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ABSTRACT

One of the main causes of structural deficiencgancrete bridges is the deterioration of the
constituent materials. In order to achieve the gdal5-100 year design lives, it is imperative
that prestressed elements—qgirders, piles, and packls—contain corrosion-resistant strands.
VDOT has started pursuing carbon fiber reinforcetymers (CFRP) as a corrosion-resistant

alternative to steel prestressing materials fogésrasting concrete bridge structures in Virginia

The in-service performance of CFRP rods and cabdes be hard to evaluate in certain
structural applications, such as prestressed ctndnedges, where instrumentation is often
limited and the material cannot be removed for éasipn. To implement CFRP in prestressed
concrete bridge structures with more confidencés firoject was initiated to study issues
pertaining to durability under in-service enviromtad conditions. Specifically, the intention was
to extract some information about fundamental nité&ehavior while contributing directly to
engineering applications in VDOT and beyond. Thénngmal was to investigate the effects of
temperature, alkaline and alkaline/chloride sohsicand temporary stress on material properties
over time, in the context of reinforced and pressesl concrete structures.

The methodology was designed to examine any rekstips that exist between various
observations and material characteristics, inclydimoisture content, glass transition
temperature, interlaminar/intralaminar shear stitgngnd tensile properties. This approach will
also help to establish a durability testing methogy for CFRP in concrete structures that can
be adopted by VDOT and other laboratories.

There were several key findings from the resultshaf study: (1) pre-loading the CFRP to
75% of the ultimate strength—temporarily, not sumtd—has a significant impact on durability
compared to unstressed material; (2) higher temyrexs accelerate degradation, (3) moisture
sorption was the primary process responsible ferabserved degradation, with plasticization
and microcracking as the controlling mechanismditento fiber-matrix interfacial debonding,
and (4) a new mechanistic analytical model was lopeel to predict residual properties after

moisture-induced degradation, showing promisinge@grent with experimental data.

Keywords:  Carbon fiber reinforced polymers; environmental durability; structural composites.
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CHAPTER 1: INTRODUCTION

1.1 General Introduction

One of the main causes of structural deficiencgancrete bridges is the deterioration of
the constituent materials. The concrete itself egperience deterioration mechanisms such as
service-load cracking, scaling, and delaminationt tne of the leading causes of concrete
cracking and deterioration is the corrosion of Isteenforcement [1]. The increasing costs
associated with maintaining and repairing concbeiigges as a result of corrosion can outweigh
the initial construction costs by as much as twdive times [2]. Since corrosion has a more
critical impact on steel subjected to high levelswstained stress, it is especially important to
use corrosion-resistant material for prestressiegddns. A severe case is the external
prestressing strands shown in the pile in Figur@he Virginia Department of Transportation
(VDOT) has transitioned from epoxy-coated reinfone@t in decks to corrosion-resistant
reinforcement (CRR) as a way to mitigate deck nemiahce costs and extend the service lives of
bridges. However, in order to achieve the goal®fl00 year design lives, it is also imperative

that prestressed elements—aqgirders, piles, and pkeoéls—contain corrosion-resistant strands.



Figure 1. Corroded steel prestressing strand withection loss [1].

Several state DOTSs, listed in Table 1, have regergéd carbon fiber reinforced polymer

(CFRP) tendons in prestressed bridge elements effart to reduce corrosion damage [3]. One

of the most prominent examples of its use is thddar Street Bridge in Southfield, Michigan. A

CFRP product called carbon fiber composite cablEQC) was used as both pre- and post-

tensioning strand, and after 12 years of continunasitoring it shows optimal performance and

no signs of corrosion. Additionally, between 198id 4996 over two dozen bridges and marine

structures were constructed using CFRP prestressimupns in Japan, Canada, and Europe [4];

several more are in progress in the USA.

Table 1. Projects Using CFRP Prestressing Tendons US Bridges.

DOT

Structure

Application

Maine

Island Ave. Bridge

Post-tensioning

Michigan

Bridge St. Bridge

Pre- and post-tensionir

9

Missouri

Southview Dr. Bridge

Pre-tensioning

Ohio

Route 79 Bridge

Post-tensioning

Route 23 Bridge

Post-tensioning

Route 49 Bridge

Pre-tensioning

Virginia

Nimmo Parkway Bridge

Pre-tensioning

Route 49 Bridge

Pre-tensioning




Starting in 2012 and continuing to-date, VDOT hesrbpursuing CFRP as a corrosion-
resistant alternative to steel prestressing masgefioa longer lasting concrete bridge structures in
Virginia. In the Nimmo Parkway bridge (Virginia B&a VA), there are 18 concrete piles
prestressed with the seven-wire CFRP strand prade€C, made in Japan (Tokyo Rope Mfg,
Inc). Figure 2(a) shows the 15.2 mm CFCC strand @selongitudinal pre-tensioning tendons
with a full spool in Figure 2(b), and the 5 mm CF@@e used as transverse reinforcement is

shown in Figure 2(c).

Figure 2. CFCC prestressing tendons: (a) 15.2 mmraind, (b) spool at the precast plant, (c)
5 mm CFCC wire for spiral ties.

The in-service performance of CFRP rods and catdesbe hard to evaluate in certain
structural applications, such as prestressed ctndredges, where instrumentation is often
limited and the material cannot be removed for éasipn. Piles are primary examples of

structural components that are subjected to men&n aggressive or marine, environments and

3



could last much longer if constructed using quatibncrete and CFRP prestressing tendons.
However, due to the documented effects of moistamd temperature on the mechanical
properties of CFRP, it is important to understae hit behaves in concrete through realistic
simulated environments [5]. While advances in tniea of study have been made in the last
decade, a great deal of information is missing fitben literature in the area of environmental

durability, particularly involving the effects ofrsss [5, 6, 7].

1.2  Motivation and Objectives

To implement CFRP in prestressed concrete brittgetares with more confidence, this
project was initiated to study issues pertainingettvironmental durability under in-service
conditions. Specifically, the intention was to extr some information about fundamental
material behavior while contributing directly togimeering applications in VDOT and beyond.

That being said, the primary objectives of thigigtare as follows:

1. Investigate the effects of temperature, alkalinel atkaline/chloride solutions, and
temporary stress on material properties over timethe context of reinforced and

prestressed concrete structures;

2. Determine whether a meaningful relationship exis&ween various observations,
including moisture content, glass transition terapee, interlaminar/intralaminar shear

strength, and tensile properties;

3. Establish a clear testing methodology for evaluptinrability of CFRP for prestressing
applications that can be adopted by VDOT and dtdmsratories, either by creating new

guidelines or modifying existing standards.



1.3

Thesis Structure

Chapter 2 presents a comprehensive literature review reggrthe previous research
conducted on environmental durability of CFRP, bfstdm civil engineering and other
fields—aerospace, oil/pipeline, and wind energyustdes have studied similar issues
with similar CFRP materials. Both experimental dataed modeling approaches are
discussed.

Chapter 3 gives the experimental approach with descriptiénth®@ material under
investigation and the testing methods applied.

Chapter 4 provides the experimental results , with an intdegnalysis based largely on
the work mentioned in Chapter 2. Two modeling apphe@s are presented and compared
to the experimental data—one from the literature,dther developed in this study.
Chapter 5 lists conclusions and other significant implicagofrom the results and
analysis, with a primary focus on durability belwaviand durability testing
methodologies for CFRP in prestressed concretg®mgplications.

Chapter 6 contains recommendations for future work in thissar

Finally, a complete list of references is given,tie order they appear in the text.
Appendices A and B include additional results frtme experimental and modeling

efforts of this study, that were repetitive to unbd in the main body of the thesis.



CHAPTER 2: LITERATURE REVIEW

2.1 Fiber Reinforced Polymer (FRP) Composites

Fiber reinforced polymer (FRP) composites have beconore popular as a corrosion-
resistant, light-weight alternative to steel andingahum, typically with better mechanical
performance than timber. These materials are nmap systems that are designed to bear
physical loads in structures, consisting of a wmicihg phase (fibers) and a matrix phase
(polymer) that are bound together through chemaatiesion (interface). The primary load-
carrying mechanism existing in FRP is the transfeaxial fiber stresses to nearby fibers through
shear stresses in the matrix [8]. Since the fibeestypically much stronger than the matrix, they
are responsible for carrying the majority of axialsional, and flexural stresses whereas the

matrix is much weaker and serves to bind fiberetiogr—thus the term, “composite action.”

Despite the advantages in mechanical performarRRB,domposites can be susceptible to
degradation when subjected to certain environmemtdlloading conditions. This is because the
polymer matrix tends to be a material that is damsto moisture, heat, stress, and chemicals.
This section provides an overview of CFRP constitsi@nd structure, since it is the type used in

this study and is the most common for concretegertructures [4].

2.1.1 Carbon Fibers

There are two primary precursor materials used tanufacture carbon fibers,
polyacrylonitrile (PAN) and pitch, with rayon conmging a very small third precursor type [9].
The five largest carbon fiber manufacturers inwmeeld (in order) are Toray Industries (Japan),
TohoTenax—Tejin (Japan), Mitsubishi Rayon (Japo)iek (USA), and Hexcel (USA) [10].
Carbon fibers consist of graphene sheets in hexgamangements, which are stacked in

6



parallel planes and weakly bonded through van daalgvforces [9, 11]. A schematic of this
arrangement, forming regions called/stallites, is shown in Figure 3(a). The crystallites then
pack together in various arrangements to form &ararfiber, which are typically 7im in

diameter; the most common cross-section morphdigags shown in Figure 3(b).

Flat-layer Radial

(a) (b)

Figure 3. Structure of carbon fibers: (a) schematiof graphene crystallites, and (b)
common morphology of packed crystallites (inspiredy [12]).

Aerospace grade carbon fiber is usually sold indbkes calledtows, which contain a
certain number of thousands of fibers: 3K, 6K, 12Kd 24K are the most common tow sizes.
Industrial/commercial applications utilize largews, 24K or larger. Another difference between
the aerospace and industrial/commercial graddsiglastic modulus, which are categorized as
standard, intermediate, and high. The tensile ptigsefor each category are given in Table 2.
The key factors that separate these modulus gramgpgrimarily microstructure, as well as
carbon (graphene) content and diameter [11]. Binakrbon fibers can be left untreated after

production, or given some kind of treatment—cheinacathermal—or polymer coating (called



sizing) to improve bonding with polymer matrices. Fibeatnx bonding is further discussed in

Section 2.1.3 and 2.6.2.

Table 2. Tensile and physical properties of PAN c#éon fibers [11].

Industrial Aerospace
Property , :
Sandard Sandard Intermediate High
. . 228 220-241 290-297 345-448
Eiensie, GPa(Msi) (33) (32-35) (42-43) (50-65)
: 3.8 3.45-4.83 3.45-6.20 3.45-5.52
Tensie; GPa(10 ksi) (5.5) (5.0-7.0) (6.0-9.0) (6.0-8.0)
Eilure (%0) 1.6 1.5-2.2 1.3-2.0 0.7-1.0
Carbon Content (%) 95 95 95 >99
Fiber Diameterpm 6-8 6-8 5-6 5-8
Specific Gravity 1.8 1.8 1.8 1.9

2.1.2 Thermosetting Polymer Matrices

Thermosets are oligomers—meaning, low moleculargltepolymers—that densely
crosslink via reactive functional groups, formingheee-dimensional polymer network structure
[13]. The termcrosslinking refers to the connection between separate molech&ns by way
of covalent bonding. Whereas a very ordered mat@rea, crystalline) packs a high number of
molecules into a finite volume, the amorphous s$tmc of crosslinked thermosets yields a
certain amount of unoccupied volume between chaialted free volume. Figure 4 depicts the
general nature of this morphology. The primary syé thermosetting polymers are: epoxy,
phenolic, polyester, vinylester, urea, polyurethguwyimide, bismaleimide, and furan [13]. All
of these have fairly similar structures, comparedother polymers, but differ in precursor
material and functional groups. This yields a ugrief physical, mechanical, thermal, and

sorption properties. Since epoxy is the most comthermoset used in CFRP, and is in fact the



matrix in the material studied in this thesis (CHCCis given priority here. Vinylester resins are

also common, and similar to epoxy, so they arearilysdescribed as well.

A standard epoxy resin is produced by reactingemph—like bisphenol A (BPA)—with
a compound called an epoxide—usually epichloromyd&ECH), which is derived from the
reaction between polypropylene, chlorine, and soadhydroxide; a crosslinking curing agent
such as amine is often included [13, 14]. The cbamstructure of a standard BPA-derived
epoxy is given in Figure 5. Various compounds canadded to the epoxy to change certain

properties, such as flow viscosity or working titnecured), or toughness (cured) and adhesion.

Vinylester resins are created through a reactiotwden epoxy and unsaturated
carboxylic acid (such as acrylic or methacrylicdciusually with a catalyst at elevated
temperatures, which creates ester groups alongpitvey chains [13, 15]. It is known for sharing
mechanical properties with epoxy and exhibitinggessing properties similar to polyester.

Typical mechanical properties for epoxy and vinidesre listed in Table 3.

Free volume

—

Figure 4. Diagram of an amorphous crosslinked thermoset (e.g., epoxy, vinylester).

Crosslink site
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b RN+ M —> RN&A\/A\/O
0 OH

Figure 5. Chemical structure of standard epoxy themosetting polymer (inspired by [14]).

