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Durability of Fiberglass Composite Sheet Piles in Water

Abstract

With the advance of composite materials in the pasl 50 years. liber-reintorced

polymer sheet piles are becoming increasingly popular in the marine and \vaterfront

applications. While these materials possess high strength-to-weight ratio and are

corrosion resistant their durability in water has been not \vell studied due to the laek of

historieal data tor these fairly new materials.

The purpose of this research is to establish the absorption characteristics of a

pultruded tiberglass-reinforccd polyester composite tor a sheet pile wall and t111anti(y the

eftect of \vater on long teml mechanieal properties. The tests conducted were water

absorption. tensile strength. tlcxural strength. and freeze/thaw eycling.. An analytical

model was developed to establish the nature of the absorption process and prediction of

the change in meehanical properties.

The results indicated thut the \vater absorption proeess of the mate rial lC..lllowcd Li

conlbination of Fickian diftùsion and polymerie rclaxation. The moistllre saturation was

1. 72~1) for the tlange and 3.11 % for \veb. The absorption proeess modding indicatcd that

saturation would be reached in 4.5 years for tlange and 7 years lor web in tar \Vater. at

room tcmperature. The coefticients of diffusion cakulated \Vere 4.2 10.11
111111

2
/S and 3.0

10-(1 mm2/s respeetively. During the \\later absorption test at 701le and in boiling \Vater. a

nlass loss of the material oecurred. Tensile strength was found to decrease with the

increasc in percentage of water absorbed \Vith no further degradation sccn ancr saturation

\Vas reached. There was a deerease of 60% in the tensile strength at saturation. On the

ather hand. there \vas no noticeable change in the tensile modulus of dasticity during the

water-ageing period. The frceze/thaw cycling test revcaled that there \vere no signiticant

changes in the tensile strength and the modulus after 564 cycles from 4A11C to _17.8
1I

C .
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La Durabilité des Palplanches de Composites

de Fibres de Verre dans l'eau

Résumé

Avec l'avancement des composites dans les dernières 50 années, les palplanches

de polymères renforcés de tibres sont de plus ~n plus populaires dans I~s applications

maritimes et en bordure des eaux. Tandis que c~s matériaux possèdent un facteur

resistance-masse élévé et sont résistants à la corrosion, leur durabilité n'est pas très bien

connue düe au manque de données historiques pour ces nouveaux materiaux.

L'objectif de cette recherche est d'établir les charactéristiques d'absorption d'un

mur de palplanches tirées de polyestère rentorcé de libres de verre d quantitier les effets

à long ternl de l'eau sur les propriétés mechaniques. Les expériences entreprises étaient

["absorption de ["eau. résistances à la traction. à la tlexion. et au gel ct à la rosée. Des

models analytiques ont été développés pour établir la nature du proccédé d- absorption ct

la prédiction du changement des propriétés mechaniques.

Les résultats indiquent que le proccédé d'absorption était une combinaison de la

diffusion Fickienne et la relaxation polymérique. L~ taux de saturation était de 1. 72~t(1

pour le rebord et 3.1 [0/0 pour la palmure. Ces taux seront respectivement atteints à 4.5

ans et 7 ans, dans l'eau de robinet à la température anlbicntc. Les eoéfticicnts de

diffusion eaculés étaient respectivement 4.2 10.6 mm21s et 3.0 10·ll mm2/s. Pendant

[" absorption de 1" eau à 70llC et dans r eau bouillante, une perte de masse s' était produite.

La résistance à la traction dimunuait avec ["augmentation du taux d'absorption, avec

aucune perte après le temps de saturation. Les pertes s' élévaient à 60% au temps de

saturation. Il n'yavait pas de changement notable du module d'~lasticjté durant la

période d"absorption. L"expérience de gel et de rosée a nl0ntré aucun changement

notable de resistance à la traction et du module cl"élasticité après 564 cycles. de 4.4I1C à

I7.811C .
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Chapter 1

Introduction

1.1 TRADITIONAL SHEET PILE SYSTEMS

Sheet pile walls are being used increasingly in the water environment as people

are ciosely interacting with oceans~ lakes. rivers and any body of watcr. as shawn in an

exarnple in Figure 1.1. Whether the application is residential or industrial the watcr

environment has been proven to be severe on this type of structure. This harshncss has

becn a main factor in the decreased durability of the materials that have becn tradilionally

used for this application. Wood~ steel and concrete have becn the muterials of choice

used in the piling industry in the past. But through the years. designers have come to

realizc that. although there are certain advantages in using thesc materials. the drawbacks

they present may be serious enough to outweigh the positive aspects.

Figure 1.1 Composite Sheet Pile Wall in Residential Arca [Pultroncx Corporation 1
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Wood represents a versatile material with high strength-to-weight ratio. Products

made l'rom it can be easily handled and installed. But when timber sheet piles arc

immersed in brackish or saline water. they have to contend with molluscan or crustacean

borers [Tomlinson 1994]. The action of these organisms can be quite destructive. ln

many instances. these borers have decomposed the wood to the extent that large voids

appeared in the material. As a result. the structure can no longer \vithstand the loading

capacity it was designed tor and failure is imminent. Damages of this nature can only be

remedied by the total replacement of the deteriorated member. Timbcr piling

manutacturers have resorted to chemical treatment. such as treatment with creosote. in an

attempt to extend the service Iife of their products. which is the most popular wood

trcatment adopted in the industry. This chemical compound presents a growing

environmental disposai problem and is listed as a toxin by the Environmental Protection

