60 mm/s,

respectively. A photograph of the 3D printer used to manufacture the PLA matrices is shown in

Figure 2 below.

Figure 2. MakerBot 5th-Generation Replicator 3D printer used for PLA matrix manufacture.
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Two types of cross-sectional geometries were considered: (a) solid cross-sections (5 mm X

15 mm) and (b) cross-sections (5 mm x 15 mm) containing three (3) equally spaced 3 mm-diameter

post-tensioning ducts (see Figure 3). A plan view of an example dogbone PLA specimen is also

provided in Figure 4.
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Figure 3. Cross-sectional geometries of tensile PLA dogbone specimens (a) without post-

tensioning ducts and (b) with three (3) 3-mm diameter post-tensioning ducts.
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Figure 4. Plan view of tensile PLA dogbone specimen geometry.
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A summary of the six (6) classes of tensile specimens is presented below in Table 2. Given
the reduced tensile properties of jute fibers compared to flax fibers and, correspondingly, the
anticipated reduced mechanical performance compared to flax-reinforced composites, only one
(1) class of jute-reinforced specimens was prepared (T-J1) using a fiber prestress level of 50% of
the ultimate fiber tensile strength, ou. Due to size limitations, one (1) jute fiber per duct (3 total
strands) was used for the T-J1 specimens. Three (3) classes of flax-reinforced specimens were
considered. Six (6) flax fibers per duct (18 total strands) were used for the first class (T-F1) (25%
ou) and second class (T-F2) (50% oy) of flax-reinforced specimens and eight (8) flax fibers per
duct (24 total strands) for the third class (T-F3) (50% ay) of flax-reinforced specimens.

After threading the fibers through the ducts and anchoring one end by knotting the fibers,
the fibers were post-tensioned using an Instron 5869 Universal Testing Machine. One end of the
specimens was affixed in the machine grips, while the fibers were fixed in the opposite grip. After
pre-tensioning the fibers, the machine was paused so that 3D-printed anchors could be fitted to the
free end of the specimen. These anchors ensured that the fibers were secured in their initial stressed
state in order to prevent a significant loss of prestressing in the reinforcement strands. The
prestressing technique is represented schematically in Figure 5. Examples of finished prepared

tensile specimens of types T-U1, T-J1, and T-F2 are shown in Figure 6 prior to mechanical testing.
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Table 2. Tensile specimen summary indicating levels of prescribed fiber post-tensioning.

Property
Specimen
Number of Post-
Nomenclature Cross- Number Reinforce- Nufrirg)t;(i; of fibers tension
section ducts ment fiber er duct per force
P specimen (N, %ou)
T-51 Solid None 0 0 0
rectangle
T-U1 Ducted None 0 0 0
rectangle
Ducted 0
T-J1 rectangle Jute 1 3 400 N, 50%
T-F1 Ducted Flax 6 18 275 N, 25%
rectangle
T-F2 Ducted Flax 6 18 550 N, 50%
rectangle
T-F3 Ducted Flax 8 24 730 N, 50%
rectangle
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Post-tensioning
Ducts

0
3D-Printed PLA Matrix 0

(b) Post-tensioned
Fibers

(©)

Post-tensioned Natural-Fiber Composite (Unbonded)

Figure 5. Schematic of the fiber post-tensioning process: (a) the PLA matrices were first 3D-
printed with smooth, continuous post-tensioning ducts, (b) fibers were threaded through the ducts,
anchored on one end, post-tensioned to a prescribed level of stress, and anchored into place, and
(c) the fibers were released, resulting in NFCs in an initially compressed stress state.
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Figure 6. Prepared tensile specimen types T-U1, T-J1, and T-F3 prior to mechanical testing.

2.2.2.2  Natural fiber tensile mechanical characterization

To determine appropriate force (and stress) levels for fiber prestressing, single-fiber tensile
tests were conducted using an Instron 5869 Universal Testing Machine to characterize the
mechanical properties, namely tensile strength and tensile stiffness, of the individual jute and flax
fiber constituents. Five (5) samples of jute and flax were tested using a displacement-control rate
of 0.1 mm/s. An example of one trial of fiber strength tests (extensometer omitted) is shown in
Figure 7. Details on calculating the ultimate tensile strength and tensile stiffness (modulus of

elasticity) of each individual fiber sample have been reported elsewhere [29].
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Figure 7. Sample of three (3) jute fibers during mechanical tensile strength testing.

18



2.2.2.3  PLA compressive mechanical characterization

To determine if a difference existed between PLA tensile strength and compressive
strength, compressive mechanical tests were conducted using an Instron 5869 Universal Testing
Machine in accordance with testing standard ASTM D695. Five (5) non-slender, rectangular prism
samples of PLA with dimensions 12.7 mm x 12.7 mm x 25.4 mm (depicted in Figure 8) were
tested using a displacement-control rate of 0.025 mm/s. The compressive strength (MPa) of each
specimen was determined using the following equation:

’ P1
O'C:Z

where Py is the first peak force encountered before the plastic plateau (N) and A is the cross-

sectional area (mm?). The P; force can be more readily visualized by referring to the compressive

force-displacement curves in Appendix A.

10 mm

Figure 8. Rectangular prism-shaped, solid PLA compressive specimens.
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2.2.2.4  PLA composite tensile mechanical characterization

All tensile composite specimens were tested using an Instron 5869 Universal Testing
Machine, using a displacement rate of 0.05 mm/s. Each specimen type was tested in triplicate at
minimum. Figure 9 depicts an example photograph of one tensile specimen during mechanical
testing.

Ultimate tensile strength, tensile modulus of elasticity, and weights were calculated for
each specimen, from which strength- and stiffness-to-weight ratios (i.e., tensile and flexural
mechanical properties normalized by specimen weight) were determined. Tensile strength-to-
weight ratios (MPa/g) were calculated according to the following equation:

7T aw
where Py is the ultimate tensile force (N), A is the cross-sectional area (mm?), and W is the
specimen weight (g). Tensile stiffness-to-weight ratios (MPa/g) for each class of tensile specimens

were calculated by:

CL

E,=—
T Aw

where L is the extensometer gage length (mm) and C is the initial slope of the force-displacement

curve between 10% and 40% of the ultimate peak load (N/mm).
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Figure 9. Tensile composite specimen during mechanical testing.
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2.3 Results and Discussion

2.3.1 Single fiber tensile mechanical properties

Mechanical property (e.g., strength and stiffness) results from the single fiber tensile tests
of the jute and flax fibers are shown in Figure 10. As expected, the results illustrate that the
continuous flax fibers were stronger and stiffer than the jute fiber samples. On average, the strength
and stiffness of the jute fibers were 75.0 MPa and 4380 MPa, respectively, compared to 266 MPa
and 17300 MPa for the flax fibers. The fiber mechanical property values calculated in this study
appear to lie below value ranges shown in some published literature sources [30,64]. It is believed
that this discrepancy can be attributed to the method of calculating cross-sectional area of the fibers
in this study — the use of the nominal bulk fiber strand diameter in the calculation likely produces
an overestimate of fiber cross-sectional area and consequent underestimate of strength and
stiffness.