Table 3. Mechanical properties of typical epoxy andinylester thermosets [14, 16].

Property Epoxy Vinylester
Etensile; GPa(ksi) 2.7—-6.5(392-943) 2.1-5.2 (327-876)
Trensile, MPa(ksi) 36-100 (5-15) 41-76 (6-11)
&ailure (%0) 1.5-20 2-8
Specific Gravity 1.2 1.2

2.1.3 Interface and Interphase

Any system is only as strong as the weakest comyoireconcept, composite materials
are comprised of two or more phases with distimoperties that act synergistically to provide
desired (engineered) performance. In the case d?, HRis means the fibers must bond
sufficiently to the polymer matrix so that (1) sises are transferred to each fiber nearly
uniformly, and (2) catastrophic failure—i.e., suddend complete fracture—does not occur due

to failure of select weaker fibers nearby strongees [17, 18, 19]. The interface is typically
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considered a zero-thickness shell in the fieldahposite mechanics, and simply represents both
the partition and joint between material phaseswéi@r, those in the field of materials
chemistry and processing consider the interfadeetanore complex, consisting of amerphase
wherein the fiber and matrix blend chemically andsthas a mixture of their properties [18, 20].
The development of tailored interphases comes mdiam (polymeric) sizing and other low-
molecular weight treatments on the fiber surfack3, [20]. Figure 6 is a simple diagram

illustrating this concept.

Fiber/interphase Bulk matrix
boundary

Bulk fiber

Matrix/interphase
Interphase boundary

Figure 6. Concept of interphase (mixed-phases) ab¢ fiber/matrix interface (not to scale).

2.1.4 FRP Pultrusion Process

Several methods have been developed for manufagtéfiRP composites, such as hand
lay-up, vacuum-assisted resin transfer molding (WA, compression molding, filament
winding, and pultrusion. The value of each methedehds on the shape, size, and constituents
of the intended sections. Since the CFRP rodséraiiscables used in prestressed and reinforced
concrete are linear profiles with symmetrical cresstions, pultrusion is the most efficient
manufacturing process and thus will be briefly diéscl. The ternpultrusion is a colloquial
combination of “pull” and “extrusion” and reflecits inspiration in metals processing. As seen

in Figure 7, this process is all in-line and getlgrdoes not require other equipment or stages

11



beyond what is shown. First, the rovings of fibé&pools containing fiber tows of specified
count) are fed through a guide plate into a resii.bWhile impregnated with uncured resin, the
bundle is then pulled through a die to give the posite the desired shape. Most pultrusion
systems do not use temperature curing, since émde difficult to regulate while the production

process runs continuously. Finally, the FRP istowtesired lengths at the end of the line.

ntinuous Strand Mat
gsin Impregnatar
ing Veil

Figure 7. Diagram of the pultrusion manufacturing process for FRP composites [21]
(Copyright 2015, Strongwell Corporation).

2.2  Overview of Durability Studies

In light of the information presented in Sectiori,2it is apparent that a multiphase
material system like FRP is susceptible to varityes of degradation that negatively affect
mechanical performance; resistance to that degosdet referred to as durability. Considering
the in-service conditions of CFRP composites usedréstressed concrete bridge applications,
civil engineers are largely concerned with two g/pédurability:

= Environmental durability—resistance to material degradation edusy exposure to

moisture, heat, reactants, or a combination;

12



= Mechanical durability—resistance to physical damage causedusyained or cyclic

stresses, impact, or other applied loading conutio

This thesis is focused on the former, environmetit@hbility, but some attention is given to the
influence of mechanical stress (see Section 3.R18¢hanical durability is very important, and
the durability under combined environmental and maeacal degradation is arguably the most
important [5, 6], but this scope is limited to emmvimental degradation caused by temperature
and alkaline solutions, given the time and resau@eailable in this project. The following
sections delve into the literature related to diitgbof FRP, with an emphasis on CFRP,
considering environmental factors such as tempeyataqueous solutions, and applied
mechanical stress. In many cases, pertinent rés@as conducted through aerospace, marine,

and energy industries, but any relevant work reiggrdivil infrastructure was also reviewed.

2.3 Thermal Characteristics on FRP

2.3.1 Glass Transition in Amorphous Polymers

Unlike thermoplastics, which typically consist dd polymer chains arranged in a semi-
crystalline structure, thermosets do not exhibé&gghtransitions such as melting. Instead, they
comprise 3D cross-linked networks of chains exgstmone of two states: glassy or rubbery. In
the glassy state, thermosets are relatively rigal sirong. This changes gradually as the material
reaches a particular temperature, known as thes dglassition temperaturgy [13, 14, 22].
Above this value, the mechanical behavior of artteesetting polymer can be described as very
viscoelastic, like rubber—thus, the rubbery states effect on physical (specific volume) and

mechanical (modulus) properties is illustrated iguke 8.
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Figure 8. Relationship between (a) volume (densitgnd temperature, and (b) modulus and
temperature in thermosetting polymers.

For a thermoset with a given chemical formulg,can be expressed in terms of heat
capacity and degree of cure by the following exgigas[13]:

_ alcponTgo + (1 — a)AcyeTyo
g aACpo + (1 = a)Acyg

1)

wherea is degree of curely is the value offy before cureTy, is the value offy at maximum
a, Acy is the change in heat capacity correspondinggpandAc,. is the change in heat
capacity corresponding @y, [13]. By using the relationship between heat capamnd glass

transition proposed by Montserrat [22], Eq (1) barreduced to the following:

1 (1—-a) «a
e 2)

g0 Tgoo

Ty

However, sometimes it can be difficult to measiige and Ty, accurately due to the

evolution of curing as the measurements are matghvwean give erroneous predictionsTgf
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based on degree of cure. This approach was notingk thesis, but it is helpful to understand

how Ty relates tar based on the physical structure (crosslinkinghefpolymer.

2.3.2 Physical (Thermal) Aging

The condition of a thermoset’'s crosslink networlaryes over time, with the clock
starting at the initial curing stage. It has beé&oven that subjecting FRP composites to a
temperature belowly for a certain period of time yields the networkydaconsequently
mechanical behavior, of an older specimen. Thisx@vn as physical aging, and is reversible if
the material is heated aboVgfor at least 15 minutes; it differs from chemicaira, which is
irreversible due to the occurrence of chemical treas that alter a polymer’s composition [23,
24, 25]. Since physical aging occurs very slowlainatural environment, elevated temperatures
are used—sometimes in conjunction with moisturbedygrothermal aging—to accelerate the
process for evaluating and predicting material grenfince in a reasonable period of time.
However, the aging parameters must be chosen dsrédu each composite system to avoid

convoluting the aging with multiple mechanisms ttetnot be accounted for properly [25].

2.4 Moisture Effects on FRP

24.1 Low-Molecular-Weight Mass Transport

In this thesis, the terrsorption will be used when discussing the penetration ostuce
(and aqueous solutions) into the polymer compoalisgrption typically refers to the interstitial
diffusion of water molecules through a matergasorption is the adhesion of water molecules to

a material, anavicking (capillary flow) is the channel-like flow of moigte through cracks, large
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voids, and other open areas in the material streclithe transport of aqueous solutions into FRP

sometimes involves one of these processes, andiswesell of them.

Work by Chin et al. [26, 27], Scott and Lees [28],2and Micelli and Nanni [30]
confirmed that in the case of undamaged thermasgetiesin, moisture sorption is typically
governed by Fickian diffusion. However, after ataier degree of absorption is reached and the
fluid has penetrated the composite sufficientlyynege occurs from swelling strains and the
diffusion behavior changes from linear to anomalf@@. Fick's second law in one dimension,

taken to be the through-thickness direction for nkd¥P specimens, is expressed as [31]:

ac 0%C

whereC is the concentration of the penetrang time,x is the linear position in one dimension,
andD is the diffusion coefficient, sometimes called th#usivity. Note that the diffusivity can

be constant or time-dependent, in which daég has been represented by a Prony series [32]:
R
D(t) =D+ z D, (1 — e~t/mr) (4)
r=1

where D' and D, are temperature-dependent Prony coefficients, ang a corresponding
retardation time. The relationship betwd2and temperatur€ can often be easily modeled with

the Arrhenius equation, if enough experimental datevailable for different temperatures [33]:

D = Dy exp (— %) ©)

16



whereDy is the diffusivity when T = 0, R is the universal gas constant, &ads the activation
energy. Activation energy is usually unique to @egi process or mechanism, so it must be

calculated from a controlled set of experimentsherdesired process.

When considering moisture diffusion in terms oftamtaneous moisture content as a

weight percentage of the specimen, Eq (3) is wriae the following [34]:

—D(2n + 1)%%]) )

C 8
M(t) = Mer (1 - ZO 2n+ D P [ ah?
n=

with an equilibrium (saturated) moisture conti®ht and a material thickne$s The temperature

dependence d¥l.. is given by van’t Hoff's equation, which looks slan to Eq (5) [33]:

Mo (T) = My exp (— AZ;’”) @)

whereMy is a temperature-independent constantighs is the heat of absorption, which is the
heat per mole of water in the polymer. Studies Hauead that moisture sorption by diffusion in
many amorphous polymers can be closely describea toyo-stage model that simultaneously
accounts for concentration-based diffusion and moée relaxation [33, 35, 36, 37]:

0.75
M(t) = My, (1 + kvt) <1 — exp I—7.3 (%) D (8)

wherek is a parameter that represents molecular relaxatiothe polymer, and is obtained
through curve-fitting. In many cases for epoxy, traues ofD, k, and M., depend on free
volume and chemical potential in the polymer, whizkans they will be significantly influenced

from both temperature and stress state [33, 37338840, 41, 42, 43].
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Conversely, another common moisture sorption madedl in place of Fick's laws is the
Langmuir diffusion model. Rather than treat moistgorption as a concentration-based and
relaxation-based process involving an unbound fluahgmuir moisture transport proposes that
two phases exist in the penetrating media (suckader): a mobile (free) phase with molecular
concentratiom, and a bound phase with molecular concentratidd4]. This model assumes
that water molecules enter the polymer as a mgihiese and can diffuse in a Fickian manner,
but at any point in time and in spatial positioeyttcan become bound to the epoxy molecules
due to dipole interactions [45]. The probabilitgtimobile water molecules will become bound
is defined ag; and the probability that these bound moleculenivee mobile again i8. These

guantities are related at equilibrium through iéfving expression:

YNew = BN, )

and the diffusivity is related to these probatatthrough the partial differential equations:

On_on oN (10)
dx?> 0dt ot

oN

Frint i BN. (11)

The formulation for relative moisture content isen in Eq (12), and approximations are given
in Eq (13) and Eq (14) for the cases of short expoimes {{x < 0.7) and longer exposure times

(t/x >> 1.0), respectively:
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B ) © ge-Kpt h
M) = Mml <V+ﬁ)e g 1_; ;2”2 £ (12)
l+ (%) (ePt—e )+ (1- e‘ﬁt)J
M(t) = My, %(%) \/E} (13)
M(£) = Mo 1 — (y I ﬁ)e"“ (14)

where k =Dmw?/h? anditis assumed to be several orders of inamlarger tharyandp.
Figure 9 provides a comparison between linear siibiu (Fickian) and  two-stage
diffusion/relaxation sorption curves, as well aseaample of mass-change indicative of material

degradation, for a typical epoxy.

Two-Stage Diffusion
(diffusion/relaxation) ~ ____-mmmm==mmTTTTTTTTTTTT
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Polymer Degradation ™ *~.
(leaching)

Mass Change (moisture content)

Root Immersion Time (Vt)

Figure 9. Moisture sorption curves corresponding tdinear and two-stage models, showing
the implications of accounting for moisture-epoxynteraction [46].
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By treating an epoxy matrix as an assembly of pdt¢keek spherical shells of different
radii, Fahmy and Hurt [46] proposed the followinguation to relate change in free volume to

applied (external) stress:

o1+ v) o
fo = fo (1 +T> =fo(1+25) (15)

wherefy andf, are the initial and stressed free volumes, regpygt ois the applied stresg,is
the Poisson’s ratid; is the Young's modulus, arf@ is the shear modulus. This is demonstrated
experimentally in Figure 10, which shows the relasihip between equilibrium moisture content

and percentage of ultimate tensile strength (Ud8héat epoxy and CFRP laminate [41].
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Figure 10. Influence of applied stress on the equdrium moisture content of (o) neat epoxy
and (¢) unidirectional CFRP laminate [41] (with permissia from Springer).
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24.2 Matrix Plasticization and Swelling

Sorbed moisture in FRP tends to alter the polynatwaork of the matrix, leading to a
decrease iy through a change in the energy needed to defoemmidierial [36, 37, 44, 47].
This softening is calleglasticization and is associated with both thermoset and therstpl
polymers, and is caused by polar interaction betvweater molecules and the polymer chain in
such a way that free volume increases; plastiomais basically reversible as long as the
polymer chain is not chemically altered [37]. Timeaaunt of plasticization that occurs for a given
moisture content depends on the degree of interatietween the water and the matrix, which
comes from hydrogen bonds (H-bonds) formed betwsmmd water molecules and polymer
chains [48]. Increasing polymer segmental chainihtplis a direct consequence of this water-
polymer interaction. Microscopic examination hadigated that these matrices are susceptible to
bond degradation at the fiber-matrix interface, domesome cases to chemical mechanisms
(Section 2.5) but largely due to plasticization][4Zonsidering that the specific volume of an
epoxy matrix increases with moisture content, y@baon fibers are much less permeable and
thus experience little or no moisture-related espam it is evident that the additional effect of
plasticization in the polymer can contribute toenféicial debonding without any significant

mechanical or thermal stresses applied to the ceitgp[@8, 38, 41, 47, 48].