Agcncy. These chemicals may also pose a health risk to installation workcrs and a threat

10 marine lite. particularly when used in large quantities. [lskandcr et al.. 19981

The concrete sheet pile may not offer the tlexibility encountercd in the timbcr

product but it does have the advantage of strength. But its installation is more costly as

concrete has a low strength-to-weight ratio and requires more labor and machinery tor

installation. ln the marine environment. the disintegration of the rdntorccd concrete does

occur and is most severe in the splash zone. The expansive action crcated by the

crystallization of salts and the freezing of water in the pores of the concrcte can cause

spalling. [Tomlinson 1994] This spalling \vill in turn lead to the exposure or steel in case

of reintorccd concrete. The direct actions of water. oxygen. carbon dioxidl.: and chloridc

ions will help accelerate the corrosion process. The devastating nature of corrosion \vill

lead to expansive rust being produced. leading to bursting pressure that nlay cause

spalling of the caver in some an~as.

The mcchanical superiority of steel over the other t\VO matcrials is weil kno\vn.

Also \vell documented is the corrosion phenomenon of steel in the watcr enyirOlll11CnL

Using weathering or galvanized steel or other special treated steel is epensive. Coating

may pose a danger to marine litè and the pollution of the water.

Overall. it is estimated that the deterioration of wood. concrcte. and steel piling

systems costs the U.S. military and civilian marine and waterfront comnulIlities is of the

2



•

•

ord~r of $1 billion annually [USACERL 123 1998]. For eeonomical and ~nvironmcntal

reasons there has been a need to tind an alternative material to the traditional ones tor

piling systems.

1.2 COMPOSITES IN MARINE AND WATERFRONT APPLICATIONS

The use of composite materials dates back more than 50 years. Throughout the

ycars these materials have demonstrated superior capabilities to traditional materials and

have been implemented slowly in different domains. There are a variety of composite

muterials but the ones used in the domain of engineering structures are polymerie matrix

reinforced with fibers. Glass tibers would be the most cornmon choiee of reintorecment.

They have been used in many areas with marine applications incrcasingly gaining

popularity. The aftinity tor these materials stem l'rom the tact that they have a high

strcngth-to-weight ratio and most of aiL their corrosion resistance is superior to that of

the traditional materials.

Marine application of composites is extensive and ranges l'rom transportation.

aircraft to special militaI)' uses. The current specitie marine applications of composites

are: [Davies 19961

• Surtace vessels

• Offshore structures

• Underwater applications

The surtace vessels relate 10 the boat industry. whether it is lor plcasun: boating.

passcnger transport. or nlilitary uses. The high specifie compression properties make

composites attractive tor submersibles and submarines structures. Underwater

applications are sonle of the most demanding tor materials. and proving reliability is

central to the adoption of new concepts. The existing and potential applications in

offshore structures include: [Davies 19961

3



•

•

• Walk\vays. tlooring and ladders

• Tanks and storage vessels

• Shutdown valve protection. blast panels

• Accommodation modules

Composite piling products have been used to a limited degree. or experirnentaIly.

in the United States and Canada for waterfront barriers. fender piles. and bearing piles for

light structures. A composite tender pile was tirst llsed in April 1987 in the Port of Los

Angeles. It \Vas a segmented recycled plastic with steel pipc core. Over the lolll)\ving

few years. several vendors produced a variety of tender piling products made \vith virgin.

recycled. or hybrid composites. The majority of the piles produced by the industry today

have comparable properties to wood products. Most composite piling products arc made

of tiberglass or HOPE with tiberglass reinforcement and additives to impro\'c their

mechanical properties. durability. and ultraviolet protection. [lskander ct al.. 19981

1.3 CHALLENGE FOR COMPOSITES IN WATER

[n marine and waterfront applications. water represents the main aggrcssivc agent

that regulates the life of any structure in these environments. Although composites han:

been llscd in these conditions. they are fairly new materials compared Lo the traditional

ones. For this reason. their long-term performance in \vatcr. as it relates to durability. has

not been truly established. Data have been collected for high performance acrospacc

composites. generally l'rom exposure to varied relative humidities rather than immersion

in \\"ater [Davies 19961. A large database has also becn collectcd for naval applications.

\vith over 20 years of immersion in sorne cases [Gutierrez et al.. 19921. The problcrl1 that

is encountered in trying to establish broad base evaluation criteria of composit~s is that

there are always variations between composites. Conlposites \vith diffcrent mcchanical

and absorption properties could be created from the same componenls d~pending on the

manulacturing process. rcintorcement used. and the lTIethod of incorporation of tibers .
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For this reason. almost every new composite de\'eloped needs to be tcstcd to cstablish a

more accurate database.

5
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Chapter 2

Literature Review

2.1 WATER ABSORPTION OF COMPOSITES

Water absorption of liber composite in humid environment or submcrged in \vater

has been extensively studied over the past two decades. mainly tor aerospace inclustry.

military vessels and surface boat industry. Almost ail of the stuclies arc carricd out on

laminate composites because of the special applications. Eftorts have been made to

inlprove the understanding of the absorption behavior of composites and the durability of

these materials.