Given that the flax fibers were stronger and stiffer than the jute fibers, it was anticipated
that flax fibers would be more effective in a prestressed-fiber composite application. Thus, while
jute fibers were included for completeness, this study focused primarily on investigating the

performance of prestressed flax-reinforced PLA composites.
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Figure 10. Average tensile strength and stiffness of jute and flax reinforcing fibers. Error bars
represent + one standard deviation.

2.3.2 PLA compressive mechanical properties

The computed average compressive strength of the solid PLA specimens was 66.0 MPa,
with a standard deviation of 1.1 MPa. A comparison of this compressive strength result and the
average tensile strength computed for the solid cross-section specimens in the following section

(section 2.3.3) of 37.4 MPa indicates that the PLA matrix material is stronger in compression than
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in tension. A visual representation of the comparison is provided in Figure 11. Based on these

experimental results, PLA exhibits a 76% higher strength in compression than in tension.
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Figure 11. Comparison of experimental tensile and compressive strengths of solid PLA.

Additionally, no abrupt material failure was observed during the compressive testing —
the PLA specimens continued to flatten indefinitely. Figure 12 shows a photograph of
compressive specimens before and after compressive testing. The PLA compressive behavior can
also be observed more gquantitatively by referring to the compressive force-displacement curves in
Appendix A. The comparatively higher compressive strength and apparent ductile compressive
failure mechanism of PLA suggest that the material lends itself to prestressing of fiber
reinforcement in composite applications, in which the prestressing induces increased compressive
forces and thus takes advantage of superior matrix compressive behavior and reduces the

likelihood of brittle tensile failure.
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Figure 12. PLA compressive specimens before (right) and after (left) compressive mechanical
testing.

2.3.3 Prestressed NFC tensile mechanical properties

Examples of post-failure tensile composite specimens are presented in Figure 13.
Representative tensile stress-strain relationships of the ducted unstressed (T-U1), 25% prestressed
flax (six strands per duct) (T-F1), and 50% prestressed flax (eight strands per duct) (T-F3) tensile
specimens are shown in Figure 14. The stress-strain behaviors clearly demonstrate increases in
ultimate tensile strength and stiffness with the incorporation of fibers from the unreinforced case
(T-U1 vs. T-F1). Furthermore, it is evident from these representative stress-strain behaviors that
ultimate tensile strength and stiffness are further improved with higher levels of prestressing (i.e.,

T-F1vs. T-F3).
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Figure 13. Flax-reinforced tensile composite specimens, post-break.

26



60

50

\.

Stress (MPa)
8

N
o

10

S U P PUURp |

¢ oEmms ¢ oEEms ¢ GEmms ¢ @mmms ¢ ammmm

0 0.01 0.02 0.03 0.04 0.05 0.06
Strain (mm/mm)

Figure 14. Representative tensile stress-strain relationships for T-UL (== @ mm) T-F1 (s w),
and T-F3 (==) composite specimens.

The values for ultimate tensile strength, tensile modulus, tensile strength-to-weight ratio
(o), tensile stiffness-to-weight ratio (E ), and percent (%) increase from the solid, unreinforced
PLA sample (T-S1) are presented numerically in Table 3 and graphically in Figure 15 for all
unstressed and prestressed tensile dogbone specimens. These data indicate that all of the ducted
sections (with and without fiber) result in higher specific properties than the solid PLA sample (T-
S1). The increase in ¢t and E % from T-S1 to the unreinforced ducted cross-section (T-U1) was

approximately 64% and 30%, respectively.
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Table 3. Average tensile mechanical property comparisons between the solid (T-S1),
unreinforced (T-U1) and prestressed jute and flax natural fiber-reinforced PLA composites.

Property
Specimen Tensile Modulus of % Increase % Increase

Strength, o Elasticity, E o't (MPa/g) () E’: (MPa/g) €

(MPa) (MPa) ot k

T-S1 374+7.2 3053 +112 2.25+0.39 -- 184 + 10 --
T-Ul 38.8+6.4 2499 + 431 3.70+0.49 64% 239+ 35 30%
T-J1 40.8+4.3 2613 + 506 3.74 £0.82 66% 235142 27%
T-F1 49.7+2.0 3145 + 144 4,31 +0.18 92% 273+ 14 48%
T-F2 46.4+2.1 2941 + 300 455 +0.38 104% 288 + 37 57%
T-F3 56.3+0.7 3457 + 371 4,85+ 0.06 116% 298 + 32 62%

Improvements in specific properties can be seen from the unreinforced specimens (T-U1)

to the prestressed jute- (T-J1) and flax-reinforced specimens (T-F1, T-F2, T-F3). As anticipated,

the jute-reinforced specimens (T-J1) did not show as significant improvements in specific

properties over the unreinforced case (T-Ul) compared to the flax-reinforced composites.

Expectedly, the T-F3 samples exhibited the highest increases in ¢t (116%) and E’t (62%) in

comparison to the solid PLA specimens (T-S1). The flax-reinforced specimens also showed a

maximum increase in ¢t over the unreinforced ducted specimens (T-U1) from 3.70 MPa/g to 4.85

MPa/g and in £t from 239 MPa/g to 298 MPa/g. These improvements suggest a clear enhancement

of mechanical properties with additional natural fiber prestressing.
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Figure 15. Specific tensile stiffness (above) and strength (below) properties of unreinforced and
prestressed jute- and flax-reinforced PLA dogbone specimens.

In addition to all of the samples exhibiting statistically significant increases in both ¢t and
E’t compared to T-S1, an analysis of variance (ANOVA) confirms that increases in ¢t and E'
from both the unreinforced case (T-U1) and the jute-reinforced case (T-J1) for flax-reinforced

specimen groups T-F2 and T-F3 are statistically significant (p-value < 0.05). A summary of all
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ANOVA specimen property comparison results is shown in Table 4. All specific property
comparisons that yielded a statistically significant (p-value < 0.05) difference between specimen
groups are highlighted in gray.

Table 4. ANOVA results summary for tensile specimen specific properties.