After enough moisture has penetrated the FRP, ymess@n potentially build up inside
the material, due to the essentially incompressitdaure of most liquids. To alleviate this
pressure, an FRP specimen can respond in two waxgdl: in a preferential direction (depending
on fiber orientation and architecture), or crack][4rhe answer to which is more likely to occur
depends on the geometric parameters of the spe@mugrestion—aspect ratio, edges and angles

of corners, and fiber orientation relative to spem geometry [28].
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Figure 11 illustrates all the moisture effects dssed in Section 2.4, except for chemical
reaction effects and material degradation. Whiledome FRP, any of these processes alone
could be a detriment to physical and mechanicgbgnttes, they often occur in combination and

thus even high-performance epoxy resins and CFRipasites are susceptible to changes.

Swollen matrix region
Accelerated transport
Unswollen matrix region \ between fibers

Diffusion through bulk
matrix (free volume)

Accelerated transport
along fibers

—_

Moisture sorbed
into voids

"imay,, y Cracks in matrix
and interface

Figure 11. Schematic of all moisture-related effeston physical and mechanical properties
of FRP composites, except for chemical attack (inged by [42]).

2.5 Chemical Effects on FRP

25.1 Hydrolysisin Polymers

When the bonds holding organic molecules togethrer sufficiently weak or the
temperature and pressure conditions are sufficlater can react with them to form other
compounds. This reaction process, calgdrolysis, takes place at reactive groups in polymer
chains such as anhydride, ester, or amine groupsHd@]. This occasionally takes place in

thermosetting polymers, wherein molecules contnilgutto the structural integrity and
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mechanical properties of the material are separatadchain scission. Typically, the new
compounds are not corrosive to the polymer, but tan possess a smaller density which leads
to swelling strains and potential crack initiatisites [41]. Hydrolysis is most common among

polyester and vinylester resins, but it is rarelyissue for ester-free epoxy.

2.5.2 Acidic and Alkaline (pH) Effects

Typically, carbon fibers are fairly stable chemigabnd are even sometimes recycled
from old composites using acidic solutions [51]wéwer, some thermosetting polymer matrices
are susceptible to degradation through chemicaltiees in acidic or basic solutions, despite
higher resistance from polymers like epoxy. Sutfuacid was found to decrease the flexural
strength of amine-cured epoxy as much as 60% pfterl5 days of exposure, and solution
uptake was much greater than for pure water [53].tHe acid started degrading the epoxy
through chemical reactions along the chains, thignper morphology changed as damage
increased, allowing further penetration, creatingyalic process. When exposed to alkaline
solutions, epoxy was found to exhibit a noticeadeount of degradation compared to pure
water [26, 27, 44]. Exact details of the chemio&tiaction between alkaline solutions and epoxy

resins are still not fully known, but empirical dandicate the effect is greater than pure water.

2.6 Mechanical Effects on FRP

Damage and morphological changes caused by meethdoading can accelerate or
exacerbate the other degradation mechanisms redisw8ections 2.3-2.5, so a brief survey of
mechanical deformation and damage in FRP compasitgsven here. This section focuses on

physical mechanisms and observations rather thainematical aspects of damage.
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2.6.1 Matrix Cracking

Matrix microcracking has often been observed aditeedamage process in response to
mechanical loading, thermal cycling or shock, amelbng stresses [53]. While the shear-
yielding and tensile-failure natures of microcraxkihave been documented, the mathematical
description and prediction of this process is stilork in progress, and numerous stress- or
strain-based criteria exist [53, 54, 55, 56]. Ity @ase, matrix microcracking is the first type of
damage to occur in FRP from mechanical loadingessithe interfacial bond strength is
deficient. Since microcracks allow moisture to sj@ort via capillary flow more easily than bulk
diffusion, aqueous solutions can penetrate thenmbte a greater degree (Section 2.4.1). This is
important to consider in the case of FRP compoghas carry high levels of stress, whether

temporary or sustained, such as reinforcing ortpggesing materials for concrete structures.

2.6.2 Interfacial Debonding

In a two-phase composite like FRP, three comporaartscontribute to failure: the fibers,
the matrix, and the interface. The relative ratidsstrength and fracture toughness for each
component dictate the failure progression in FRRjclv is shown in Figure 12. Interface-
dominated failure—indicated by the cleanly expolleelr surfaces—is compared in Figure 13 to

matrix-dominated failure wherein fragments of maare still adhered to the fibers.

24



Whether the matrix

Matrix R
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Figure 12. Process of failure progression in FRP osidering the relative properties of
fiber, matrix, and interface components [57] (withpermission from Sage).

Interface failure
Dominant mode

Matrix failure
Dominant mode

Figure 13. Comparison of interface-dominated vs. max-dominated failure in CFRP [58]
(with permission from Elsevier).

Normal stresses (perpendicular to the fibers) duutie to the stress state at the interface

during mechanical loading of the composite; howgirethe case of unidirectional FRP without
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very thick dimensions, shear stresses are the dornimechanism is causing debonding and
pullout [17, 19]. As the bulk fibers and matrix bewe affected by the environmental conditions,
the fiber-matrix interface is likewise affected.uBh debonding can be observed as a common
failure mode whether the FRP is tested in sheaxufe, or tension, regardless of the tensile

strength of the composite or strengths of the ciestts.

2.7 Durability Testing Methodologies for FRP Compoises

2.7.1 Exposure Conditions and Accelerated Aging

Typical environments used in durability studieslude moisture, heat, and sometimes
cycles of both [6, 30]. In addition to pure watalkaline solutions are often used to represent a
moist concrete environment, consisting of one omanfsom KOH, NaOH, and Ca(OHK)
depending on the pH desired, and salts like Na@at} are used for marine environments [26,

27, 59]. Elevated temperature is the most commontwaccelerate degradation [33, 59, 60].

2.7.2 Hygroscopic Testing Methods

Mass gain is a gravimetric method useful for appnaking moisture sorption over time,
since the relative increase in moisture contentmdetermined from the percentage change in

specimen mass over time. Moisture concentrati@alsulated using Eq (16):

M(t) = (th_/ W") 100 (16)

i
whereM(t) is the instantaneous moisture content (%), @handW; are the instantaneous and

initial (dry) weights, respectively. When swellimgof interest, calipers can be used to measure

changes in diameter to calculate swelling strains:
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(M) = (dtd_i d") 100 (17)

wheregM) is the instantaneous swelling strain (%) as a&tion of moisture content, arti and

d; are the instantaneous and initial (dry) diametexspectively.

2.7.3 Evaluation of Residual Mechanical Properties

Since environmental degradation leads to a lossn@thanical properties, durability
testing is intended to understand the impact o$ervice environmental conditions on the
pertinent properties of interest. By the same tpkemntain mechanical properties may be more
sensitive to environmental degradation than otheraking them strong indicators of certain
degradation mechanisms and their corresponding.rétee most common mechanical properties
tested for evaluating durability in unidirectiorf@RP after environmental exposure are tensile
strength and modulus, transverse shear strengénlaminar/intralaminar shear strength (ILSS),
and flexural strength [23, 25, 27, 59, 60]. Fordingctional FRP bars, standard ASTM test
methods have been developed for these through DTXRL7, D4475, and D7264, respectively
[61, 62, 63, 64]. Axial compression is a compleiuf@ mode for FRP [65], so unless it is a

specific property under investigation, it is notadl for evaluating durability.

In general, there are tensile, flexural, and cosgwe testing configurations for
measuring ILSS, but flexural methods like the shedam shear (SBS) test used in ASTM
D4475 is the most simple and viable configurationround FRP bars; the other methods are
more suitable for laminates or thick prisms. Sect7.4 discusses the basic mechanics

associated with the SBS test used for measurin§.ILS
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In the realm of fracture mechanics, the Charpy chg€l) test has been an industry
standard for qualitatively measuring material tauggs in metals and composites as a quality
control/assurance procedure, but is less usefubfiantitative analysis or design applications
[66]. However, the CI test can still be used foaleating durability of FRP by measuring
residual CI strength (CIS) after environmental esgpes. The mechanics of CI testing are

discussed in Section 2.7.5, using the CFCC indhidy as an example.

2.7.4 Mechanics of Short-Beam Shear (SBS) Testing

Flexural loading of beams with very small span-epith (/d) ratios causes high shearing
forces and relatively lower bending moments, sodbmposite is not in a state of pure shear.
However, if the loading configuration and span tanig selected appropriately, failure will be
dominated by shear and the apparent ILSS can bsumeeh[67]. With four-point loading, a
constant-moment region exists between the loadoigte and shear is maximum between the
supports and the loading points; on the other h#meége-point loading produces a maximum
moment at midspan loading point and maximum sheanye/here except the loading point. This

is illustrated in Figure 14—moments (M) and sh&&)snot to scale relative to each other.

@) )

(a) (b)

Figure 14. Moment and shear diagrams from SBS testg for (a) four-point bending, and
(b) three-point bending.
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As prescribed by ASTM D4475, the loading pin usethie three-point bending SBS test
must be grooved so that it saddles the specimeh, avradius similar to the specimen radius
[63]. Also, the standard specifies<3./d < 6 to ensure shear failure occurs, amll= 3.8 was
considered for this example since it was used enetkperimental study. This means the loading
pin covers approximately 25% of the span, whichstitutes a partially distributed load rather
than a concentrated load; thus, under the loadingtpe moment is nonlinear and the shear
varies linearly. This provision for a small distited load also reduces concentrated bearing

stresses at the loading pin [63, 68].

Shear stresses and deformations can be calcutatadlimoshenko beam theory:

f (@ dx T> dA = (%) dxV (18)

2

_V_V V(Y
WTA,TBA T (t) (19)
wherert, (or 1, in cylindrical coordinates) is the shear str&ss the shear forcé& is the shear
modulus is the width of the beam at the point of inter€sts the static moment of ardas the
moment of inertia, andA is the incremental area over the cross-sectiocoparison is made

in Figure 15 between axial tensile/compressivessee and in-plane shear stresses for a CFRP

beam having elastic modulus E = 148 GPa, L = 19 chmb mm, and loaded with P = 1.05 kN.

29



. -22.5 MPa (C)

//;;///

W 45 mPa

I -45 MPa

7@7 (b)

Figure 15. Stress distribution in CFRP rod under 3point flexural loading during SBS
testing, showing (a) axial stressc,), and (b) in-plane shear stresst; or ILSS).

For this example, it is clear that for a composgitth fibers that are much stronger than
the matrix or interface, interlaminar/intralamirsdrear failure will dominate. Using an assumed
axial tensile strength of 2500 MPa for CFRP, thieudated tensile stresses from beam theory

only amount to 0.9% UTS of the composite and wawtremotely approach tensile failure.

This flexural test indirectly measures “apparentizontal” shear strength, according to
ASTM D4475 [63]—commonly referred to as interlanris@ear strength (ILSS). However, this
is only true for laminated (layered) FRP compositsce pultruded FRP is typically formed

monolithically during manufacture and has no trl@nfinated” structure. Occasionally, the
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technical literature refers to the ILSS of pultrddéRP in the sense afterfacial shear stress
between fibers and matrix. Nonetheless, this th@sise accurately refers to SBS testing as the
intralaminar shear stress test, assuming the entire pultrudegescan be treated as a single
“laminate” and thus the apparent ILSS measuredtli®refiber-matrix interfacial shear stress,
matrix shear stress, or a combination. Therefoegratiation of the matrix or interface can be

detected with this test, regardless of whetheapigarent ILSS is a true material property.

2.7.5 Mechanics of Charpy Impact (Cl) Testing

The literature mostly contains results of Cl tegtior the purpose of measuring apparent
impact properties for aerospace and automotive icgtjans, considering the effects of
constituent materials and manufacturing technigpbgsical aging, environmental exposure, or
other treatments [69, 70, 71, 72]. In these papkesauthors have noted that other test methods
tend to be more useful for quantitatively studyimgpact and fracture behavior of FRP.
However, from the standpoint of characterizing emwinental degradation in FRP using residual
mechanical properties, this dynamic flexural test indicate degradation of the matrix and/or

the fiber-matrix interface through energy-absompti@havior during dynamic loading [72].

The only existing ASTM standard test methods fote3ting were developed for metals,
ceramics, or neat plastics; no existing method WRP composites, especially not round
profiles. However, based on the literature thatuises specimen geometry for measuring CIS
in FRP, a limit ofL/d > 8 should be imposed to avoid excessive amountspact-crushing and
shear failure, rather than flexural failure [71]hNe stress analysis using fracture mechanics for
Cl testing of FRP is still being refined, a basxample is presented here using a simple near-tip

elastic stress field solution derived from the Weghard function for Mode | (notch) [73]:
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Oy = o\-/O;/TfCOS (2—21) (1 + sin (2—;) sin (ziel)) (18)

1 1 3
Ty = am/asin (—) cos (—) cos (—) (19)
/21‘1 291 291 291

where ¢ is the far-field axial stress (from beam theogyjs the notch length at the instant of
impact, andr; and &, are coordinates around the notch tip seen in Eig. A comparison

between axial stresses and shear stresses is mamteim Figure 17, this time for a notched
CFRP bar used in ClI testing with d = 5 mow 55 mm, anda = 1 mm. Note that this example
assumes a V-notch, but blunted notches and slat) (flotches are very common in real

specimens; the mathematics are just simplifiedhi ¢ase.