The composite can be divided in three phases: the polymer resll1. the liber

reintorccment and the tiber-matrix intertàee. The physical process of water absorption in

composites does not tollo\'~" the same process as in the neat resin. Glass liber

reinforcements are hydrophobie in nature. The moisture mainly diffuses into the

composite through the resin and the interface. The \vater absorption of the neat resin can

usually be modeled by Fickian diffusion. while the composite onen lends itsclf to Li more

complex absorption process. The interface is often responsible tor Li large portion or the

moisture absorption in the composite. [Choqueuse et al.. 1997. Grant ct al.. 1994. Gdlerl.

et al.. 1999 1 The Fickian diffusion is eharacterized by an exponential funclion. whcre the

percentage of absorption at time t depends on the specimen thickness. the diffusion

coctlicient and thc maximum percentage of absorption.

A study conducted by Choqueuse et al. [1997] on the aging of composites in

watcr investigated five laminates immersed in distilled waler at temperatures ranging

l'rom SoC to 6üoC. The different resins used \Vere isophthalic polyester. vinyl ester.

epoxy and PEEK. with fiber contents of 50% to 61 % by wcight. Arter 2 ycars. saturation

6
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\vas not reached under any condition. It was tound that the modeling of the absorption

phenomena lor marine conlposite materials by a single law is not possible.

Sea\vater immersion ageing of laminates tor marine applications \vas studied by

Gdkrt and Turley [1999]. The water uptake behavior of an isophthalic polyester. a

phenolic and two vinylester GRP systems. The corresponding neat resin castings \vere

also studied. The water absorption of the polyester and vinylester laminates appeared to

be affected initially by the suppression from liber barrier cftècts. At a later age.

enhancemcnt l'rom the intertace eftècts govemed the absorption proccss.

The water absorption under load \vas a[so tested by mcans of tlcxural action. The

application of 4 point-bending test on the absorption specimens does not have lll11ch

eftect on the maximum percentage water absorption at saturation fGdler et al.. 1999.

Kasturiarachchi et al.. 19831. However the diffusion coefticicnt did not ttll10w the saille

trend. For polyester. phenolic and two kinds of vinylester GRPs in [oaded absorption

tests. the diffusion coefticient of the polyester and phenolic GRPs increased during the

absorption under mechanical load while that of the two vinylestcr dccreased [Gellert et

al.. 1999 1.
High temperature IS commonly used to accelerate the absorption tests. The

tcmperatures used are in the range from 40uC ta 1DOlIC. A study by (iutierrez ct al.

[19921 indicated that 1000 hours of acce[erated ageing at 70 'lC caused a [oss in llexural

properties similar ta that in 15 years under natural conditions. This is one 0 f n~ry fe\v

exampl~s for which the effect of accelerated ag~ing has been ~xamincd. Howcyer. hOl

\Vater accderation also introduces mass [05S by leaching simultancous[y \Vith water

absorption in some materia[ systems.

The mass loss is charactcrized by an absorption cur"c \Vith il softening type of

response. On th~ plot of p~rcentage water absorbcd vs. time. there appcars tn be a

decrease in the perccntagc of water absorbed alter an initial water uptake. A study

carried out by Bonniau and Bunsell [19811 showed that mass loss occurred in E-g[ass

reintorced bisphenol an epoxy resin with anhydride hardener at 4011C. 60
1l
C and 90

1l
C.

The sanle resin with other types of hardeners exhibited a normal Fickian plateau.

Isophthalic polyester resin was also recognized tor its mass Ioss al high tempcraturc. The

physica[ and mechanical processes \vere described as water uptake. Ieaching of 110n-

7
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bound substances and leaching of hydrolysis products [Abeysinghe et al.. 19821. A

similar behavior was observed in the water absorption of the isophthalic resin at 90"e. in

another study [Apicel1a et al.. 1983 J. The \veight loss \vas likdy caused by the

autocatalytic hydrolysis of the ester groups in the resin.

The type of absorption curves of isophthalic polyester resin and composite at high

temperature does not readily lend itself to a tit by any absorption mode! becausc of the

sofiening type of responsc. The ASTM D 570. \vhich is the standard that deals with the

water absorption of plastics. allows a correction of the percentage \\Oatcr absorbeu when

the mass 1055 is suspected. The mass loss is the difterence between the original dry mass

and the dry mass of the aged specimen.

2.2 EFFECT OF WATER-AGEING ON l\'IECHANICAL PROI)ERTIES OF

COMPOSITES

As the composite is being used in a moist environnlenL the aggressin: action of

water aftects the mechanical properties. The mechanical tests that have been performed

to invcstigate this process range from tension to tlexural to shear tests. In general the

strength of the water-aged composite is lower compared to the strength of the unageu

composite. f\lthough the degradation of mechanical properties may OCCllr at ditTen:nt

rates. the extent of degradation is a fllnction of the water absorbed. When \Vater

saturation is rcached. no fllrther degradation can OCClll" [Gelier et al.. 1999. Pritchard ct

al.. 1987J. fllrthermore. many absorption tests are conducted at ditTen:l1l temperatllrcs.

eithcr to simulate the environment of the material or to pertorm an accclerated absorption

test. The extent of degradation of mechanical properties does not dcpcnd on the

temperaturc of testing but only on the amount of \vater absorbed by the mutcrial. Th~

tenlperature may only regulate how fast the water is being absorbcd. as expressed by the

diffusion cocfticient [Pritchard et al.. 1987]. However. another stlldy showed that high

temperature accderation could also generate strength [oss by fortlling dise shapcd crack.