Property Specimen Compared p-value
with

T-Ul 0.001

T-J1 0.016

T-S1 T-F1 0.001
T-F2 0.000

T-F3 0.000

T-J1 0.913

TUL T-F1 0.070
o't T-F2 0.004
T-F3 0.003

T-F1 0.277

T-J1 T-F2 0.038
T-F3 0.050

T-F1 T-F2 0.307
T-F3 0.009

T-F2 T-F3 0.358
T-Ul 0.030

T-J1 0.078

T-S1 T-F1 0.001
T-F2 0.002

T-F3 0.004

T-J1 0.829

T-F1 0.148

E’ T T-F2 0.025
T-F3 0.032

T-F1 0.169

T-J1 T-F2 0.028
T-F3 0.044

T-F1 T-F2 0.510
T-F3 0.278

T-F2 T-F3 0.715
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CHAPTER 3

Experimental Flexural Testing

3.1 Overview

PLA specimens of six (6) cross-sectional geometries were manufactured for experimental
flexural testing. Solid, unreinforced, and prestressed fiber-reinforced composite PLA flexural
specimens of rectangular and I-shape cross-sections were prepared after experimental tensile
testing and subsequent mechanical characterization of two types of natural fibers was performed.
The PLA and fiber-reinforced PLA flexural specimens were then experimentally tested in order to
characterize mechanical properties and response. Results for specific (weight-normalized)
mechanical properties were calculated from the experimental testing data for each specimen type
and compared between groups to determine the influence of cross-sectional geometry and fiber
reinforcement on mechanical properties.

Flexural testing was separated into three (3) primary trials. The objective of Trials 1 and 2
was to determine the effect of cross-sectional geometry, fiber reinforcement, and quantity of
reinforcement on mechanical properties. The objective of Trial 3 was to isolate the effect of only
fiber reinforcement prestressing on mechanical properties. In Trials 1 and 2, an initial, preliminary
prestressing fiber anchorage technique was employed. In Trial 3, the anchorage technique was

refined and improved by 3D printing anchors that demonstrated more rigidity and adequate fit.
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3.2 Materials and Experimental Methods

3.2.1 Materials
Natural jute fibers (2.0 mm diameter) and flax fibers (0.5 mm diameter) were commercially
obtained from a local hardware supply store. Polylactic acid (PLA) was supplied in spooled

filament form (1.8 mm diameter) by MakerBot Industries, LLC.

3.2.2 Experimental methods
3.2.2.1  Flexural specimen manufacture and preparation

Similar to the tensile composite specimens, flexural PLA matrices were computer-modeled
and 3D-printed using a MakerBot 5"-Generation Replicator Desktop 3D printer. The extruder
temperature, resolution, and print speed were also set to 215 °C, 0.2 mm, and 60 mm/s,
respectively. The 3D printer used to manufacture the PLA matrices can be seen in Figure 2.

Using the six (6) cross-sections illustrated in Figure 16, a total of nine (9) flexural
specimen types were prepared. The flexural specimen types are summarized in Table 5. Specimens
were designed to have rectangular, ducted rectangular, 1-shape, and ducted I-shape cross-sectional
geometries (see Figure 16). The various flexural specimen types were subject to differing degrees
of post-tensioning force (see Table 5).

All cross-sections had nominal depths of 25 mm and widths of 15 mm, with the I-shape
cross-sections having 5 mm flange and web thicknesses. Post-tensioning ducts were 3 mm in
diameter and were evenly spaced within the tension side of the flexural cross-section. After 3D
printing, the same fiber threading, prestressing, and anchoring technique used to fabricate the
prestressed tensile specimens was employed. The prestressing technique for the flexural beam

specimens is shown schematically in Figure 17.
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Figure 16. Cross-sectional geometries of flexural PLA specimens: (a) solid rectangular, (b)
rectangular with three (3) 3-mm diameter post-tensioning ducts, (c) rectangular with five (5) ducts,
(d) solid I-shape, (e) I-shape with three (3) ducts, and (f) I-shape with four (4) ducts.
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As shown in Table 5, four (4) classes of jute-reinforced flexural specimens (1 strand per

duct) were prestressed to the same level of prestressing (50% oy) as the jute-reinforced tensile

specimens. Two (2) classes of flax-reinforced I-beam specimens (8 strands per duct) were stressed

to prescribed prestress levels of 25% (F-1-F1) and 50% (F-1-F2), respectively.

Table 5. Flexural specimen summary indicating levels of prescribed fiber post-tensioning.

Property
Specimen Number : Number of Number of Post-
Nomenclature Cross- Reinforce- . fibers tension
; of . fibers
section ducts ment fiber er duct per force
P specimen (N, %ou)
Solid
F-R-S1 rectangle 0 None 0 0 0
Solid
F-1-S1 I-shape 0 None 0 0 0
Ducted
F-1-U1l I-shape 3 None 0 0 0
Ducted
F-R-J1 rectangle 3 Jute 1 3 400 N, 50%
F-R-J2 Ducted 5 Jute 1 3 667 N, 50%
rectangle
F-1-J1 Ducted 3 Jute 1 3 400 N, 50%
I-shape
F-1-32 Ducted 4 Jute 1 3 533 N, 50%
I-shape
F-1-F1 Ducted 3 Flax 8 24 365 N, 25%
I-shape
Ducted 0
F-1-F2 I-shape 3 Flax 8 24 730 N, 50%

The flexural composite specimens were further divided into three groups, each

corresponding to a separate experiment. The three trial groups are summarized in Table 6, which
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indicates total specimen lengths, spans lengths, and specimen types (from Table 5) that were tested
in each experiment. Trials 1 and 2 were designed to determine the contributions of both cross-
sectional geometry and jute fiber reinforcement prestressing to the improvement of mechanical

properties. Trials 1 and 2 both tested a total of six (6) composite specimens.

Post-tensioning
(a) Ducts
0
0

3D-Printed PLA Matrix 0

(b) Post-tensioned
Flax Fibers

—_
—_—
—_
—_

1

Post-tensioning Anchors

(©)

Post-tensioned Natural-Fiber Composite (Unbonded)

Figure 17. Schematic of the fiber post-tensioning process: (a) the PLA matrices were first 3D-
printed with smooth, continuous post-tensioning ducts, (b) fibers were threaded through the ducts,
anchored on one end, post-tensioned to a prescribed level of stress, and anchored into place, and
(c) the fibers were released, resulting in NFCs in an initially compressed stress state.
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Table 6. Summary of the three (3) primary flexural trials.