Figure 16. Diagram of notch geometry in Mode | frature of CFRP bar (beam) during
Charpy impact (ClI) testing.
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Figure 17. Stress distribution in notched CFRP rodunder 3-point flexural loading during
Cl testing, showing (a) axial stressd), and (b) in-plane shear stresst{, or ILSS).

Unlike the stress distribution in Figure 15(a), ethshows a relatively low tensile stress
at the bottom-face of the specimen, very high stoescentrations are seen near the notch tip in
Figure 17(a). By comparison, the largest sheasstiefrom CI testing in Figure 17(b) are much
smaller than for SBS testing in Figure 15(b). T$terk contrast means that specimens fail either
by flexure (fiber fracture or pullout), or by shddelamination). This is illustrated in Figure 18,
where the striker impacts the specimen and theivelfiber, matrix, and interfacial strengths

determine which failure mode occurs. This is cdesiswith observations in the literature [70].

33



Flexural failure Shear failure
(fibers) (interface/matrix)

(b) (c)

Figure 18. Schematic of the dynamic fracture procesin CFRP during ClI testing: (a)
instant of striker impact, (b) flexural failure by fiber fracture or pullout, and (c) shear
failure by delamination.

2.7.6 Analytical Techniques for Assessing Degradation in FRP

Two categories of analytical techniques are prilmaised for durability testing with FRP
composites: (1) thermal analysis, and (2) chenaoalysis. Both destructive and nondestructive
techniques exist within these categories, and theipenent and training necessary for

performing these analyses can vary widely. A bitegcription of each is given below.

Thermal analysis techniques are used for measdgrand degree of cure, and can be
performed with two main types of equipment: diffgial scanning calorimetry (DSC) and

dynamic mechanical analyzer (DMA). While both teicues subject the specimen to a range of
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elevated temperatures, DSC simply compares thegehamspecimen temperature for a given
input enthalpy compared to a reference cell, ansingler to operate, whereas DMA applies
mechanical load to the specimen and measures taegehin modulus with temperature.
Numerous studies have successfully applied DSC ui@bility testing as a way to detect
degradation in FRP after environmental exposure 833 35, 74], while others have chosen

DMA [26, 75].

Chemical analysis methods vary from x-ray and rarckechniques, to infrared and
chromatic techniques. The two most common types Fararier transform infrared (FTIR)
spectroscopy and energy dispersive spectroscopys)EBut some polymeric materials have
been studied extensively with gel-permeation chtography (GPC) as well. The chemical
bonds in a polymer can be excited with infraredatoh, and FTIR identifies key signals from
this bond excitation using transmission or reflacea configurations [76]. In cases where the
polymer matrix has reacted with the aqueous enmient and resulted in chemical degradation,
such as hydrolysis or acidic/basic digestion, Fii#R been able to detect these reaction products
and identify the process involved [52, 74, 77].hHis even been used to measure moisture
sorption, and showed good agreement with gravimeheasurements [78, 79]. On the other
hand, EDS is used for elemental mapping and reliesharacteristic x-ray signals from elements
heavier than boron [80]. Since it does not analgiemical bonds or compounds, but the
elements themselves, it is useful for 1D or 2D niagf both location and concentration of

contaminant particles, such as ions found in agsisotutions [52, 59].
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2.8 Modeling Approaches for Predicting Durability d FRP Composites

Phani and Bose [81] proposed a model that invokesoglasticity to explain losses in
mechanical strength due to environmental degradafibe degradation processes considered
were: (1) moisture-induced swelling that causesrival stresses, plasticization of the matrix, and
deterioration of interfacial bond, and (2) viscegia relaxation of this swelling, based on a

characteristic relaxation timg which depends on temperature [59, 81, 82]:

Ry(t) = Rpoo + (1 — Rpe)e ™" (20)
—E,
©(T) = 1y exp (ﬁ) (21)

where Ry(t) is the residual property at time R.. iS the residual property at very large
(approaching infinity),7 is the characteristic relaxation time for damageotcur,R is the
universal gas constant, an@l is the exposure temperature. It is assumed thd¢ssin
environmental conditions chandg&,. is some limit to the loss of the property in qimst Thus,
this phenomenological model is based loosely ormesl physical behavior of glassy polymers,

but essentially uses a curve-fitting method fortfehematical formulation.

A different model was created by Pritchard and 8pef83] for predicting residual
strength in FRP as a function of moisture contdiat.clear physical basis or mechanism was
described in this model, but they found the preoinst to agree with experimental data for

glass/polyester composites at a wide range of teatyres, using the following:

R, (t) = a(1 — e7bexP(=cMD)) 4 g (22)
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whereM; is the same aBl(t), anda, b, ¢, andd are all empirical constants to be found through

curve-fitting. They did not clearly suggest a plegsimeaning for these constants.

2.9 Durability of CFRP in Concrete Structures: Resarch Need

Significant effort has been devoted to researckiegdurability of FRP used in concrete
structures, considering moisture, temperature, stress [5, 30, 60, 84, 59]. However, since
concrete is an alkaline material, a major focusbeen glass FRP (GFRP) since it is susceptible
to alkali-silica reactions (ASR), whereas carbdrefs are more resistant to chemical attack and
are less of a concern. Aramid (AFRP), basalt (BFRRY hybrid FRP (HFRP) are becoming
more prevalent as well. Robert and Benmokrane {@dihd that by pre-loading GFRP bars to
various levels of UTS, then unloading them befot@tsg the solution exposure, notable

changes in specific volume, moisture sorption, @silual strength were observed.

Despite the progress made in some aspects of dtyaiharacterization and predictive
modeling for CFRP, more information is needed ikalhe environments and elevated
temperatures, and stress effects are also rarbeiriterature [6]. Furthermore, a sound and
repeatable testing protocol is needed for evalgaliRRP durability in the laboratory before use
in concrete bridge structures [85]; improvementscaiorent protocols could help researchers,

designers, and state DOTSs incorporate CFRP in ltnieiges more easily and confidently.
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CHAPTER 3: EXPERIMENTAL APPROACH

3.1 Materials and Specimens

The material in this study is a well-known CFRPstressing tendon having a seven-wire
strand profile (Figure 2a), manufactured by Tokyop& Mfg. Co., Ltd., with the trade-name
carbon fiber composite cable (CFCC). This pultrudednposite comes from prepreg tows
produced by a roving process, consisting of PANb@arfibers (Toho Rayon) with nominal
volume fractionvs = 0.68 in an amine-cured epoxy matrix. After thatmx is cured, each wire is
wrapped with a synthetic yarn to provide protectagiainst UV radiation and abrasion, as well as

to improve the bond performance with concrete.

Specimens were cut from the spool provided by tlaaufacturer (Figure 2b) using a
carbide blade. Although the material is a severvgitranded cable, it was decided that the
experiments could be simplified by using the singfi@ight wire from the center—termed the
center-wire or king-wire. The wires in a full calule not always act in complete unison, and the
six outer wires are spiral shaped, so standard améchl tests would not yield representative
stress/strain data; e.g., a tensile test wouldechath tensile and shear stresses in the spirals, a

a three-point load flexural test would not be dalgdor such an irregular cross-section.

3.2 Environmental Conditions

Realistic field conditions for bridge structuresnche very difficult to achieve in a
laboratory, so common research practice is to ethe side of aggressive conditions. Since this
study is mainly concerned with the durability of RFF in reinforced and prestressed concrete

bridge elements, such as piles and girders, thernfagtors considered for the environmental
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conditions were: (1) highly alkaline solution siarilto concrete, (2) various temperatures similar
to and more extreme than service conditions, ah@f(8cts of temporary tensile stress, such as

resulting damage or other morphological changes.

3.2.1 Agueous Solutions

Aqueous Ca(OH)(calcium hydroxide) provides a high pH value withe of the core
elements found in concrete (calcium). Since maaing brackish areas cause great concern for
corrosion of prestressing steel, potentially enagunmg implementation of CFRP, it is important
to also consider saline (chloride) conditions adl.we addition to the Ca(OH)solutions, a
second solution made of Ca(QH)ombined with NaCl (sodium chloride) was includé&ar
convenient nomenclature, the liquid that represeotgrete pore solution (calcium hydroxide) is
abbreviated CPS, and the combination with saltw@tmttium chloride) is referred to as CPSSW.
To create the CPS, powdered Ca(@Hjoduct (Fisher Scientific) was mixed into de-ied
water at a concentration of 8.1 g/L, with a pH @71 For the CPSSW mixture, crystalline

powder NaCl was added to the CPS at a concentratidh g/L (water) and gave a pH of 12.5.

3.2.2 Immersion Temperatures

In the Virginia commonwealth, mean annual tempeeat@all in a tight range between -3
and 32°C (26-86°F) [86]. However, as discussed in Sections 2.3{&mperature is a major
factor in the various degradation mechanisms commoRRP and can be used to accelerate
aging. Therefore, the two solutions were poured ither PVC containers or glass beakers
(depending on specimen type) and maintained attmperatures—26C (68 °F), 40°C (105

°F), 60°C (140°F), and 80°C (176 °F)—with a fluctuation of aboutl °C (1.8 °F), using
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stainless steel immersion heaters (Omegalux THT&fega Engineering) with integrated

temperature controls and benchtop industrial ovens.

3.2.3 Pre-loading (Temporary Stress)

In addition to the environmental conditions mengidnthe effect of tensile stress in
prestressed CFRP was also incorporated into taentemt for some CPS environments at 20 and
60 °C. Environmental exposure under sustained tensi#ssis still ongoing—as part of a larger
research project funded by VDOT—but the morpholagieffects of temporary prestressing
loads were studied for this thesis. Therefore,tdue convenience and potential significance of
accelerated durability testing with pre-loading gamed to sustained loading, this approach was

adopted for 75% UTS of the CFCC.

3.24 Summary

Considering the three environmental factors incoateal in the experimental program,

the specimen labeling system used in this studg i®llows:
Solution — Sress(%UTS) —Temperature — Exposure Time

For example, specimens subjected to CPS &C6Qith pre-load for 1000 hours would be
labeled as CPS-75-60-1000; likewise, a specimem tfee environment with CPSSW at 20
with no pre-load for 1500 hours would be called SRE0-20-1500. Table 4 summarizes the
conditions studied in this thesis, showing the cm@tions of solution, temperature, and pre-
loading. Considering limitations on laboratory gauent, space, and time, these conditions were
not used for all specimen types—a complete testixn&t given after the testing methods

employed are described in Section 3.3 (Table 6).
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Table 4. Summary of combined environmental conditins for studying durability of CFCC.

Temperature®C) 20 40 60 80

Medium CPS | CPSSW CPS | CPSSW CPS | CPSSW CPS | CPSSW

Pre-load 0% UTS X X X X X X X X
75% UTS X - - - X - - -

3.3 Testing Methods

In order to better understand the durability of ®HRestressing tendons in the realistic
conditions described in Section 3.2, a rigorougirtgsprogram was devised. Some testing
methods were proven, or at least very common, R Burability assessment while others were
more exploratory. The intention for the experiméafgproach taken here was to obtain as much

data as could potentially draw connections betweeperties that were scarce in the literature.

3.3.1 Physical Testing

Mass Gain (MG)

Mass changes were measured using a digital balaitbe0.1 mg precision (Mettler,
AEZ260). The specimens used for this physical/gratiim testing were king-wires cut to 55 mm
long. They were cut, the surfaces cleaned with saagh water, then dried completely and
weighed before the exposure began. After the gpdciflurations, specimens from each
condition were removed and weighed after reachirsyirdace-dry state using a towel, before
being immediately replaced in the environmentsc&ithe aqueous environments selected for
this study were alkaline and chloride (saline) 8ohs, dissociated ions from Ca(GH)nd NacCl

populate the water and thus any sorbed moisturatdjea by gravimetric methods must be
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corrected. To account for the ions in CPS and CPS8&ésured moisture was multiplied by the

ratio of densities for water and solution:

Pwat) (23)

M(Ocor = M(0) (72
to give the corrected moisture contevitf).., for the calculated densities afps = 1003 g/L and
Pepssw = 1020 g/L fawar = 1000 g/L). Since the density of CPSSW is grediben CPS,
containing more solute of heavier ions, the diffieeein perceived moisture sorption is actually
less between the two solutions after this correctibhe moisture contents presented in

subsequent figures represent true water contenérdhan solution content, which means that

any difference in sorption kinetics is due to themical nature of the solution.