tiber debonding and delmnination [Apicella et al.. 19831.
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A study \Vas conducted on the use of water absorptian data to predict the laminate

prapcrty changes alter water aging. The composite was a glass-liber reintorced

isophthalic polyester laminate prepared using the hand lay-up method. The stlldy

in"cstigated the tensile strength and modulus and the shear strength of din~rent laminatc

lay-ups. Apprapriate equations ta predict the strength with time. knowing thc saturation

moisture content. \Vere developed. [Pritchard et al.. 19871

The freeze/thaw resistance of saturated composites is a major concern whcne"er

structures have 10 be built in cold climate. The saturated materials arc likcly ta be Illon:

vulnerable to rreeze/thaw damages. especially if they possess a micrastructure that allo\vs

the absorbed \vater ta freeze. In composites. this microstructure relates 10 the matrix and

the tiber/matrix interface. Thcse are locations of probable cracks. The cracks that arc

small at tirst may graw due to variaus external farces. When these cracks form beyond a

certain critical size and density. they coalesce ta torm macroscopic matrix cracks \vhich

tends to increase the diffusion of water in the system. In these [arger openings. \vnter

may be able to freeze. The expansion created. as water freezes to form iee. would lead to

further crack propagation. [DuUa et al.. 1988]

The effect of freeze/thaw cycling on the mechanical prapertics of a materia[ eOlild

be severe and the implication may be castly or evcn disastroliS. Very limited studics have

been conducted in this area. There is no standard test method specially lh:signcd rtlr

polymcr matrix composites. The currcntly used test mcthod is based on ASTrvt C 666

devcloped tor conerete. where the tenlperature is cycled from -17.8 11

(' lo ~ ...fIC. It \Vas

found that the tlexural strength and nlodulus \vere reduced in specimens of isophthalic

polyester and vinylester glass reintorced composites after 300 freezeltha\v cycles in 2%

salted water solution [Gomez ct al.. 19961. But there was no signi ficant rcduction in

tensile strength or modulus of elasticity in vinylester and cpoxy glass rcintorccd

composites after 300 cycles. The degradation that existcd after saturation of the

composite. prior to the start of freeze/thaw test. did Ilot propagatc after 300 cycles

[Haramis et al.. 2000] .
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Chapter 3

Objectives

Water absorption of composites once inlmersed in water degradcs the matrix­

dominatcd properties of these materials. Few long-term data arc aVLlilable on this

degradation and the existing studies have concentrated mainly on laminated composites

tor aerospacc industry and tor ships and submarinc applications. These materials arc

di ffcrent fronl those considered tor the sheet pile wall structural application bath by their

fabrication techniques (pultrusion vs. laminate molding). their constitucnts (material

systems) and their service conditions (Iong-term vs. short-term immersion). thcretore. the

available data are not directly transferable ail composites. Furthermore. none of the

studies was donc \Vith the pultruded shapes. since the commercially available pultrudcd

products arc not designed tor imnlersion applications. Nevertheless. it is recognized lhal

polymerie composites undergo a slo\v dcgradation process \vhen subjectcd Ln physical

and chemical aging due to the moisture uptake. Increased Lcmperatures <.:an accclt:raLe

this process.

3.1 OBJECTIVES OF THE RESEARCH

The objectives of the research reported in this thesis arc to sllldy the \\ater

ahsorption of a pultruded tiberglass polyester composite dcsigned and manufactured fllr

shect pile \Valls in the marine and waterfront applications. to cvaluate the corrcsponding

mcchanical property changes. and to predict the long Leml performance based on short

Lerm experimental data.

10
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SIlIl~),' of Water Absorptioll

The objective of the water absorption tests conducted was to characterize the

moisture diffusion of the new material to be used in the \vet environnlent. The

parameters sought ln this evaluation were the saturation moisturc content of the

conlposite. the diffusion coefticient and the time at which moisture saturation occllrred.

Stlll~.' of Freezeffllaw Cye/illg

The objective of this study \vas ta investigate the effect of freeze/thu\v cych:s on

the mechanical properties of the proposed composite. This din:ctly relates to the

durability of the sheet pile wall made l'rom il.

Pretlietioll ofillee/Iailieu/ Properties

The prediction analysis undertaken on the proposed composite will help asscss the

c\"olution of the degradation of its mechanical properties in the water cll\'ironment and

the long-term performance of the composite.

Tests to he COlI(lueted

The cxperiments that were llndertaken are: (i) water absorption. (i i) freezclthaw

cycling. and (iii) strength loss due to waler absorption and temperature cycling lest. Ali

experinlents \Vere pertormed ta help evaluate the behavior of the composite at ambient

conditions.

The water absorption test \vill help establish the saturation moislurc conlent of the

cOlnpositc and the diffusion coefficient. This test was pertormed in bath accclcrated and

Il



• normal conditions. The latter will glve a truc picture of the water absorption of the

composites under normal conditions. The accelerated water absorption tesL \vill be used

to make long-Lerm prediction of the changes in the mechanical properties of the water­

aged material. Since the water absorption depends on the immersion solution. tap water.

salted water and distilled water will be tested. The effect of tlexural action on the

absorption characteristics will be investigated.

Freeze/thaw test will assess the eftect of temperature cycling on thc mechanical

properties by establishing the eftèct of ageing path with and without tcmperature l:ycles.

on the properties. Moreover. the intluence of the number of temperatllre cycles on these

properties \Vas also studied. The test was conducted by immersion in tap \vater

environment in a freeze/thaw cycling chamber.