Total specimen  Span length  Specimen
length (mm) (mm) types
F-R-S1
140 110 F-R-J1
F-1-J1

F-R-S1
165 135 F-R-J1
F-1-J1

F-R-S1
F-R-J1
F-R-J2
F-1-S1
F-1-J1
F-1-J2

I-S1
-Ul
-1-J1
I-F1
I-F2

Trial

2 165 135

F
F
3 190 160 F
F
F

Trial 3 was designed to isolate the contribution of only jute and flax fiber reinforcement
prestressing. Each of the five (5) specimen types in Trial 3 was tested in triplicate, resulting in a
total composite flexural specimen count of 15. Trial 3 also utilized an improved prestressed fiber
anchorage technique to increase the rigidity of the anchorage and consequently reduce prestress
loss. Examples of finished prepared flexural specimens of type F-I-F3 are shown prior to

mechanical testing in Figure 18. Other finished composite specimen types were similar.
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3.2.2.2  PLA composite flexural mechanical characterization
All composite specimens were tested using an Instron 5869 Universal Testing Machine.
The flexural specimens were tested in three-point bending using a displacement rate of 0.05 mm/s.

Figure 19 shows an example photograph of one flexural specimen during mechanical testing.

Figure 18. Flexural composite specimens of type F-1-F2 prior to mechanical testing.

Flexural strength- and stiffness-to-weight ratios were calculated for each flexural
composite specimen. Flexural strength-to-weight ratios (MPa/g) were calculated according to the
following equation:

_RLh
9 = 8wl
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where Py is the ultimate peak midspan force (N), L is the span length (mm), h is the depth of the
cross-section (mm), W is the weight of the specimen (g), and I is the moment of inertia of the cross-
section (mm?).

Flexural stiffness-to-weight ratios (MPa/g) were calculated using the following linear-
elastic relationship:

o CL3
F = a8wI

where C was determined using a similar chord technique as with the tensile specimens (N/mm).

Figure 19. Flexural specimen during three-point bending mechanical testing.
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3.3 Results and discussion

3.3.1 Flexural mechanical properties of prestressed NFCs

3.3.1.1  Trial 1 - Effects of cross-sectional geometry and addition of jute fibers

As mentioned previously, Trial 1 was designed to determine the effects of cross-sectional
geometry and jute fiber reinforcement prestressing on mechanical properties of the flexural
composite specimens. Trial 1 included three (3) specimen types: solid rectangle, jute-reinforced
rectangle, and jute-reinforced I-shape (F-R-S1, F-R-J1, F-I-J1). Two span lengths (110 mm and
135 mm) were used for each type, resulting in six total flexural composite specimens. The specific

mechanical property results for Trial 1 are presented below in Figure 20.
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Figure 20. Specific flexural mechanical property results for Trial 1.

For both span lengths, the I-shape cross-section (F-1-J1) exhibited higher strength-to-
weight and stiffness-to-weight ratios compared to both of the rectangular cross-sections (F-R-S1

and F-R-J1). Strength-to-weight ratios for 110 mm- and 135 mm-span I-shape specimens were
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1.94 and 1.28 MPa/g, respectively, compared to ratios of 1.38 and 0.76 MPa/g for the solid
rectangular and 1.26 and 0.83 MPa/g for the jute-reinforced rectangular specimens. Similarly,
stiffness-to-weight ratios for 110 mm- and 135 mm-span I-shape specimens were 50.8 and 42.0
MPa/g, respectively, compared to ratios of 37.1 and 23.0 MPa/g for the solid rectangular and 35.9
and 22.9 MPa/g for the jute-reinforced rectangular specimens. These results demonstrate that
modification of cross-sectional geometry is effective in improving specific mechanical properties.

Improvement in specific flexural mechanical properties from the solid rectangular cross-
section (F-R-S1) to the jute-reinforced rectangular cross-section (F-R-J1) was not evident, which
suggests the prestressed jute reinforcement was not effective in this experiment. This lack of
improvement is likely attributable to the potential loss of fiber post-tensioning force prior to
testing. The overall reduced specific flexural mechanical properties of the 135 mm-span set of
specimens compared to the 110 mm-span set was due to the greater weights of the 135 mm-span

specimens.

3.3.1.2  Trial 2 — Effects of cross-sectional geometry, addition of jute fiber, and number of
fibers

As mentioned previously, Trial 2 was designed to determine the effects of cross-sectional

geometry, jute fiber reinforcement prestressing, and number of jute reinforcement fibers on

mechanical properties of the flexural specimens. Trial 2 incorporated six (6) specimen types: solid

rectangle, jute-reinforced rectangle (3 ducts), jute-reinforced rectangle (5 ducts), solid I-shape,

jute-reinforced I-shape (3 ducts), and jute-reinforced I-shape (4 ducts) (F-R-S1, F-R-J1, F-R-J2,

F-1-S1, F-1-J1, F-1-J2). One composite specimen was produced for each specimen type, resulting
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in six (6) total flexural composite specimens. The specific flexural mechanical property results for

Trial 2 are presented in Figure 21.
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Figure 21. Specific flexural mechanical property results for Trial 2.
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Similar to the results from Trial 1, the three I-shape cross-sections exhibited increased
strength-to-weight and stiffness-to-weight ratios compared to the three rectangular cross-sections.
Strength-to-weight ratios for the three rectangular cross-sections were 1.15, 1.17, and 1.17 MPa/g
compared to 1.63, 1.66, and 1.67 MPa/g for the three I-shape cross-sections. Exhibiting a similar
trend, stiffness-to-weight ratios were 35.8, 35.5, and 36.0 MPa/g for the three rectangular cross-
sections compared to 51.7, 47.7, and 50.8 MPa/g for the three I-shape cross-sections. These data
indicate a clear improvement in specific flexural mechanical properties from rectangular to I-shape
cross-sectional geometry.

Also similar to Trial 1, however, the effect of the addition of prestressed jute reinforcement
fibers did not appear to improve specific flexural mechanical properties for either rectangular or I-
shape cross-sections, even considering the specimen types with a higher number of prestressed
fibers in them (F-R-J2 and F-1-J2). These results suggest that in this trial, the prestressed jute fiber

reinforcement was again not effective.

3.3.1.3  Trial 3 - Isolation of fiber prestressing effects

Since Trials 1 and 2 effectively demonstrated improvement in specific flexural mechanical
properties due to modifications in cross-sectional geometry but not due to fiber prestressing, Trial
3 was designed to isolate improvements due to reinforcing fiber prestressing only. Only I-shape
cross-sections were used in Trial 3 (three of each specimen type), and fiber reinforcement and
degree of post-tensioning were varied. An improved fiber anchorage technique was used in Trial
3, in which more precise and rigid anchors were 3D printed to fit the faces of the flexural specimen

flanges near the fiber ducts more adequately.
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Figure 22. Flexural composite specimens post-break.

Representative flexural force-displacement relationships of the unstressed (F-1-Ul),
prestressed jute (F-1-J1), and prestressed flax (F-1-F2) flexural specimens are shown in Figure 23.
The force-displacement behaviors clearly demonstrate increases in ultimate flexural strength and
stiffness with the incorporation of fibers from the unreinforced case (F-1-U1 vs. F-1-J1). Moreover,
it is evident from these force-displacement behaviors that ultimate flexural strength and stiffness

are further improved with higher levels of prestressing (i.e., F-1-J1 vs. F-1-F2).
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Figure 23. Representative flexural force-displacement relationships for F-1-Ul (== @ =) F-|-J1
(=== =), and F-I-F2 (==) composite specimens.