3.3.2 Mechanical Testing

Uniaxial Tensile (UT) Testing

Tensile strength and modulus strain are primary haeical properties pertaining to
prestressed concrete, and since losses in theseegatively influence structural performance,
tensile testing constitutes an important basic lilita test. King-wire specimens were tested on
a servohydraulic universal testing machine (810eSeMTS), and strain data was collected with
a noncontact laser extensometer (LX500, MTS). Tdggg-length between laser targets was set
at 50 mm. Based on ASTM D7502 [61], specimens vieaded at a strain-rate of 1&* to
ensure quasi-static failure without time-dependeatling effects. Regarding the free-length
between grips, it was determined that a lengthidmdter [/d) ratio greater than 50 was
sufficient to cause proper failure without grippimgerference; thus a free-length of about 300

mm & 20 mm) was selected. Specimens were tested vatierhour of removal from immersion
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to avoid any moisture loss or other changes. Terfsiice, crosshead displacement, and laser

displacement data were collected at a rate of 5 Hz.

Figure 19. Test setup for measuring uniaxial tensl properties of CFRP king-wires.

Short-beam Shear (SBS) Testing

Samples were cut to 30 mm lengths and loaded ianeoBydraulic universal testing
machine (810 Series, MTS) at a displacement rate ifmm/min, within one hour of removal
from immersion. A fixture was fabricated to providespan-to-thicknes$./d) ratio of 3.8. Force
and crosshead displacement were recorded at @f&®& Hz (1.3 mnt), all according to the

procedure described in ASTM D4475 [63].
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Figure 20. Test setup for measuring intralaminar skar strength (ILSS) of CFRP through
SBS testing.

Charpy Impact (CI) Testing

Charpy impact strength (CIS), or impact toughnesgeneral, has very little value as a
material property for CFRP in prestressed conades#gn. However, impact toughness can be
used as a relative value to measure changes afies@re to environmental conditions. This test
was performed on specimens within one hour of reahéom immersion using a standard
Charpy/lzod pendulum tester with 4&ip (Tinius Olsen) shown in Figure 21, having rikistg

velocity of 3 m/s and maximum impact energy of 330
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Figure 21. Charpy impact tester for measuring impatstrength of CFRP.

3.3.3 Chemical Analysis

Energy Dispersive (X-ray) Spectroscopy (EDS)

Using point, line (1D), and mapping (2D) scans, #mounts and location of various
elements can be established. Thus, the penetratioons from the aqueous solutions can be
mapped to correlate with the more approximate gmatiic method of measuring moisture

sorption. EDS was performed using the SEM instrurdescribed in Section 3.3.5.

3.3.4 Thermal Analysis

Differential Scanning Calorimetry (DSC)

Glass transition temperaturéy) is a key property for polymeric materials, matkitie
transition from glassy to rubbery behavior. Sincereéased moisture content is known to

decreaseély, thermal analysis with DSC indicates whether & lmsmechanical properties has
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occurred. Any uncured resin left in the materiatlenyoes post-curing when exposed to heat; as
expected, both post-cure and degree of cure camelasured with DSC. Thermal analysis in this
research was performed with a heat-flux DSC instninQ1000, TA Instruments) as shown in
Figure 22, and with 6.7 mm aluminum pans and lidsoeding to ASTM E1356. Within one
hour of removal from immersion, samples were cualbout 1 mm thickness (~12 mg) using a
diamond-coated saw blade, and heated at a rat® &/inin within a temperature range of 0—

200°C and purged with nitrogen at 10 mL/min.

Figure 22. Q1000 (TA Instruments) DSC unit used fothermal analysis of CFRP.

3.3.5 Microstructural Analysis

Scanning Electron Microscopy (SEM)

In order to qualitatively observe degradation antiep changes in morphology,
microstructural analysis was conducted via SEM. ifaldally, some features—Ilike cracks and
fiber-matrix interfacial debonding—can even be nuead quantitatively through precise digital

tools. This means results from other tests can ibeally corroborated with microstructural
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characterization. Microscopic analysis was perfalme exposed specimens, both tested and as-

removed, using the field emission gun SEM (Quabt &EI) shown in Figure 23.

Figure 23. Quanta 650 (FEI) SEM used for microstrutural analysis.

Extensive work was devoted to the sample preparatia imaging processes used with
the SEM [87], and a summary is given here. Sampkre pulse cut using a diamond wafer saw
blade at 2000 rpm and a feed-rate of 0.1 mm/s inght coolant. Two polishing methods were
compared (Table 5), one using SiC (silicon carbmer from 600-grit down to 1200-grit, and
the other using alumina slurry from B down to 0.5um patrticle size. This preliminary work
helped determine that the alumina slurry methodtiiigle 2) produced the best results for the
time and materials required [87]. Two primary immggimethods were compared as well, one at
higher accelerating voltages of 10 kV and a workiligfance (WD) of 10-12 mm on samples
coated with 300 nm thick Au/PD, and the other atdoaccelerating voltages of 1.0-1.5 kV and

a WD of 8.5-10 mm on uncoated samples. While trmated method provided sufficient detail
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for general examination (fiber diameter, fiber vaoki content, large cracks), the coated method

yielded much better results for higher magnificagio

Table 5. Polishing methods for CFCC samples obserdén the SEM [87].

Method 1 Method 2
Step Time (per sample) Step Time (per sample
600 grit SiC 3 min 1%mm alumina slurry | 3 min
800 grit SiC 3 min um alumina slurry 3 min
1200 grit SiC 3 min 3um alumina slurry 3 min
1 um alumina slurry 3 min fim alumina slurry 3 min
- - 0.5um alumina slurry | 6 min
Total 12 min Total 18 min

3.3.6 Test Matrix

The test matrix for studying the durability of CFRBed in prestressed concrete bridge
applications is given in Table 6. Each test metledcribed in Section 3.3 is listed by its

abbreviation, according to the selected environsi&ntn Section 3.2 for that type of test.

Table 6. Test Matrix for Durability of CFRP.

_§ Temperature®C) 20 40 60 80
2
8 Medium CPS CPSSW CPS CPS CPSSW CPS CPSSW
MG X X X X X X X
5| ut X X - X X - -
= & | SBS X X - X X i :
% gl cl X X ] X X ; -
> g EDS X X - X X - -
& | DSC X X - X X - -
SEM X X - X X - -
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CHAPTER 4: RESULTS and DISCUSSION

Results from the experimental methodology describe@hapter 3 are presented here,
accompanied by an in-depth analysis inspired by itifermation given in Chapter 2.
Interpretation of the analysis and the significantell the present findings are discussed as
well, and a newly developed model is compared weeb-known existing model for predicting

the durability of CFRP composites used in concsétactures.

4.1 Moisture Sorption

4.1.1 Experimental Results

Based on the gravimetric method described in Se@i8.1, moisture sorption profiles
were compiled for the CFCC wires for all environt@rconditions listed in the “MG” row of
Table 6. These profiles are displayed in Figurei@g4o 1000 hours of exposure, beyond which
the curves maintain the same trend as they sloedglhr a long-term saturation. A consistent
graphical nomenclature is used through this chaplied squares stand for CPS, empty squares
for CPSSW, filled circles for pre-loaded CPS, ahdded triangles for air (control) specimens;

grey indicates 20C, green is 46C, blue is 60°C, and red is 86C.

Mass change was also measured for baseline speciEmpnsed to air at 60 and 8D in
order to determine the true initial moisture cohtéime way CFCC would be delivered from the
manufacturer. It was found to be 0.065% based end#ntical mass loss for both temperatures
up to 45 hours; after this point, mass loss coma® fexcess volatiles and fillers in the matrix
and reached equilibrium after 500 hours of exposiore. Within the duration studied here, there

was no observed mass loss that would indicate catimi thermal breakdown of the epoxy.
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Figure 24. Moisture sorption profiles for all environmental conditions.

4.1.2 Moisture Sorption Predictions using a Two-Stage Fickian Model

To clearly view the moisture sorption profiles aodunderstand the connection between
experimental data and theoretical predictions,fafilewing figures will be separated into three
categories: (i) specimens exposed to CPS withoatlgading (Figure 25), (i) specimens
exposed to CPS with pre-loading (Figure 26), ainyl §pecimens exposed to CPSSW without
pre-loading (Figure 27). The black lines are thgoaé predictions using the two-stage Fickian-
based model from Eq (8), with curve-fit model paedens listed in Table 7. Note that the time
axis is displayed as the square-root of immersiomw tin se&? (instead of hour), since D is

usually expressed as s

The thicknes$ in Eq (8) is substituted with the diamete= 5 mm of a CFCC center-
wire. The difference between a plate specimen whibknessh (for which the equation is

derived) and a long rod with diametis likely to be negligible. Consider that in a wiglate
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like Figure 25(b), moisture can only effectivelynpgrate in the thickness direction due to the
“restraint” provided by the vast width of the pla@n infinitesimal slice of the plate at an
arbitrary location would experience the same sorpéis any other slice. The long rod in Figure
25(a) can also be thought of as infinitesimal sliaranged in a circular pattern, with thicknéss
the same ad), and the restraint provided by adjacent slices lavaatill restrict moisture
penetration to a single direction. Thus, the tworgetries can be considered nearly equivalent

and this substitution in Eq (8) remains valid.

Constraint to moisture

AN

// \\

(a)

Figure 25. Moisture penetration for different geoméries, considering (a) round rod used in
this study, and (b) infinitely wide flat plate.

Table 7. Parameters used in the two-stage moistuserption model in Eq (8) for all
exposure conditions.
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CPS-0 CPS-75 CPSSW-0
T (°C) 20 40 60 80| 20 60, 20 40 60 8

M. (%) 0.24 027 037 074 025 0.54 027 024 040 Q.88

k (10* s3 1.00 9.44 11.406.35| 15.00 8.00 | 0.10 9.00 11.004.90

D@0*mnf/s) | 1.7 22 30 50 55 771 19 23 28 45
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Figure 26. Moisture sorption profiles for the CPS-0environment, compared to the two-
stage model in Eq (8).
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Figure 27. Moisture sorption profiles for the CPS-5 environment, with the two-stage
model from Eq (8).
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Figure 28. Moisture sorption profiles for the CPSSWO environment, fit with the two-stage
model in Eq (8).

Temperature changes both the sorption rate andasatu level of moisture in CFCC,
which is expected from diffusion theory. As tempera increases, free volume of the polymer
matrix also increases, the stiffness of the polyctgins relax slightly, and the mobility of
excited water molecules rises; these effects ledtid changes in sorption kinetics observed in
all three specimen categories as temperature eseaFurthermore, there are significant
changes between the CPS-0 and CPS-75 conditionshwtan only be attributed to the
morphological changes caused by pre-loading. Mrads, interfacial debonding, change in

polymer free volume, or a combination are likelgpensible for these changes.

4.1.3 Thermodynamic Mechanisms for Predicting Sorption Kinetics

A quantitative method for examining these changesarption kinetics is based on

thermodynamics, using activation enerdss)(and heat of sorptionAfaps). As alluded to in
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Section 2.4.1, activation energy is the energyi&athan must be overcome by a mechanism in
order for molecular motion to take place, such #fision, creep, and relaxation. When the
combined energy from stress and temperature isceuft, the barrier is overcome and motion
occurs from the active mechanism. When multiple maatsms are active, it can be much more
difficult to isolate each one and quantify the aation energies involved. Likewise, according to
van't Hoff's law, the saturation level of sorbed istare in a polymer is dependent on

temperature and can be calculated using Eq (7).

An example of the outcome of this calculation igegi in Figure 29, for both Eq (5) and
Eq (7) demonstrated with the CPS-0 condition (CBSiid CPSSW-0 are in Appendix A).
Thus, theE; and AHas values for each category (i-iii) are compared abl@ 8 with the
assumption that they represent similar temperatependent mechanisms, but are influenced by
either (a) stress-induced morphological changes-Ig@ading), or (b) the chemical effect of

chlorides in solution.

The most noticeable difference lies in the actoatenergy for the pre-loaded CFRP
(CPS-75), which is only 45% of the value withoue4wading. This clearly indicates that
moisture moves much more freely through CFRP tlaat éxperienced tensile stress similar to
concrete prestressing loads (75% UTS), even & ieleased before immersion. If pre-loading
simply increases the free volume of the epoxy, dieisrease i, explains why water diffuses at
a much higher rate, since less energy is needettteate this sorption mechanism. If pre-
loading causes damage like microcracking or intgfadebonding, then moisture could be
transported via capillary flow (rather than diffois) and could potentially occur in both the
transverse and axial directions (see Figure 11grdhs a very small decrease in activation

energy in CPSSW-0 compared to CPS-0 (about 4% smalVhile this difference does not seem
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significant, the reason for even such a slight elese could be that Gbns change the chemical

interaction between water and epoxy to create dlangnergy barrier.

Interestingly, it seems pre-loading has a margafii@ct onAH,ns for moisture saturation
(less than 3% increase), whereas CPSSW exhibiteaey influence (over 9% increase). This
supports the assertion that the relationship beivwég and temperature can be described by
van't Hoff's equation for dissolution, assumidiHays is constant over the temperature range
tested. As expected from this hypothesis, heabigdt®n is primarily influenced by the solution

type, rather than immersion temperature or morgio# features in the material.
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Figure 29. Thermodynamic parameters associated wit@PS-0 environments calculated for
(a,b) E4 using Arrhenius equation, and (c,d)AH 4 using van't Hoff's equation.
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Table 8. Activation energy E,) and heat of sorption AH 4s) calculated for CFCC.