The prediction of changes in tensile properties \Vas based on the monitoring the

maximum tensile strength and the modulus of clasticity during the tar \Vater absorption

ageing and the freeze/thaw cycling. Statistical tools tor cur"e litting ,,"cre L1sed in order

to make extrapolation of results. A relationship will be established between the normal

\vater absorption and the one in accelerated conditions. The tensile properties of the

composite al'ter a number of years l'rom now will be established. On the other hand the

temperature cycles was correlated to the change of tensile properties oCl:urring in the

freeze/tha\\' Lest.

Ail experimcnts \vere tocused on the ageing in the tap water. which is a I1Hxkratc

environmcnt between the t\Vo extremes: salted \Vater at the low end and distilled waLer al

the higher end. This choice \vas l11ude to conduct a more consen'ali\'e sllldy on the

composite as the performance of the muterial in salted. \vhich simlilated the seawatcr

environn1ent. \vould be satistied by the results obtained l'rom tap water.

3.2 STRUCTURE OF THE THESIS

•
•

The structure of this thesis is organized as tollows:

Chapter 1 is an introduction to traditional sheet piling systems 111 the \vater

cnvironment and composites

12
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•

Chapter:2 presents the summary of the literature survey.

Chapter 3 lays out the objectives of the research and a brier o\"cn'iew or the tests

to be conducted.

• Chapter 4 presents the experimental program that \Vas t<')lIo\\'cù. inclllding a

description of the proposed composite material tor this research.

• Chapter 5 depicts the moisture diffusion them'y that \Vas used in this research to

protile the absorption process in the composite.

• Chapter 6 presents the results obtained tor the tests conducted in the experimental

program. \Vith a preliminary analysis of the results .

• Chapter 7 tncuses on the prediction orthe mechanical properties in the long term.

• Chapter 8 encompasses discussions of the test results. obscn'ations and analysis

procedures.

• Chapter 9 presents the concillding remarks that emanatc from this rescarch

program.

[3



• Chapter 4

Material and Experimental Program

..J.I ~IATERIAL CHARACTERISTICS

The composite being investigated through this research is a glass-tib~r reinforced

polyester resin. The resin used in the composite system was an isophthalic polyester

resin. Isophthalic polyester resin is produced from the reaction of isophthalic ado with

propylene glycol. This type of polyester resin is characterized by greater strength. heat

resistance. toughness and tlexibility than their ortho cousins. [n isophthalic acids. the

acid groups are separated by one carbon of the benzene ring which increuses the

opportunity to produce polymers with greater linearity and highcr molccular \vcight.

fPcters 19981 The typical properties of the isophthalic polyester llscd arc gi\"en in Tabll:

..L 1.

Table 4.1 Isophthalic Polyester Mechanical Propertics [Peters 19981

1 Propcrtics

1 Tensile Strength. MPa 48.3

1 Tensile modulus. GPa 3.6

Tensile elongation. % 1.)

•

Flexural strength. MPa

Flexural modulus. GPa

[4

104.8

4.27



• For the reintorcement. E-glass and E-CR glass were used. The rovmgs are

composed of E-CR glass tibers and ail mats are of E-glass. Sorne propertics of the glass

libers used arc given in Table 4.2.

Table 4.2 Properties of E-Glass and E-CR Glass Fibers lPcters [998 J

Properties E-Glass E-CR Glass

Tcnsilc strength at 23 11C. MPa 3100 - 3500 3300 - 3800

Modulus of elasticity at 23 11C. GPa 76 - 78 8U - 8 [

Elongation at break. % 4.4 - 4.5 4.5 - 4.9

Sotiening point. lIC 830 - 860 880

The glass liber reintorced polyester composite sheet piles uscd in this stuuy \\'cre

<.Iesigned and manufactured by Pultronex Corporation in Nisku. Alberta. ;\ cross-scction

of the sheet pile is shown in Figure 4.1.

\Veb

PiR
CORRection

Top
fl:mge

\ E~'e

CURRectioR

\..

•
Figure 4.1 Cross-section ofCornposite Sheet Pile Wall Pand
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• The sheet pile panels have an interlocking mechanism to allo\\' lor the tormation

of the wall. The sheet pile panel was tabricated by the pultrusion process as shown in

Figure 4.2. There is a resin tank. which contains a resin bath. bet\veen the material

guides. The libers that are initially wound on drums are pulled throllgh the resin bath.

which already contains a catalyst to help the cure when heat is later applieu. The \vetteu

libers then pass through a long heated die whose cross-section is that of the tinal proe.fuct.

The heat applied to the die helps the last curing of the resin as the wetted tibers are

slowly pulled throllgh il. By the time the tiber/resin cornes out at the other end of the die

complete curing has already taken place. At the other end of the die. the product can

dther be pulled by the friction action of a conveyor belt or by a mechanism of hydraulic

rams. A 1110ving saw is then used to eut the specinlen at the desired Icngth.