Results from the flexural mechanical characterization of the unreinforced, prestressed jute-
fiber, and prestressed flax-fiber composite I-beams are presented numerically in Table 7 and
graphically in Figure 24. Similar to the tensile data, the results indicate that both the jute- and flax-
reinforced specimens resulted in increases in specific flexural strength (o) and specific flexural
stiffness (£’r) compared to the unreinforced case and that these increases were further improved

with higher levels of prestressing.
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Table 7. Average flexural mechanical property comparisons between the unreinforced (F-1-S1)

and prestressed jute and flax natural fiber-reinforced PLA composites tested in Trial 3.

Property
Specimen
Flexural Flexural o % £ %
Strength, o Modulus, E Increase Increase

(MPa) (MPa) (MPa/g) (o) (MPa/g) (E")

F-1-S1 68.8+3.2 2260 + 29 1.37 £0.06 -- 451+0.3 -
F-1-Ul 68.2+9.6 2315+342  1.49+0.09 8% 50.5+3.0 12%
F-1-J1 78.6 £6.9 2612 +168  1.68 +0.06 22% 55.8+0.7 24%
F-1-F1 740+ 1.1 2293 +81 1.64 +0.03 19% 50.7+1.9 12%
F-1-F2 81.8+4.0 2629 +128  1.81+0.05 32% 58.3+2.3 29%

The jute-reinforced case (F-1-J1) exhibited a 22% and 24% increase in ¢t and E's,
respectively, over the unreinforced case (F-1-S1). As anticipated, however, the F-1-F2 specimens
demonstrated the largest increase in specific flexural mechanical properties. The F-1-F2 samples
exhibited a ¢ ’r of 1.81 MPa/g and E s of 58.3 (MPa/g), which corresponded to a 32% and a 29%
increase over the F-1-S1 samples, respectively. Specimen type F-I1-F1 exhibited improvements of
19% and 12% in o't and E's, respectively, over the unreinforced case (F-1-S1). The lesser
improvements exhibited by F-I-F1 are likely attributable to the lower level of prestressing and to

the potential losses of fiber post-tensioning force prior to testing.
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Figure 24. Specific flexural strength and stiffness properties of unreinforced and prestressed
jute- and flax-reinforced PLA I-beams tested in Trial 3.

ANOVA results (summarized in Table 8) indicate that the increases in ¢ ’rand E s from the
solid I-shape (F-1-S1) to all three fiber-reinforced cases are statistically significant (p-value <
0.05). Additionally, increases in ¢f and E s from the unreinforced case (F-1-U1) to the F-1-J1 and

F-1-F2, as well as between the F-1-F1 and F-I-F2 specimens samples, were statistically significant.
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All specific property comparisons that yielded a statistically significant (p-value < 0.05) difference
between specimen groups are highlighted in gray in Table 8. Therefore, the results from the
flexural tests, which were designed to isolate the effect of fiber prestressing, offer conclusive
evidence that the specific mechanical properties of 3-D printed PLA matrices can be improved

with higher degrees of initial fiber prestressing.

Table 8. ANOVA results summary for flexural specimen specific properties from Trial 3.

. Compared
Property Specimen with p-value
F-1-Ul 0.128
F-1-J1 0.003
F-1-S1
F-1-F1 0.002
F-1-F2 0.001
F-1-J1 0.032
o't
F-1-U1 F-1-F1 0.045
F-1-F2 0.005
F-1-F1 0.298
F-1-J1
F-1-F2 0.041
F-1-F1 F-1-F2 0.006
F-1-U1 0.038
F-1-J1 0.000
F-1-S1
F-1-F1 0.007
F-1-F2 0.001
F-1-J1 0.040
E’t
F-1-Ul F-1-F1 0.909
F-1-F2 0.023
F-1-F1 0.011
F-1-J1
F-1-F2 0.143
F-1-F1 F-1-F2 0.011
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CHAPTER 4
Modeling

4.1 Overview

Numerical and analytical models were developed in this study to compare with the
experimental testing results. The first models produced were numerical finite element models of
two of the flexural specimen types discussed in Chapter 3. The experimental three-point bending
tests were simulated using finite element models for the unreinforced ducted I-shape (F-1-U1) and
prestressed flax-reinforced I-shape (F-1-F2) specimen types. The objective of the finite element
modeling was to produce flexural composite three-point bending behavior results comparable to
the experimental three-point bending results. Second, analytical models in the form of predictive
equations were developed to predict strength- and stiffness-to-weight ratios for the prestressed
tensile composite specimens (discussed in Chapter 2). The mechanical property results from the

analytical equations and from the experimental tests are then compared and discussed herein.

4.2 Finite Element Modeling

4.2.1 Methods

Utilizing the commercial finite element analysis software Abaqus, finite element models
were created for the 160 mm-span (190 mm total length) F-1-Ul and F-1-F2 specimen types.
Automatic seed generation was used for both models with an approximate element size of 2.5 mm.
The software produced a smaller mesh size around each of the circular ducts in the tension flanges
of the I-shapes. Eight-noded, 3D solid isotropic elements were used throughout both models. The

finite element mesh used in both models is illustrated in Figure 25.
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Figure 25. 3D finite element mesh of ducted I-shape specimen model, created with Abaqus
software.

The constitutive relationship for PLA applied to the model included elastic and plastic
behavior, as well as failure at a given strain, using values within ranges reported by the literature
[11,65-67]. The stress-strain relationship that was input into the model for the PLA matrix material
is displayed in Figure 26. This stress-strain relationship was used for both tensile and compressive
behavior of PLA in each model — differences between tensile mechanical properties and
compressive mechanical properties (i.e., anisotropy) were not implemented in the constitutive

relationship of the models.
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Figure 26. PLA constitutive stress-strain relationship used as input for the finite element models
[11,65-67].

A simplification was made to model the post-tensioned fibers in specimen type F-1-F2 as
equivalent axial compressive stresses on either face of the tension (bottom) flange. A conceptual
schematic illustrating the application of the prestressing forces can be seen in Figure 27. Using
this method, the use of elements representing reinforcing fibers, and the complexities resulting
from fiber-matrix interfacial behavior, was avoided in this model. The prestressing force and
equivalent compressive tractions that were input into each finite element model are presented in

Table 9.
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Figure 27. Schematic showing the concept of fiber prestressing forces providing initial moment
counteracting applied three-point bending moment.