. DO Ea Ile AHabs
Environment | 153 mpg/s) (kd/mol) 0 (kd/mol)
CPS-0 7.70 15.08 1.20 15.49
CPS-75 0.90 6.82 1.72 15.92
CPSSW-0 6.20 14.48 2.20 16.95

4.2 Tensile Properties

4.2.1 Experimental Results

In general, the tensile behavior of CFCC is typfoalunidirectional CFRP, with a linear-
elastic stress-strain response ending in britetére. This is seen in Figure 30 for specimens
with and without a pre-loading of 75% UTS. Only laylst decrease in strength (0.45%) and
modulus (0.80%) was observed for pre-loaded “cdhsmmecimens, which is within the COV for
specimens without pre-loading so it is considensignificant. Results of uniaxial tensile testing

(triplicate specimens) are listed in Table 9, aftgposure durations of 1500 and 2000 hours.

The values in Table 9 are displayed graphicallfigure 31. In addition to changes in
tensile strength and modulus over time in Figur@Band (b), respectively, these changes are
also shown with respect to corresponding moistorgent in Figure 31(c) and (d). This offers a
unique perspective for comparing the effects ofousr temperatures and solutions based on a
common independent variabld(t). As long as moisture-induced degradation is thig-e-or at
least, dominant—active mechanism in causing lossstoéngth and modulus, a consistent
relationship between tensile properties and mastontent should exist. This is especially true
for tensile modulus, as seen in Figure 31(d), fbictv all exposure conditions nearly overlap
into a single profile; CPSSW deviates the most, gamad to the CPS conditions. Conversely,

although the data for tensile strength still oyerla Figure 31(c), this property seems most
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affected by pre-loading. This trend is continueahfrSection 4.1, where sorption kinetics were

greatly influenced by pre-loading, but saturatiomstty depended on solution chemistry.
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g
S 2000 -
\—/
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Figure 30. Tensile response of control specimenstiviand without 75% UTS pre-loading.

Table 9. Summary of tensile properties for controbnd exposed CFCC specimens.

Exposure Tensile Strength Tensile Modulus
Exposure Condition Duration | Average COV Residual | Average COV Residual
(hr) (MPa) (%) (%) (GPa) (%) (%)
Control 0% UTS) 0 3094 2.2 100 150.3 1.3 100
Control (75%UTS) 0 3080 3.2 99.56 149.1 1.6 99.2
1500 3082 26  99.62 150.0 1.8 99.80
CPS-0-20 2000 3076 3.1  99.42 149.9 1.9 99.73
CPS.0.60 1500 3030 4.3 97.95 149.7 2.7  99.60
2000 3021 35 97.64 149.4 2.0 99.40
1500 3028 4.1  98.32 148.7 3.1 99.73
CPS-75-20 2000 3019 4.7 98.01 1486 1.9 99.66
1500 2979 46  96.71 148.4 2.4  99.50
CPS-75-60 2000 2066 6.2  96.31 148.1 2.2  99.33
1500 3079 2.8 99.53 1499 0.9 99.73
CPSSW-0-20 2000 3072 2.2  99.29 149.7 2.0 99.63
1500 3025 2.7 97.77 149.6 2.8 99.55
CPSSW-0-60 2000 3012 4.4  97.37 149.3 3.3 99.35
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Figure 31. Residual tensile properties after 1500na@ 2000 hours of exposure: (a) strength over timéb) modulus over time, (c)
strength at corresponding moisture content, and (dinodulus at corresponding moisture content.
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4.3 Intralaminar Shear Strength

4.3.1 Influence of Yarn Wrapping

As described in Section 3.1, CFCC is a seven-watdecand each wire is wrapped in
synthetic yarn to protect the CFRP from abrasiod @V radiation. While the yarn does not
change the axial tensile properties of the wireddoes impose transverse confinement that
influences the intralaminar shear behavior measui@BBS testing in Figure 32. The actual
ILSS, or the peak stress at the end of the linedaign of the force-displacement curve, is 6.8%
greater for CFCC with the yarn wrapping. The appiastiffness for wrapped CFCC is 13%
lower, which is most likely because the measurdbbcl®on is a combination of actual specimen
displacement and through-thickness compressiorh@fwrapping itself. The most significant
effect from the yarn wrapping is the arrested detation observed after the ILSS peak,
compared to the progressive delamination expercebgehe unwrapped specimens. In fact, the
wrapped CFCC continues to carry increasing appfede as the yarn begins to resist
delamination through hoop stresses. Figure 33 shberdifference in delamination between

wrapped and unwrapped SBS specimens.
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Figure 32. Intralaminar shear behavior of specimensvith and without synthetic yarn
wrapping.

111

Figure 33. Failed specimens after SBS testing, shing (a) wrapped specimens with
arrested delamination, and (b) unwrapped specimensith extensive delamination.

The implications of this are twofold: (1) CFCC hgieater resistance to shear with the
yarn wrapping, which is beneficial for in-servicerfprmance, and (2) CFCC specimens should

be unwrapped for SBS testing in order to accuraeflgct degradation caused by environmental
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exposure, which is the intended purpose of the Tdstrefore, all subsequent specimens were

unwrapped to measure ILSS with SBS testing.

4.3.2 Experimental Results

The overall intralaminar shear behavior and failmade of the SBS specimens remained
the same for all environmental conditions and eypwsgiurations, shown in Figure 34 using
1500 hour exposure as an example. This denotesikrsdegradation process among all the
conditions in this study, since a change in failomede and progression might suggest the
presence of an environmental effect that is uné®en ILSS values alone. On a related note, the
full force-displacement curves in Figures 32 ancBavide information about the delamination-
dominant failure mode evident in Figure 32. Aftee fpeak ILSS is reached, additional inelastic

energy is dissipated through delamination-basedura as resistance to applied force decays.

Upon closer inspection of the decaying portion he turves, it was observed that the
numerous sharp drops in force were the result afgnessive delamination: each drop
corresponds to a new delamination site. Thus, pleeisien delaminates into two halves at the
neutral axis upon reaching the ILSS, after whicthldwalves behave as individual short beams
and additional delamination occurs to create faegtions; this continues until the midspan
deflection is large enough to make further delatmmadifficult by changing the stress state. By
comparing the general shape of the curves of exbaepecimens in Figure 34 to control
specimens in Figure 32, there seems to be a madgrr peak at the ILSS, rather than a sharp

drop. This seems to point toward plasticizatiothef epoxy, resulting in less brittle behavior.
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Figure 34. Intralaminar shear behavior of CFCC wires after 1500 hours of exposure.

The results of SBS testing are listed in Table driOall environmental conditions in this
study after 500, 1500, and 2000 hours of expodure.residual ILSS is also shown visually with
respect to both time and moisture content in Fi@a@) and (b), respectively. There is a distinct
trend in ILSS for all environmental conditions, w&i@ a rapid loss happens sometime in the
first 500 hours, after which the decrease is muabremgradual. Similarly to the tensile
properties, the ILSS at corresponding moisture erust for different environments overlap to
some degree. Once again, the pre-loaded specimet®verlap into a separate profile from the
other specimens, showing greater losses due tamibwphological changes caused by pre-
loading. However, unlike the tensile propertieg bSS suffers much more from even the mild
environments and shows losses up to 18% for thersease (CPS-75-60). Thus, the sensitivity
of the ILSS to environmental effects supports thenpnent use of the SBS test as a central

component of durability testing programs for FRIfhposites.
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Table 10. Summary of ILSS from SBS testing for combl and exposed CFCC specimens.

Exposure ILSS
Exposure Condition Duration | Average COV Residual
(hr) (MPa) (%) (%)
Control 0% UTS) 0 38.40 2.8 100
Control (/5%UTS) 0 36.57 3.4 95.24
500 37.41 1.8 97.43
CPS-0-20 1500 37.19 2.3 96.85
2000 37.16 2.5 96.77
500 35.83 3.1 93.31
CPS-0-60 1500 35.17 14 91.59
2000 34.78 2.2 90.58
500 31.61 1.9 90.76
CPS-75-20 1500 31.27 2.8 89.79
2000 30.84 4.7 88.55
500 29.81 4.0 85.58
CPS-75-60 1500 28.95 2.9 83.13
2000 28.74 4.2 82.52
500 36.85 1.8 95.98
CPSSW-0-20 1500 36.23 1.8 94.37
2000 36.08 2.2 93.95
500 35.17 2.5 91.58
CPSSW-0-60 1500 34.27 1.3 89.25
2000 33.81 3.7 88.04
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Figure 35. Residual ILSS after 500, 1500, and 200@urs of exposure: (a) strength over

time, and (b) strength at corresponding moisture catent.
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Intralaminar shear strength is controlled by ma#amnd interfacial failure, which means
matrix plasticization or cracking and interfaciabbnding is responsible for reduction in the
ILSS. An example of a typical fracture surface R8BS testing is shown in Figure 36 as
captured by SEM, with clear debonding in areas witiboth fiber surfaces and some matrix
shear failure manifested by the jagged areas,dchfiekles. If the interface was less affected by
the environment, matrix shear would be the priridigiéure mechanism in SBS testing and there
would be more hackles with less fiber surface asgaosed. The example in Figure 36 certainly
shows a combination of interfacial and matrix feslubut it looks like interfacial debonding is

more prominent.
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Figure 36. Fracture surface after SBS testing, shang extensive interfacial debonding and
matrix failure (examples circled in red).
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4.4  Charpy Impact Behavior

441 Experimental Results

Charpy impact strength (CIS) indicates the enetggogption behavior of CFRP under
dynamic flexural loading, so it is not always ditgaelated to quasi-static strength (tensile,
flexural, or shear). This convenient method wasuihed in the experimental program in order to
assess its utility for measuring relative matedafgradation in a durability testing program.
Table 11 contains the results of Charpy impacirtgaising the slotted notch configuration for
all environmental conditions after 500, 1500, a®@@@® hours of immersion. These results are
also displayed visually with respect to both tinmel anoisture content in Figure 37(a) and (b),
respectively. As anticipated, the CIS data for Ipeded specimens seem to overlap into a

distinguishable profile with respect k(t), while the rest form a separate profile.

The data follows the same overall trend as ILS$radesing sharply until 500 hours and
then transitioning to a very gradual state of deémpother similarity is the notable influence of
higher temperature and pre-loading on residual anpahavior, which supports the findings
from SBS testing. In fact, the observed losses éetvthe two test methods were of comparable
magnitude and it can be assumed that they prowedelynequivalent information in terms of
environmental effects. This close agreement shtnas Charpy impact testing can be a simple,

yet useful method for evaluating environmental diity of FRP composites.
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Table 11. Summary of CIS results for control and eposed CFCC specimens.

Exposure Charpy Impact Strength
Exposure Condition Duration Average COV  Residual
(hr) (kInf) (%) (%)
Control 0% UTS) 0 661.1 55 100
Control (75%UTS) 0 628.0 7.4 95.80
500 614.8 4.3 93.08
CPS-0-20 1500 606.2 3.8 91.69
2000 602.9 6.5 91.20
500 595.0 51 90.11
CPS-0-60 1500 577.2 2.4 87.31
2000 568.5 5.3 86.02
500 556.1 7.7 88.55
CPS-75-20 1500 534.9 4.8 85.16
2000 524.4 8.7 83.53
500 527.3 6.3 83.96
CPS-75-60 1500 504.5 8.9 80.34
2000 506.2 7.0 80.60
500 612.8 2.8 92.70
CPSSW-0-20 1500 610.6 5.8 92.37
2000 588.4 3.9 89.05
500 578.4 8.1 87.50
CPSSW-0-60 1500 566.1 5.3 85.63
2000 555.3 5.6 84.00
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Figure 37. Residual CIS after 500, 1500, and 2000@urs of exposure: (a) strength over
time, and (b) strength at corresponding moisture catent.

The similar trends between CIS and ILSS warrantetthér analysis to find a meaningful

relationship. Three cases were considered regattieglominant parameter that governs the
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correlation between CIS and ILSS: (1) temperatsreldminant, regardless of pre-loading or
solution-type, (2) pre-loading is dominant, regasdl of temperature or solution-type, and (3)
solution-type is dominant, regardless of tempeeaturpre-loading. These three cases are shown
in Figure 38(a), (b), and (c) respectively. Intéregy, the relationship between CIS and ILSS
has the strongest correlation for data groupecdhytisn-type, followed by temperature and pre-
loading. Therefore, inferring losses in ILSS duehyironmental degradation based on CIS data

from the same solution-type is a valid approach.
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Figure 38. Relationship between residual CIS and sidual ILSS for three environmental
exposure parameters: (a) temperature, (b) pre-loadig, and (c) solution.
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4.4.2 Failure Mode and Fractographic Analysis

Specimens from all environmental conditions exbihiidentical failure modes from
Charpy impact testing; flexural failure was caupddharily by fiber pull-out in the tension zone,
with the secondary failure mechanism of kink-bagdimthe compression zone. A typical failed

specimen is shown in Figure 39.

Figure 39. Failed specimen showing the compressiampact side (eft) and tension/notched
side (ight).