Fiber
rack

pulling mechanisms
englged disenglQed

1 ~(

prefonning
guides

Figure ·402 Schenlatic Diagram of Pultrusion Process [Peters 19981.

finished
produd

•

Three parts of the composite sheet pile can be distinguished from the cross­

section of the panel sho\vn in Figure 4.1: the top tlange. the bottom !lange and the t\Va

wcbs. The layer structure and the tiber volunle ratio of the main segments arc given in

Table 4.3. The bottom tlange and the web have the same thickncss of 3.176 mm. \vhile

16
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•

the top tlange has a thickness of 4.699 mm. The composition of these three parts follows

a different order. The bottom tlange and the top tlange have the saille type of

reintorcen1ent but in different percentages. The web also contains an additional layer of

continuous tilament mat (CFM) for the shear resistance. RCrvl stands tor random

choppcd 111at.

Table 4.3 Composition of Sheet Pile Wall Panel Segments

Laycrs
Layer Layer Fiberl :\vg. Fibcrl

Segment
Thickncss (mm) Volume R~ltio Volume Ratio

RCM 0.459 0.257

Top Transverse fibers 0.323 0.450

Flange Rovings 3.135 0.562 0.487

(4.699 mm) Transverse libers 0.323 0.450

RCM 0.459 0.257

RCM 0.427 0.277

Bottom Transverse tibers 0.341 0.426

Flangc Rovings 1.640 0.293 0.317

(3.176 mm) Transverse fi bers 0.341 0.426

RCrvl 0.427 0.277

RCM 0.333 0.355

Transverse libers 0.343 0.424

\Vcb Rovings 0.738 0.491 0.337

(3.176 mm) CFtvl 1.086 0.166

Transverse libers 0.343 0.423

RCM 0.333 0.355

The absorption and mechanical tests were performed only on coupons of

segments of the sheet pile panel due to the difficulty in handling the full sizc panel in

water. The tests were conducted only on the web and the top tlange. Although the

17



• boltonl and the top tlange do not have the same thickness. they have silnilar layout in

temlS of glass tiber reintorcement. The absorption characteristics of th~ boltom tlange

and the top tlange are assumed to be similar. as the interface a very similar. Theretore.

\Vhcnever the ward tlange is encauntered in the fallowing chapters. it refers to the top

tlange.

T\vo types of specimens were used in this study. One \Vas the dog-bone coupon

and the other straight beam specimen. The dog-bone specimens (150x 10 mnl) were

specitied by ASTM D 638M for the test of tensile properties of composites at normal and

accclerated conditions. The straight beam specimens \Vere prepared ttJr ASTN( D 570

absorption test and ASTlVl D 79üM tlexural test. The dimension of 10x200 mnl was

chosen tor the beam specimens according to the ASTM D 790ivl instead of 24.4x76.2

mm according ta ASTM D 570 absorption test. The reason for this choice is that. if the

sanle size specimens were used in bath loaded and unloaded absorption. the size effect

could he minimized in comparison. In addition. the surface areas exposed in \vater in

bath specimens differed only by 30/0. AlI specimens were eut along the longitudinal

direction of the sheet pile panel as shown in Figure 4.1.

4.2 \VATER ABSORPTION TESTS

The basic \\Iater absorption tests \\Iere carried out at room tcmperature (23\'(' ±

:t'C) \vithout the influence of external mechanical load. The absorption pertt)rmance of

the composite \Vas evaluated in tap \'later and salted \vater at 23"e. The tlJrll1cr was to

simulate waterfront applications. while the latter the marine environmcnt. Accclerated

absorption tests \vere perfonned at higher temperatures ta hclp corrdate the water

absorption al the standard temperature to that at accelerated conditions to predict the

long-term pertormance.

The absorption tests were pcrformcd at the tollowing thrce temperaturcs:

•
•
•
•

23" ± 2°e . room temperaturc
40\'C. mediunl accelerated temperature
70"e. rapid accelerated tenlperature

18
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•

For each temperature. absorption in tap \vater and salted \vater for both tlangc and

web specimens was investigated. Three beam specimens for cach \Vere llsed in indi\"idual

test condition to obtain the average. The tap water came directly l'rom the tap. The sahed

\vater was made by a solution of reagent grade sodium chloride obtained by dissolving

sodium chloride pellets in distilled water at a concentration of 35 per thollsand. This \Vas

to simulate the normal sea\vater in the Pacitic Ocean. It is a simplitied solution compared

to the actual sea\vater. \vhich contains about 3% chemicals and organic substances. As

sodium chloride is the most dominant chemical compound. this simplification is

reasonable tor ail purposes.

The sample preparation was done by coating ail the eut edges of the specimens

\vith a t\vo-part Flexolith epoxy resin. This procedure would diminatc the edge encct on

absorption. The t\Vo faces of each specimen \vere tirst covered \Vith tape to avoid any

cpux)" glue residues on the surfaces. The two-part epoxy \vas then mixed and a tirst coat

was applied to the edges orthe specimens. The beam strips were allowed to dry in the air

for 24 hours and a second epoxy coating \Vas then applied. Aftcr Lmother 24 hOllrs of

drying in the air. the tape was removed l'rom the faces of the specimens. A paper to,ver

dipped in a liule bit of acetone \Vas used to remove any remaining tapc resiuuc on the

surfaces of the specimen. The specin1ens were then ready to be conditioned.

The water absorption test tollowed the procedures speci lied hy ASTrvl D 570

standard. The initial conditioning \Vas in an oven for 24 hOllrs at scte :::: 3"C. The

specimens \Vere then cooled in a desiccator. and illlmediatdy weighed to thl: nearest

0.001 g. This was the initial dry mass. as the retèrencc for the tollo\ving absorption tests.