The 730 N prestressing force in the F-1-F2 model was divided by the cross-sectional area
of the bottom flange of the ducted I-shape and applied on the flange as a compressive traction in
the model, rather than creating fiber elements within the matrix voids and applying a prestressing

force to them. Figure 28 illustrates these compressive tractions applied in the model.

Table 9. Summary of prestressing forces used in each flexural specimen finite element model.

Fiber Equivalent model
Specimen prestressing force compressive
(N) traction (MPa)
F-1-U1l 0 0
F-1-F2 730 13.6
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Figure 28. Prestressing force represented in finite element model as equivalent compressive
tractions (orange arrows) on faces of bottom flange (red area).

A visualization of the resulting stresses in the flexural member and upward deflection
(camber) after initial prestressing forces were applied is demonstrated in Figure 29. The stresses
displayed in the figure occurred prior to the application of the three-point bending force in the
model, and represent the highest compressive stresses as yellow and red coloration.

The three-point bending tests were simulated using static analysis, as well as constant
displacement-controlled actuation to failure. The maximum applied midspan displacement was set
to 8 mm and a 0.1-second step duration was used in each step. Internal stress, displacement, and
reaction force data were extracted from the models after simulation completion. Flexural force-
displacement curves were developed from these data for both specimen types, and compared in

the following sections with the experimental force-displacement curves developed previously.
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Figure 29. Visualization of Von Mises stress in finite element model of prestressed specimen
(F-1-F2) after prestressing force applied (scale factor of 10).

4.2.2 Results

A visualization of the maximum Von Mises stresses experienced in the F-1-U1 specimen
model during three-point bending is shown in Figure 30. The stress distribution for F-1-F2
specimen model was similar. As expected, maximum stress and plastification (indicated by the
darkest red coloration) occurred at the top and bottom flanges of the flexural specimen during the

three-point bending simulation.
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Figure 30. Visualization of Von Mises stress before failure in finite element model simulation
of unreinforced ducted specimen (F-1-U1) three-point bending (scale factor of 5).

4.2.2.1  Comparison of unreinforced ducted and prestressed flax-reinforced finite element
models

The flexural force-displacement behaviors obtained from the F-1-U1 and F-I-F2 specimen
finite element model simulations are illustrated together in Figure 31. It is evident in the figure
that the prestressed flexural specimen model exhibits higher flexural stiffness and strength, which
is consistent with the experimental flexural specimen results and further substantiates the
beneficial effect of prestressed fiber reinforcement on composite mechanical properties. However,
the improvements in strength and stiffness due to prestressing observed from the model

simulations were only 13% and 9%, respectively, compared to 21% and 15% from the
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experimental tests. The discrepancies are likely attributable to the simplifications employed in the

PLA constitutive relation and in the application of the fiber prestressing forces.
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Figure 31. Finite element model simulated flexural force-displacement curves for F-1-U1
( ) and F-1-F2 (==) specimens.

4.2.2.2  Unreinforced ducted flexural specimen experimental comparison

The force-displacement curve obtained from the unreinforced ducted specimen finite
element model simulation is plotted along with the experimentally-obtained force-displacement
curves in Figure 32. The figure clearly shows that the finite element model response curve falls
within the experimental response curves, and is comparable in shape. More specifically, the
strength, stiffness, and ultimate displacement calculated from the model simulation fall within 8%,

1%, and 5%, respectively, of the average of the corresponding experimentally-obtained properties.
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The finite element model therefore appears to be an accurate representation of the F-1-U1 flexural

specimen.
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Figure 32. Experimental ( ) and finite element model simulated (==) flexural force-
displacement curves for unreinforced ducted (F-1-U1) composite specimens.

4.2.2.3  Prestressed flax-reinforced flexural specimen experimental comparison

Similar to the F-1-U1 specimen, the force-displacement curve obtained from the prestressed
flax-reinforced specimen finite element model simulation is plotted along with the experimentally-
obtained force-displacement curves in Figure 33. Also similarly, the figure shows that the finite
element model response curve falls acceptably within the experimental response curves, and is
comparable in shape. Similar to the first model, the strength, stiffness, and ultimate displacement

calculated from the second model simulation fall within 5%, 2%, and 1%, respectively, of the
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average of the corresponding experimentally-obtained properties. The second finite element model

also appears to be an accurate representation of the F-1-F2 flexural specimen.
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Figure 33. Experimental ( ) and finite element model simulated (==) flexural force-
displacement curves for prestressed flax-reinforced (F-1-F2) composite specimens.

The two finite element models developed in this study accurately represented the two
flexural composite specimens in mechanical response. Each finite element simulation exhibited
similar mechanical response as its experimental counterpart, as evidenced by the model force-
displacement curves falling reasonably within the experimentally-derived force-displacement
curves. Additionally, the prestressed flexural specimen model showed improvement in flexural
mechanical properties over the unreinforced specimen model, although slightly less improvement
than observed in the experimentally-obtained mechanical properties. It is believed that this

discrepancy likely stems from the simplifications used in the PLA constitutive relation and in
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applying the prestressing forces to the models. In reality, the PLA matrix is not perfectly isotropic
(differences exist between tensile and compressive properties, as shown in Chapter 2), and the
omission of elements representing fiber reinforcement in the model possibly precludes realistic
beneficial effects such as catenary action. Future modeling efforts should encompass these finer
intricacies to improve model accuracy. However, even considering the simplifications and
limitations of the finite element models presented herein, the results obtained are promising and
further establish the feasibility of fiber reinforcement prestressing as a method to improve

composite mechanical properties.

4.3 Predictive Analytical Equations

Analytical equations were developed from simple mechanics principles to predict strength-
and stiffness-to-weight ratios for the prestressed tensile composite specimens that were presented
and discussed in Chapter 2. The tensile mechanical property results obtained from the analytical

equations are then compared to the results computed from the experimental data.

4.3.1 Definition of variables
The following input variables (Table 10) are used in the subsequent two sections (4.3.2
and 4.3.3) to derive the predictive analytical equations for tensile strength- and stiffness-to-weight

ratios.

Table 10. Summary of input variables used in analytical equations.