In addition to exhibiting identical failure modespecimens from all environments also
displayed the same microscopic failure mechanistrenwiewed with SEM. The degree of fiber
pull-out in the tension zone of the fracture suefaeas so extensive, there is no doubt this was
the governing failure mechanism. Fiber pull-outuia is depicted in Figure 40 for a specimen
exposed to the CPSSW-0-60 environment. Figure 4itagts images starting from the cross-
section and magnifying to the fiber level, showdejails of the fracture surface at the tip of the
notch; i.e., the extreme tensile surface at the eminof impact. Some small areas of matrix
failure are signs that the bond remains intacboalized regions. As the fiber-matrix interface
continued to lose integrity over time, the matesigdtem’s ability to absorb impact energy, and

to effectively transfer stresses between fibersaomery short time-scale, was significantly
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affected. Fractographic analysis using SEM proviéeceve for visually identifying the failure

mechanisms behind the macroscopic failure modelatalthat were observed.

Figure 40. Fracture surface in the tension zone, slwing extensive fiber pull-out with trace
amounts of epoxy on the fiber surfaces.
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Figure 41. Progressively microscopic view of faillg surface in the tension zone at the
notch, showing some matrix failure interspersed iffiber pull-out.

4.5 Thermal Analysis

The glass transition temperaturg)(for control specimens was measured as 100.6
based on the second run. The first run contaimsge lendothermic peak that starts aroun8C75
before a faint transition; this peak representsesemthalpy recovery from physical aging that
occurred from being stored at room-temperature éetwmanufacturing and testing. The second

run reveals the trug; and these features are illustrated in Figure 42.
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Results from DSC for all environmental conditiome hsted in Table 12, and plotted in
Figure 43 with respect to both immersion time araistare content. It is clear from Figure 43(a)
that higher temperature causes greater rate ofesgipn inTy for both solutions, yet the
influence of pre-loading is quite unclear—reduction CPS-75-20 is much greater compared to
CPS-0-20, while results for CPS-75-60 are muchetlos CPS-0-60. However, by examining
the data in terms of moisture-induced changes gurei 43(b), a distinct linear relationship

becomes clear betwed@g andM(t) regardless of temperature, pre-loading, or smhutype.

Recalling that the depression mechanismlfpin thermosetting polymers is the increase
in free volume caused by plasticization and relaxabf molecular chains, which are activated
by sorbed moisture [36, 37], the validity of the pantal relationship in Figure 43(b) is
supported by physical principles. Furthermore, ttosrelation substantiates the approach of
analyzing residual mechanical properties (Sectii2s4.4) with respect to moisture content,

sinceTy is the intermediate property that indirectly rekathem.
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Figure 42. Thermogram from DSC analysis for CFCC cntrol specimens (using two runs).

Table 12. Summary ofTy measured by DSC for control and exposed CFCC speoens.

Exposure Duration Exposure T, Exposure T,
(hr) Condition (°C) Condition (°C)
0 Control 109.6
500 103.7 92.0
1500 CPS-0-20 102.1 CPS-0-60 84.3
2000 100.9 80.1
500 94.6 89.0
1500 CPS-75-20 89.6 CPS-75-60 82.2
2000 83.2 76.9
500 104.3 92.7
1500 CPSSW-0-20 101.3 CPSSW-0-60 85.8
2000 100.5 79.1
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exposure: (a)T4 over time, and (b) T, at corresponding moisture content.
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4.6 Microscopic Analysis

Control and exposed specimens were examined wsumling SEM to understand
material microstructure and to search for microgcagfects from environmental exposure.
Figure 44(a) shows one quarter of the cross-sedtiom control specimen, spanning 2.5 mm
across (equal to the radius). There are some Bghatches that were not removed during
polishing, but otherwise the most notable detathis widespread void network. Using digital
measuring tools provided in the SEM controller wafte, the typical size of these voids was
found to be 615um? and the total void content was calculated as 0.62% a representative
area. The general arrangement and condition ahtbeostructure for control specimens are seen
in Figure 44(b). From these micrographs, the fitmertent was calculated as 62.9% by volume—
less than the nominal value. The small gouges iitaicefibers are characteristic damage from

cutting and polishing—this is very distinct fromyaenvironmental or mechanical damage.

Figure 44. Micrographs of CFCC control specimens,lowing (a) void network at small
magnification (40X), and (b) microstructure at higher magnification (2,500X).
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A valuable application for SEM is visually examigirdamage in materials at high
resolutions, which can corroborate results fromepottata, such as mechanical testing and
thermal analysis. Figure 45 contains representatiamage for specimens exposed to all
environmental conditions in this study. There ave primary forms of damage caused by these
conditions: matrix microcracking, and fiber-matimterfacial debonding. While debonding was
observed in all specimens, the density and sevedticeably increased at higher temperature
conditions, with very small amounts at lower tengpeares. Based on the resolution achieved in
these images, microcracks only seemed to develdipeimigher temperature conditions and the

extent of cracking was far greater for pre-loadeetsnens compared to others.

It is interesting to note that most of the micratiag and interfacial debonding were
observed in resin-rich areas. A likely explanationthis phenomenon is that localized moisture
gradients develop in these areas due to largaivel@olumes of resin, which creates moisture-
induced swelling stresses until relieved by molaculelaxation. These could lead to the
initiation of cracks, and the Poisson’s effectha fiber-matrix interface—where fibers are very

stiff relative to the resin—causes the matrix td pway from the fibers.

The visual evidence found using SEM tends to styosgpport the macroscopic data
analyzed in Sections 4.1-4.5 at the microscale.eOtbchniques—Ilike transmission electron
microscopy (TEM)—could potentially yield addition@formation, such as the nanoscale
condition of the polymer network; however, sampteparation can be very challenging for
composites due to the extremely thin (< 800 nm)ewsgaheeded to use these techniques—thus,
they were beyond the study scope. The informatmtected in this study shows that SEM is
valuable for verifying hypotheses about materiagirddation based on residual mechanical

properties, by visually examining features indicatof macroscopic behavior.

77



Figure 45. Various levels of damage in CFCC aftengosure to different environmental
conditions for 2000 hours: (a) CPS-0-20, (b) CPS40, (c) CPS-75-20, (d) CPS-75-60, (e)
CPSSW-0-20, and (f) CPSSW-0-60. Cracks are easilisile, and small areas of interfacial
debonding are cirlced in red.

4.7 Chemical Analysis

Using the EDS technique in conjunction with SEM vaasimple way to investigate the
penetration of ions from the CPS and CPSSW solsitibased on chemical mapping. This

technique is very common and useful for analyzingtattic alloys both qualitatively and
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guantitatively. In this case, the chemical composibf the actual CFRP is essentially carbon,
oxygen, and hydrogen so EDS can only effectiveteatecalcium, chlorine, and sodium ions in a
more qualitative way rather than quantitative—ireeasuring the quantitative composition of a
chemical map for exposed CFRP would have little mimgasince the ions are not part of the
chemical structure of the CFRP. Sincé'Cand Cl are the heaviest of the three ions, they were

selected as the primary indicators of solution patien.

Figure 46 demonstrates how 2D linescans can be io@ahlwith 3D mapping scans to
understand the relative concentration of ions abwua locations in the specimen. CPSSW-0-60
was selected as an example for this figure; CP8imgas simply lack Clbut contain similar
amounts of C& across the surface. A faint color-coded chemicapris overlaid on the SEM
micrograph in Figure 46 (left side), showing théatigely high concentrations of T(blue
speckles) in resin-rich areas that are circledeth This supports the moisture sorption results
from Section 4.1, and the presence of ions in tRS/CPSSW solutions actually makes EDS
possible—pure water would only be detected by orygeéhich is already present in the CFRP
so the signals would be inconclusive. Finally, hssirom EDS showed that the ions had
penetrated completely through the specimen, whichcates that regardless of whether the

material had reached moisture saturation, no dist#e moisture gradients existed.
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Figure 46. EDS data from CPSSW-0-60 specimens aft2000 hours of exposure, showing
the combination of 2D and 3D scans: higher concerdtions of CI are circled in red (left).

4.8 Models for Predicting Residual Strength

Two models were implemented to describe the obdemieanges in mechanical
properties after exposure to various environmeaoteiditions. Their respective strengths and

weaknesses are compared below, in terms of sirtypéaid accuracy.

4.8.1 Relaxation-Based Degradation Model

As explained in Section 2.8, the Phani-Bose mdsi@l 1] has been successfully applied

to several FRP systems in various environment#, was tested in this study. Since the details
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of the modeling theory and formulation have beescdbed previously, the following sections

only contain the procedure for obtaining model peeters and the results.
4.8.1.1 Determining Model Parameters

The procedure for obtaining model parameters ipknwith only two values needed for
each environmental conditioRy., andz. Using an error criterion—in this case, residuahsof
squares (RSS)—to find the best-fit, these two patars were selected and are listed in Tables
13-15 for all three residual strength properties—SJJTLSS, and CIS, respectively. Similar to
moisture sorption kinetics, Eq (21) can be usedrtderstand the temperature-dependence of
through activation energyf) for CPS-0, CPS-75, and CPSSW-0 exposure conditiéigure 47
illustrates this process by showing the exponengktionship betweem and 1T to find 7, for
1/T = 0, andE, is the slope of the line from the linear relatioipsbetweerRIh(7/ 1p) and 1T; the

values forrp, andE;, are also given in Tables 13-15.

Table 13. Summary of parameters for predicting resiual UTS with the Phani-Bose model.

CPS-0 CPS-75 CPSSW-0
T (°C) 20 60 20 60 20 60
Roe (%) 97.0 94.1 92.9 93.0 96.1 93.0
7 (1C° hr) 10.0 3.8 6.0 2.5 9.5 4.0
o (10° hr) 3.175 4.101 5.642
Ea (MJ/mol) 39.61 17.31 20.85
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Table 14. Summary of parameters for predicting resiual ILSS with the Phani-Bose model.

CPS-0 CPS-75 CPSSW-0
T (°C) 20 60 20 60 20 60

Roeo (%) 96.4 90.8 89.0 82.5 94.1 88.2

7 (hn) 400 375 280 265 420 397

o (hr) 233.7 177.0 262.8

E. (kJ/mo) 2.169 1.718 1.775

Table 15. Summary of parameters for predicting resiual CIS with the Phani-Bose model.

CPS-0 CPS-75 CPSSW-0
T (°C) 20 60 20 60 20 60
Roeo (%) 90.8 86.5 84.4 79.8 90.2 84.7
7 (hr) 365 330 355 322 320 290
o (hn) 157.7 157.6 141.0
Ea (kd/mo) 4.501 4.247 4.315

Two trends from Tables 13-15 are immediately apgafé) degradation of UTS requires
vastly higher activation energies compared to [l08EIS, and (2) the influence of pre-loading
and NacCl is similar to the moisture sorption kiogfiin that lower activation energy is needed
for reduction in strength (UTS, ILSS, CIS). The tfdbat higher activation energies were
required for material degradation as measured & €@mpared to ILSS, is likely due to the
failure modes inherent to the Charpy impact and SBSs—predominantly fiber pullout
(interfacial debonding) with some fiber tensilddag, as opposed to predominantly delamination
(interfacial debonding) with some matrix shearuasl respectively. Since highEg is needed to
reduce UTS, which is a fiber-dominant propertyisiteasonable that the minor contribution of
the fibers to the failure mode of Charpy impactcapens would yield slightly highdg, than

SBS specimens, which experience only interfacidl matrix failures.
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Figure 47. Arrhenius plots to determiner, and E, for (a,b) UTS, (c,d) ILSS, and (e,f) CIS.

4.8.2 Moisture-Based Degradation Model

Given the correlation observed between residualham@cal properties and moisture
content, a new mechanistic model was developedtheatescribe moisture-induced degradation

based on free volume theory and polymer physias$ cahbrated with experimental data.
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4.8.2.1 Framework and General Formulation

If moisture-induced degradation is the governingima@ism behind strength reductions
in FRP, with negligible chemical reaction kinetiessidual strength can be predicted through a
logical progression from moisture sorption to ptagation, from plasticization to softening, and
from softening to weakening. The tersoftening is used to describe the thermomechanical
behavior when a polymeric material loses stiffnrssn temperature effects, arndeakening
simply refers to the loss in strength associateth vgioftening. Figure 48 illustrates this
progression with a list of key variables that ulitely lead to deteriorated residual strength, and
a diagram from Figure 8 shows the plasticizatioth smftening processes in Figure 49. This new

model has been named tBerption-PlasticizationSoftening\Weakening (SPSW) Model.

*Process: T =temperature
Moisture increases free volume (f,) Sc = solution chemistry

eInfluencing Variables: T, S, m, mg = stress-induced morphology
M(t) = moisture content

Moisture

Sorption

f, = free volume
eProcess: Ty= glass transition temperature
__> Plasticization | T, depression from increased f, E = mechanical modulus

eInfluencing Variables: M(t), f,, m

*Process:
Softening Loss in modulus from depressed T,
*Influencing Variables: T,

*Process:
Loss in strength from softening
eInfluencing Variables: £, T,

Figure 48. Framework for the moisture-based SPSW nuel, showing the progression from
moisture sorption to strength loss.
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Figure 49. Schematic representation of two criticaprocesses of the SPSW model
framework in Fig. 48, showing (a)plasticization (T4 depression from increase ir), and (b)
softening (loss in stiffness fromTy depression).