The specimens \vcre then put in their respective test environments. which have ah-eady

been stabilizcd prior ta the immersion of the specimen_ A rectanglliar microwa"e plastic

container with a scaling top [id \Vas assigned ta each group of specimens at dillcrcnt test

conditions. While the samples \Vere bcing conditioned in the solutions. they \vere already

put in the containers at the respective temperatures. The specimens \Vere placed on racks

such as the one sho\vn in Figure 4.3. They \Vere arranged in the microwLl\'e plastic

containers in such a \vay that the absorption faces were free and not touching the sides of

the plastic containers. Figure 4.4 shows the set-up in the oven tor high tcmperature tests .
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•

Figure 4.3 Specimen Arrangement tor Water Absorption T~st

• Figure 4.4 Set-up for Water Absorption Test at High Temperature
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• The procedure adopted to take rearlings was as tollowing: a sp~cimen \vas pulled

out of ils test environment. For test at 23 l'C. the specimen was surtace-dried by a paper

tO\veI on each side and weighed within 15 seconds. The specimen \Vas then replaced in

its test environmcnt. For tests at 40l'C and 701lC. the specimens wert: taken from the oven

and then placed in water at 23°C to allow them to cool dow'n tor 15 minutes. After

surface drying. the wet mass was measured. The readings were taken at different Lime

intervals. daily at the beginning of the test to every two \veeks or longer at the end of the

test. The percentage water absorbed was calculated according Lo the following equation:

%J! = IOO(Al...., - A("I/d)
J\;/l,lI/.I

where

%:'v/ = percentage water absorbed

l/ul" = \vet mass after immersion in \vater at a certain age. g

.'vIcflttd = conditioned mass (initial dry mass). g

(4.1 )

•

Another set of short-term water absorption test \vas al50 pertormed to determine

the absorption of the composite in distilled water after 2 hours and 24 hours. This is

specitied by the ASTM standard D 570. These values are commonly presented as a

comparison of absorption capacity for different polymerie materials. Thc tcst was

pertormed again on the tlange and \veb specimens \Vith a size of 76mm by 2501111 at 23"('

and boiling distilled \vater. The specimens were coated and conditioned as was donc

beltlre. [-'or the test at 23l'C three specimens of each top tlange and the wcb \vcre rlaced

on a rack and inlmersed in the \Vater container as before. For th~ boiling test. six

specimens of each tlange and web were placed on a rack and then placed in a vesscl on a

hot plate to keep the distilled water boiling. For the absorption readings aner 2 hours.

three specimens of each \Vere taken from the boiling water and cooled ft)r 15 minutes in

distilled \Vater at room tcmperature betore weighing. These specilllens \vere not returned

to the boiling water. Another set of new specinlens was used tor the absorption readillg

at 24 hours. For the water absorption at 23 l'C. thc procedure followcd for the rcading did

Ilot involve a waiting period of 15 minutes.
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• 4.3 MASS LOSS CORRECTION TEST FOR ABSORPTION AT 23 ltC AND

70nC

•

As \Vas reported in some previous studies. polyester has the tendency to cxhibit

mass loss during water absorption tests at high temperature [Choqueuse et al.. 1997.

Apicella et al.. 1983]. Although the polyester matrix composite shect pile is not

dc\'t~loped lor high temperature applications. it is still important to kno\v if saturation has

occurred in the accelerated tests. despite a decline of the perccntagc of water absorbcd

with respect to time. Theretore. it is necessary to carry out the mass loss correction tests.

ASTM D 570 has a provision lor the correction of the mass loss. The specimen

suspectcd of water-soluble ingredients shaH be rcconditioned lor the same time and at the

same temperature as used in the original conditioning. The difrerence bctween the

reconditioned and conditioned weight shall be considered as watcr-solllbie matter lost

dllring the immersion test. The water absorption shaH be calclliated as the Sllnl of the

increase in weight and the weight of the water-soluble matter. For the water absorption

test at 7011C with clear sign of mass loss. correction of the mass loss \vas made only at the

time \vhen tension tests were conducted so that strength loss. if any. could be rclated to

the wnter absorption in an accelerated test. Notice that the mass loss correction \vas only

made lor specimens in tap watcr at 7011C.

For mass loss correction. 24 beam specimens of 200mm by 10mm dimensions

\Vere Llscd. Of these specimens. 11 \Vere cut l'rom the web and the 12 rrom the top tlange.

Three beams of each web and top tlange were used to determine the mass loss cvery timc

a tension test was pcrfonned to evaluate the aged materials.

The specimens \vere edge-coated and conditioned the same way as described in

the water absorption test. They were immersed in tap water at 70lle together with the

specimens lor the mechanical tests. At selected dates. the specimens \Vere rel1lo\'cd l'rom

the oven and weighed to obtain the wet mass. J/II l'f. The SaIne specimens were then oven­

dricd for 24 hours at 50 ± 311C lor reconditioning them. The mass of the rcconditioncd

dry specimens. or the new conditioned mass. i\4cmItJ!' was measured aner the specimens

\Vere cooled down in a desiccator. The mass loss was calculatcd according to the

following equation:
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\vhere

%Al = 100 *(A1u lI/tl2 - AtI Olml )

I.ou ,~I
'11".1

= percentage nlass loss

= conditioned mass (initial dry mass). g

= new conditioned mass (after reconditioning). g

(.1.2)

1f the reconditioned mass. i'vlCIJJI"~. is smaller than the initial ury rnass. '\/"<1,,'/' the

%'\/'.IJ.u \vill be negative. indicating a 105s has occurred. 1f therc is no mass loss. ';;I.HI.<lü·

will be equal to zero. The corrected percentage water absorbed. %.\1('. is givcn by

equution 4.3.