Variable Description
P Applied tensile force
Py Ultimate composite tensile load
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Tensile stress in matrix
Ultimate tensile strength of matrix
Cross-sectional area of matrix
Tensile modulus of matrix
Tensile stress in fibers
Area of fibers
Diameter of single fiber
Tensile modulus of fibers
Number of fibers in cross-section
Specimen weight
Initial fiber prestressing force

Equilibrium prestressing force

4.3.2 Tensile strength-to-weight ratio

Beginning with force equilibrium, the applied load, P, is expressed in terms of the force in

the matrix, force in the fibers, and the equilibrium force resulting from the initial fiber prestressing

force:

With the assumption that matrix failure occurs first (which occurred in nearly every experimental

test) and that both matrix and fiber experience equal strain at failure, the ultimate composite load,

Py, is expressed as:

ﬁ — @ Eq 2
E;  En
nmd?
F=— Eq. 3
nrd? E
P, = opulm + O'mu——f + F, Eq. 4

Em
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To determine the equilibrium force (Fe) resulting from the initial fiber prestressing force (Fp), first

the initial strain in the fiber after initial prestressing, &, is calculated as:

4F
= P Eq.5
8fl TchdzEf

from which the equilibrium force between the matrix and prestressed fibers after release (resulting

from elastic shortening) can be determined as:

4F,

_ Eri _ TlT[dzEf
fe=—7 T 1 Z = 0

AmEm + nndzEf AmEm + TlT[dzEf

Substitution into the previous ultimate tensile load equation and simplifying yields:

4F,

P
nmd? Ef nmd? Ef nmd?Ey
Py = OmuAm + Omu—7— %~ + Fo = OmuAm + Omu—— 7+ —3 ) Eq. 7
m m +
AmEm nT[dzEf
nnd? E E

B, = omu | Am + L — Eq. 8

4 E, 1 _I_nndzﬁ

4A,, E,

Normalizing the above ultimate tensile load equation by cross-sectional area and then by specimen

weight gives the equations for composite tensile strength, oc, and composite tensile strength-to-

weight ratio, o, respectively:

2
Uczp—uzamu<1+nﬂd 3>+ b o F Eq. 9
A 4A,, En, A _l_mtd Ef
m 4 E,
2
a't:ﬁ:% nndﬂ + Fy Eq. 10
w w 4A,, E,, nnd? Ey
wilA4, + Y
m
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4.3.3 Tensile stiffness-to-weight ratio
Employing a rule-of-mixtures technique, the effective composite tensile modulus, Ee, is
given by:

o AmEn + ArEf Eq. 11
T A+ Af

2
AE. + #Ef

nmd?
Am + -7

Normalizing by specimen weight, the composite tensile stiffness-to-weight ratio, E’y, is expressed

as:
nrd?
) Eeff ALE,, + ) Ef
E, = W= 7 Eq. 13
W(A,,,Jr"’fL )

4.3.4 Comparison of analytical to experimental results

Using the material properties, specimen dimensions, and prestressing forces presented in
Chapter 2 as inputs, the two analytical equations were used to predict the tensile mechanical
properties that were originally derived from experimental data. Table 11 summarizes the analytical
and experimental results for strength-to-weight and stiffness-to-weight ratios, and the percent
differences between them. As indicated by the results table, all of the analytically-predicted tensile
mechanical properties were greater than those that were computed from the experimental data. It
is believed that the primary factors responsible for the discrepancies are (1) the analytical models
only consider linear-elastic behavior, (2) the models assume complete rigidity in fiber anchorage,
and (3) the models do not account for prestress losses and fiber relaxation. In reality, the matrix

material does not exhibit a solely linear-elastic response, the anchorage system is not fully rigid,
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and there is a strong likelihood that prestress losses occurred during experimental mechanical
testing.

The jute-reinforced tensile specimen type was believed to have had the highest likelihood
of experiencing prestress losses during experimental testing, and, as expected, it showed the
highest strength discrepancy (26%) between analytical and experimental results. The three flax-
reinforced specimen types remained below 20% difference. The stiffness-to-weight values
indicated slightly lower differences between experimental and analytical, with all four specimens
falling below 16%. Despite the discrepancies demonstrated between experimental and analytical
values, the analytical models appear to provide fairly consistent overestimations of prestressed
tensile specimen behavior, whose maximum difference of 26% may still be acceptable if

anticipated.

Table 11. Comparison of experimentally- and analytically-obtained composite tensile specific
mechanical properties.

Strength-to-weight Stiffness-to-weight
Specimen (MPa/g) % (MPa/g) %
Type Difference Difference
Experimental Analytical Experimental Analytical
T-J1 3.74 4.72 26% 235 260 11%
T-F1 4.31 4.96 15% 273 316 16%
T-F2 4.55 5.27 16% 288 316 10%
T-F3 4.85 5.84 20% 298 338 13%
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A technique to more accurately predict the tensile specific mechanical properties using
equations 10 and 13 is the application of an adjustment factor to account for prestress losses,
anchor flexibility, and other nonideal conditions. Calibrated to result in a percent error of 10% or
less of the experimentally-obtained values, the adjustment factors that were used for strength-to-
weight and stiffness-to-weight ratios were 0.87 and 0.95, respectively. Incorporating each
corresponding adjustment factor into equations 10 and 13 produced adjusted analytical specific
mechanical property values presented in Table 12, which are compared to the original
experimental values. The adjusted analytical predictions of mechanical properties using
appropriate adjustment factors result in differences of 10% or less — accuracy that is improved

over the unadjusted analytical results and is considered adequate.

Table 12. Comparison of experimentally- and adjusted analytically-obtained composite tensile
specific mechanical properties.

Strength-to-weight Stiffness-to-weight
Specimen (MPa/g) % (MPa/g) %
Type Difference Difference
Experimental Analytical Experimental Analytical
T-J1 3.74 4.10 10% 235 247 5%
T-F1 431 4.31 0% 273 300 10%
T-F2 4.55 4.58 1% 288 300 4%
T-F3 4.85 5.08 5% 298 322 8%
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CHAPTER 5

Conclusions

This study investigated the effect of initial fiber prestressing on the specific tensile and
flexural properties of natural fiber-reinforced polylactic acid (PLA) composite materials. The
effect of fiber type (e.g., jute, flax), matrix cross-sectional geometry, number of reinforcement
strands, and level of initial fiber prestress on the strength-to-weight and stiffness-to-weight ratios
of PLA matrices were examined herein.

Experimental results confirm that utilizing additive manufacturing (3D printing) to produce
more efficient structural shapes improves the specific tensile and flexural mechanical properties
of PLA composites and that these properties are further improved via initial fiber post-tensioning.
Given the superior tensile properties of flax fibers compared to jute fibers, the flax-reinforced
members exhibited the most notable improvement in specific mechanical properties. The data
suggest increases of 116% and 32% in specific strength and 62% and 29% in specific stiffness in
tension and flexure, respectively, compared to unreinforced PLA matrices. The improvements in
strength due to fiber prestressing, which are sometimes not observed in analogous prestressed
concrete applications, are attributable to the induction of higher degrees of compressive forces in
the PLA matrices, requiring higher applied loads to initiate the governing tensile failure of the
matrices. To further validate the experimental results, flexural specimen finite element model
simulation results exhibited reasonable agreement with the experimental results, also showing that
flexural mechanical properties can be improved with the addition of post-tensioned reinforcing
fibers. Analytical predictive equations also produced tensile mechanical property predictions that,
although consistently overestimated, aligned reasonably with the experimental tensile results,

especially after applying adjustment factors.
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Despite existing challenges associated with prestressed NFCs (e.g., fiber variability,
anchorage systems, biopolymer economics), the results presented in this study suggest that
prestressing natural fibers is a promising new paradigm for advancing the field of natural fiber

composite science and engineering.