Thus, through free volume theory, the depressionTpffrom plasticization can be

expressed as some function of moisture content:
T, = f(M) (24)
and softening can be used to express the weakehiegidual properti, as a function ofy:
Ry = 9(Ty) (25)

where both of these functions are assumed to berldegree polynomials. This assumption is
based on the fact that an upper bound is imposedaisture content through finite free volume
in the polymer, so first- or second-degree polyrasicould accurately fit these functions
without the issues of extrapolating into unreaistalues—i.e., negative residual strength. The
influence of parameters such as temperature, jigiflg (stress-induced morphology), and

solution chemistry are accounted for in the moesgorption kinetics (Section 4.1).
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4.8.2.2 Determining Model Parameters

If Ty is best matched by a linear function\(t), then Eq (24) becomes:
T, = aM + Ty (26)
and the closest fit for relatirfg, to Ty is a quadratic function, so Eq (25) becomes:
R, = bT,* + cTy + Ry (27)

where Ty andRy are initial values offy andR, whenM(0) = 0,a is a constant specific to the
CFCC material, anth andc are temperature-independent constants that depeme-loading

and solution chemistry. Thus, substituting Eq (26&) Eq (27) yields the expression:
R, = b(aM + Tyo)? + c(aM + Tyo) + Ryo (28)

which can be solved after substituting Eq (8), ibus too cumbersome to display here. Using
linear regression to find the constaat®, andc was a simple task, and these values are listed in

Tables 16-18 for UTS, ILSS, and CIS, respectively.

Table 16. Model parameters for predicting residualUTS using the SPSW model.

CPS-0 CPS-75 CPSSW-0
a -1963.2 -1963.2 -1963.2
b (10° °C’?) -0.81 -3.02 -0.20
c(10°°cH) 2.40 6.22 1.39

Table 17. Model parameters for predicting residualLSS using the SPSW model.

CPS-0 CPS-75 CPSSW-0
a -1963.2 -1963.2 -1963.2
b (10 °C?) 0.40 0.51 1.03
c (10%°ch) -0.52 -0.36 -1.58
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Table 18. Model parameters for predicting residualCIS using the SPSW model.

CPS-0 CPS-75 CPSSW-0
a -1963.2 -1963.2 -1963.2
b (10* °C?) 2.00 1.01 2.04
c (102°c™) -2.92 -1.54 -3.27

4.8.3 Prediction Results and Comparisons

The resulting predictions using the relaxation-daBéani-Bose model (Section 4.8.1)
and the moisture-based SPSW model (Section 4.82hown in Figures 50-52 for the CPS-0,
CPS-75, and CPSSW-0 conditions, respectively. Btieds for residual ILSS are displayed in

this section; the predictions for UTS and CIS caridund in Appendix B.

100%
90%
)
7]
=
E 80% -
7 m CPS-0-20 m CPS-0-60
é Phani-Bose — —-SPSW Model
70% -
60% 1 1 1 1
0 500 1000 1500 2000

Immersion Time (hr)

Figure 50. Model results for predicting residual ILSS for CPS-0 conditions.
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Figure 51. Model results for predicting residual ILSS for CPS-75 conditions.
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Figure 52. Model results for predicting residual ILSS for CPSSW-0 conditions.
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It is obvious that both models agree with the expental data very closely. However,
there is a major difference in the shape of theagieg portion of the curves at< 500 hours.
This is because the Phani-Bose model consistgpafely exponential decay dependent on time
alone, but the present SPSW model is derived fraonabination of exponential and square-root
decay dependent on time—originating from Eq (8).r&experimental data is needed in the
earlier region, for immersion times less than 5@@irk. This would provide a more refined

determination of the SPSW parameters that couldaugthe model fit at shorter durations.

In terms of mathematical simplicity, the Phani-Basedel has an advantage over the
present model because only two parameters are aegdand R..,), and they are easy to
determine. The SPSW model essentially requiresnspaeametersy, k, M., Ty, &, b, andc).
However, it has an advantage over the Phani-Bos#gemn terms of experimental simplicity,
since the process of obtaining these parametersresqgfewer types of tests and specimens,
relying mostly on thorough characterization of nimis sorption kinetics. For instanaeandRy.
for a given property (UTS, ILSS, CIS) must be dmieed for each temperature and solution of
interest after several immersion durations. Onother hand, moisture parametels k, M.,) can
be obtained for a range of temperatures and sakutad interest at much shorter immersion
durations, andy can be measured using DSC; lastly, the specintens the moisture sorption

tests can be used in mechanical testing to finduaekproperties and determiagb, andc.

Finally, aside from simplicity and apparent accyraihe two models differ in their
fundamental basis and formulation. The phenomemmbgature of the Phani-Bose model,
which is based on damage caused by moisture-indpeBaner relaxation, simply assumes a
mathematical relationship between two phenomenatlaaexponential function describes that

well; many processes in polymer materials can Iserdeed by exponential functions [81, 82,
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88]. Also, the assumption thBf.., exists, below which the strength will not drop &r indefinite
amount of time, is reasonable yet very approximByecomparison, the SPSW model essentially
imposes the same restriction, but in the form ofstooe saturationM.). Unless conditions
change, the moisture content will reach saturatitber some time, and sin€® is controlled by
Ty, which is controlled by(t), it logically follows thatR, will remain at a certain value for an
indefinite amount of time. Thus, the SPSW modeledaly incorporates physical and

thermomechanical mechanisms to impose a realesiciction that the Phani-Bose model lacks.

4.8.3 Empirical Models: Comments and Shortcomings

The most basic method for closely modeling the gkaim mechanical properties over
time for a specific environmental condition is teeubest-fit linear regression to produce a
matching function. Using residual UTS and modulgs aa example, data is fit by linear

functions of the square-root of immersion time anchersion time, respectively:
Ryrs(t) = ayrsVt + 1 (29)

RMod(t) = QApoqt +1 (30)

whereR15(t) and Ryog(t) are the time-dependent residual tensile streagthtensile modulus,
respectivelya s andayog are constants, artdis immersion time. The empirical constants
essentially the property-loss rate, which dependsevironmental conditions and can vary
widely. As seen in Figure 53, the results from tmedel agree very well with this data set;
however, it lacks physical basis for describingrddgtion and its utility for characterization or
prediction is limited to the data set for which vitas constructed. Comparison between

environmental conditions requires further analysisthe constanta, which has little real
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meaning without understanding how it influenceds limpossible for the residual of a material
property to be negative, since the limit is zeret Eqs (29) an (30) can yield negative values
whent is very large. Thus, the inescapable questiorovg to determine the valid range tofor

such simple linear regression models. Rather tharamolating outside the measured data to

make long-term predictions, these empirical moaels be useful for accurate interpolation

within the appropriate data set.
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Figure 53. Empirical best-fit models for (a) residal tensile strength, and (b) residual
tensile modulus.
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CHAPTER 5: CONCLUSIONS

The experimental program in this study was desigiweg@rovide information on two
aspects of CFRP durability in a concrete environtmél) the effects of temperature, alkaline
and alkaline/salt solutions, and pre-loading on mhechanical properties of CFCC, and (2)
effective techniques and analysis methods for m@agu understanding, and predicting
degradation in CFRP. The results indicated that ékperimental approach was executed
properly, without any major outliers or anomaliaad can be considered a valid methodology
for durability testing. Furthermore, a mechanisticdel was developed to predict environmental

degradation and it showed excellent agreementtivélexperimental data.

After an in-depth analysis and discussion of thalifigs in this study, the following

conclusions were made with respect to the thegectves:

» Gravimetric measurements were successfully usedsasple method for characterizing
moisture sorption kinetics for various environmértganditions. A two-stage Fickian
model showed good agreement with the experimeatal @nd moisture sorption kinetics
were thermodynamically described using the Arrhemind van't Hoff equations.

The rate of uptake and saturation values increasttdhigher temperature, and
this effect was identical between the conditionthaut pre-loading (CPS-0 and
CPSSW-0). For specimens pre-loaded to 75% UTS () Stemperature still

influenced the sorption kinetics, but the streshioed morphological changes

showed greater control.
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The epoxy matrix showed no signs of chemical deggrad via hydrolysis or alkali
digestion. Since epoxy lacks ester groups, whiehlargely responsible for hydrolytic

reactions in vinylesters and polyesters, this waeeted.

The penetration of alkalis and chlorides was ewmtfioned by chemical analysis

using EDS, yet chemical attack did not take place.

Plasticization occurred in the epoxy as a consexpien moisture penetration, and was
identified through both mechanical testing and rif@ranalysis. Depression of the glass

transition temperaturdl §) was the most obvious sign of plasticization.

Differential scanning calorimetry (DSC) was a simpkonvenient tool for

measurindly and required very little training or sample pregiam.

Uniaxial tensile properties were barely affectetera000 hours of immersion, even in
the most aggressive environment (CPS-75-60). Tlakes sense, since these properties
are fiber-dominant and the chemically-stable carbibers do not easily degrade from
most environments. Significant losses are not eeplewithout much longer exposure

durations, or much more severe environmental crmmdit

However, tensile properties are essential for pgsséd concrete design and

serviceability, warranting evaluation in this dutiptesting program.

The epoxy matrix and fiber-matrix interface wererensusceptible to degradation—for
both accelerated and real-time conditions—and hioet$eam shear (SBS) and Charpy
impact (Cl) tests proved to be more effective méthef comparing the effects of

environmental conditions.
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The correlation between SBS and CI test resultsodstrated that they both
capture similar information about the deterioratmhdition of CFRP, with
similar sensitivities to environmental effects. tHe ILSS is not specifically

required, CIS can be measured instead using thé moce convenient CI test.

» Microscopic examination of the CFRP using SEM pded a wealth of qualitative data
on the material microstructure, condition after @syre, and failure mechanisms after
testing. This technique helped explain and suppaacroscopic observations made

through mechanical testing and thermal analysis.

Interfacial debonding was found in growing amouotsthe six conditions tested,
in the following order (lowest to highest): CPS-Q-ZPSSW-0-20, CPS-75-20,
CPS-0-60, CPSSW-0-60, and CPS-75-60. Additionaittrix cracking was

present in all except CPS-0-20 and CPSSW-0-20 waaslmost severe in CPS-
75-60. Plasticization was responsible for these$oof damage in all specimens,

and stress effects were a major cause for pre-tb@&&RP.

 Two models were compared for predicting residuegrgjth in CFRP: the relaxation-
based phenomenological Phani-Bose model, and aturmisased mechanistic SPSW
model developed in this study. Both models showrdeléent agreement with the
experimental data available at this time, but thglovalidation was not possible without

residual strength data from immersion durations tean 500 hours.

While the Phani-Bose model is simpler to implemantl requires only two
parameters, the SPSW model has the advantageyoigeln moisture content

alone, without the need to doubly account for uasidemperatures or other
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environmental effects in the mechanical testing.idWwe sorption is the
backbone of the model and specific, observable ipalyand thermomechanical

mechanisms are represented in the formulation.

The influence of temperature, alkaline and alkathiride solutions, and temporary
tensile stress were investigated and their indalidand combined effects were understood
through a methodical experimental program. Furtloeemn the experimental findings were
supported by theories and observations from theymetlics and physical chemistry. Finally, a
new model was developed to predict degradation ethanical properties for CFRP based on

the effects of moisture, which reduces the varmhbkeded for accurate predictions.
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CHAPTER 6: FUTURE WORK

There are two key limitations in this study thabskl be addressed in future work:

1. Longer exposure durations are needed to verifyrigslfrom short-term exposure

results, which will improve accelerated durabiti&gting programs;

2. The effects of sustained tensile stress shouldnblided in the environmental
conditions from this thesis, in order to extend thwerent understanding about

temporary tensile stress (pre-loading) effects.

In the case of durability testing programs employ®d transportation agencies for
evaluating or accepting certain CFRP prestressimgemals, longer exposure durations are
impractical. In fact, reliable short-term exposuneethodologies are essential for these
organizations, since they must feel comfortablénwlite material’s behavior and the laboratory
testing associated with it. On the other hand, exdd and industrial research efforts are very
suitable for long-term studies that could produnecial real-time durability data for validating

and improving accelerated durability testing methadd predictive models.

As noted in Chapter 2, most of the research fouarttie literature about the influence of
sustained stress on environmental durability of FRBcused on one of the following: materials
other than carbon fiber (e.g., GFRP), flexuralsgreather than tensile stress, or very low stress
levels (< 50% UTS). These results are not closelgted to CFRP for prestressed concrete
bridge applications, wherein sustained tensilesse&e of 65-75% UTS are involved. Therefore,
future studies should examine the influence of éigbustained tensile stresses in CFRP to

simulate a prestressed concrete environment malistreally.
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APPENDIX A: ADDITIONAL TEST RESULTS
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Figure 54. Two-stage model parameters for CPS-75 einonments calculated for (a,b)Ea
using Arrhenius equation, and (c,dH s using van't Hoff's equation.
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Figure 55. Two-stage model parameters for CPSSW-Geronments calculated for (a,b)E,
using Arrhenius equation, and (c,dH s using van't Hoff's equation.
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APPENDIX B: ADDITIONAL MODEL RESULTS

100%

98%
%)
|2
-
T 95%
S = CPS-0-20 s CPS-0-60
3 —— Phani-Bose Model =~ ——-SPSW Model
& 93%

90% | \

0 500 1000 1500 2000
Immersion Time (hr)
Figure 56. Model results for predicting residual UTS for CPS-0 conditions.
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Figure 57. Model results for predicting residual UTS for CPS-75 conditions.
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Figure 60. Model results for predicting residual CE for CPS-75 conditions.
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Figure 61. Model results for predicting residual CE for CPSSW-0 conditions.
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