5.1 Advantages, Challenges, and Future Opportunities

The results obtained from the mechanical tests indicate that fiber prestressing is a viable
technique that can be employed to more fully utilize the inherently high stiffness and strength of
natural fibers in the design and fabrication of high-performance NFCs. Composites with higher
specific properties indicate a more efficient use of material constituents, which translates to
reductions in overall material quantities. Minimizing material quantities (and minimizing waste
due to the use of additive manufacturing) has obvious economic and environmental implications.

Despite the positive results obtained in this study, several challenges exist for obtaining
consistent behavior and mechanical property results for prestressed NFCs. These challenges are
evident in the high variability of the material property results presented herein. For example, the
prestressed tensile composite specimens exhibited particularly high variability in specific
mechanical properties. This variability can be attributed to (1) variation in fiber properties, (2)
inconsistency in prestressed fiber anchorage and resulting prestress losses, and (3) variability in
3D print quality. Variation in fiber properties is often cited as a limitation of NFCs. However, the
variability can be reduced by using fiber yarns and bundles and by conducting initial fiber tests
prior to prestressed-fiber applications. Future advances in plant genetics will also contribute
consistency in industrial plant products. More advanced characterization (e.g., scanning electron

microscopy) of the fiber cross-sectional properties should be employed in future studies to more
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accurately portray fiber strength and stiffness, such as performed in other natural fiber studies
[30,31,37]. Subsequent investigations should also consider the effectiveness of different
prestressing anchorage techniques. Relatedly, research is needed on expected loss in prestressing
due to different anchorage systems and techniques. Refinement of anchorage systems would likely
result in less prestress loss in the fibers and, consequently, higher improvements in composite
mechanical properties. Finally, variability in 3D printing quality will likely improve along with
the resolution and consistency of 3D printing technology.

In addition, a number of scientific and economic challenges exist before biobased NFCs
become viable alternatives to synthetic, petroleum-based composites. Despite proven
environmental benefits of composites from biorenewable resources, fully biobased composites not
only exhibit low specific mechanical properties (as addressed herein), but also demonstrate poor
moisture resistance [68-70], susceptibility to long-term viscoelastic deformation under sustained
loads (creep) [71,72], and sensitivity to high temperatures [73]. Creep was likely not a significant
factor in this study due to the relatively brief time frames considered, but would be an expected
issue in in-service construction applications, which is currently receiving attention in the NFC
research community [67,73-75]. Another challenge requiring attention that is also related to the
long-term performance of prestressed NFCs is the gradual relaxation of the prestressing fibers,
which contributes to the decay of mechanical performance [3].

Furthermore, biopolymers and bioplastics currently face economic constraints. While
significant research is currently being conducted on improving the hygrophobicity of natural fibers
through physical and chemical fiber treatments [33] and creep deformation [73-76], biopolymer
matrices (e.g., PLA, PHB) are costly to manufacture compared to many synthetic polymers. It is

believed, however, that this cost will decrease with increasing demand [77]. National policies and
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green building programs are important factors that contribute to the future bioplastics market. For
example, the International Organization for Standards (ISO), green building certification programs
(e.g., United States Green Building Council), and the introduction of Environmental Product
Declarations (EPD) — certified documents that promote transparency in materials manufacturing
— are further prompting increased demands for building and construction materials from
biorenewable resources.

Opportunities exist to leverage this foundational work in developing novel classes of high-
performance natural-fiber composites. While this study investigated the mechanical performance
of two natural fibers, namely jute and flax, one biopolymer (PLA), and two geometric
arrangements, the proposed fiber prestressing technique is potentially viable for other geometries,
natural fibers (e.g., silk, hemp, kenaf, abaca), and polymer matrices. Further experimental and
theoretical research is needed, however, to evaluate the performance of natural fibers in
combination with other polymer matrix systems. More detailed and complex finite element
models, as well as analytical equations, would allow for not only more accurate predictions, but
more widely applicable (i.e., other biopolymers and natural fibers) predictions. After more such
research is performed, the further refinement of applied mathematical models for use in
engineering design with prestressed biocomposite materials would be a valuable next step in
implementing them into practical construction applications. These future efforts offer much

promise in establishing the fundamental science and engineering of prestressed NFCs.
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APPENDIX A

Tensile Data

A.1 Fiber Tensile Test Data
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Figure 34. Experimental tensile force-displacement data for jute fiber samples.
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Figure 35. Experimental tensile force-displacement data for flax fiber samples.
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A.2 PLA Compressive Test Data
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Figure 36. Experimental compressive force-displacement data for solid PLA samples.

81



A.3 Composite Specimen Tensile Test Data
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Figure 37. Experimental tensile force-displacement data for specimen type T-S1.
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Figure 38. Experimental tensile force-displacement data for specimen type T-U1.
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Figure 39. Experimental tensile force-displacement data for specimen type T-J1.
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Figure 40. Experimental tensile force-displacement data for specimen type T-FL1.
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Figure 42. Experimental tensile force-displacement data for specimen type T-F3.
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APPENDIX B

Flexural Data

B.1 Composite Specimen Flexural Test Data
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Figure 43. Experimental flexural force-displacement data for specimen type F-R-S1 of span
lengths 110 MM (=== ==) and 135 mm (==).
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Figure 44. Experimental flexural force-displacement data for specimen type F-1-S1 of span
lengths 135 MM (== =) and 160 Mm (==).
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Figure 45. Experimental flexural force-displacement data for specimen type F-1-U1 of span
length 160 mm.
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Figure 46. Experimental flexural force-displacement data for specimen type F-R-J1 of span
lengths 110 MM (w== =) and 135 mMm (===).
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Figure 47. Experimental flexural force-displacement data for specimen type F-R-J2 of span
length 135 mm.
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Figure 48. Experimental flexural force-displacement data for specimen type F-1-J1 of span
lengths 110 MM (m== =), 135 MM (=== @ =), and 160 Mm (==).
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Figure 49. Experimental flexural force-displacement data for specimen type F-1-J2 of span
length 135 mm.
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Figure 50. Experimental flexural force-displacement data for specimen type F-I1-F1 of span
length 160 mm.
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Figure 51. Experimental flexural force-displacement data for specimen type F-1-F2 of span
length 160 mm.
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