100(Al ll ", + (A(olltl - ;'v("",/~) - ;\rf,'I/It1)%A"(. = --------""---------
.'vl, 1111"

( ,H - I\,[) ( -'vI - \1 )=100' Il,'' . '""" -100' Ul/ld~ • ,""d

•'vi .\1"lIId ,,,,,d

(4.3)

•

The sanlC nlass loss correction \Vas also pcrtormed on the absorption tllr 2-hol1r

and 24-hour boiling water tests.



•

•

4.4 BOILING DISTILLED WATER TESTS FOR SATURATION

The boiling distilled water tests were pertormed to examine the moisture

saturation and the corresponding maximum percentage of absorption at saturation. The

test \vas based on the ASTM Standard 0 570.

The dimensions of the specimens were 76mm by 25 nlm. The sample preparation

and procedure for taking reading was the same as that described in Section 4.2 lor the

short-term boiling water test except that the specimens were not coated to allow fast

absorption. Thrce specimens tor each tlange and web \vere Llseu to mensure the

percentagc of absorption in boiling distilled \vater. Every 3 to 4 days. together \Vith the

percent absorption measurements. correction tor mass loss was undertakcn. Tv,;cnty-tour

extra specilnens of the same dimensions tor each tlange and \veb \ven.: immersed in the

sanle boiling \Vater. Eight corrections were performed with three samples. avcraged for

one reading. The ASTM Standard D 570 criterion was tollo\ved to determine the

saturation. 1f the increase in weight using three consecutive weigh averages is [css than

[% of the total increase in weight or 5mg. whichever is greater. the specimen shall be

considered substantially saturated.

Six tension specimens. three tor each tlange and web. \Vere a[so inlmcrseù in

boiling \vatcr. ut the same time. the process was acce[erated for saturation. Thcse six

specimens had already been in hot water at 701lC tor 73 days. They \\"cre Llscd lor the

mechanical property tests at saturation ta examine if the strength [oss of the composite

stopped aner specimen saturation was attained.

4.5 TEST OF WATER ABSORPTION UNDER LOAO

The water absorption test under load was designed to investigale the absorption

characteristics or the material under the action of external mechanical load. Tluee-point

bending tests \Vere adopted according la the ASTM Standard D 790M.
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•

Ta evaluate the tlexural strength of the polyester/glass conlposites In the dry

condition as reterence. beams of section 100mm by IOmm were tested in a three-point

bending setup (Figure 4.5) with a span of 160 mm ta assure a span to depth ratio (L/d) of

32 or larger. The tests \vere carried out using an MTS machine with a 150-kN capacity.

with an LVOT ta measure the deflection at mid-point. Five beams were testcd tor each

tlange and web.

J...~._'.,
...--......~ .-... ~.''!"
J. __

Figure 4.5 Flexural Strength Test Setup

The values of the flexural strength were used to determine the load at 250/0 of the

ultimate tlexural strength to be applied ta the waler absorption tests under load. Twenty­

tive percent was chosen because it is the design load in the CUITent sheet pile wall design.

Six beam specimens of 200mm by IOmm section were prepared from bath the

web and the tlange. The specimens were placed under the following conditions:
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• • 3 web beams in tap water at 23°C

• 3web beams in tap water at 70°C

• 3 tlange beams in tap water at 23°C

• 3 tlange beams in tap water at 70°C

Four sets oftesting setups were fabricated to perform the loaded absorption test at

the same time. The setup is sho\vn in Figure 4.6. The size and geometry of the

specimens for loaded absorption tests are the same as that used in the water absorption

without load so that the comparison can be made without any size effect being involved.

.. ~

•
Figure 4.6 \Vater Absorption under Load Setup
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•

The apparatus \vas made out of steel. The clear span in the specimen slot was

160nlm. The setup was coated with an anti-rust paint to provide sorne protection against

corrosion of the steel in the water environment. Grease was applied to the guiding rods

to minimize the friction between the loading plates and the rods. This ensured that the

full transfer of load ta the specimens took place. When needed. weight \vas added ta the

loarling plates ta satisfy the 250/0 ultimate capacity load requirement.

The specimens were initially conditioned as described in Section 4.2. They \vere

then placed in the specimen slots of the setups while separating the web beams from the

tlange beams as required by the different test conditions. Once the specimens \vere in

place. the loading plate was positioned while ensuring that the loading noses are pertèctly

levd and perpendicular ta the specimens longitudinal direction. The loading plate had

three separate loading noses. for each specimen in the slot. that could be adj usted in terms

of hcight and angle. The setups \Vere then placed in two strong plastic containers. one for

room temperature and the other for 70uC experiments. \Vater was poured into the

container ta a level above the loading nases but below the base of the loading plate. For

the test at 7011C. the water added was preheated to 70°C. Readings of water absorption

\vere performed in the same way as was done tor the water absorption without load.

-1.6 TENSILE TESTS FOR ~IECHANICALPROPERTIES

Tensile tests were pertormed to evaluate the tensile properties of the composite

materials in different environments at different ageing stages. This evaluation examines

the effect of environmental exposure on the ultimate tensile strength and the tensile

modulus of the composite.

The reference tensile tests were conducted on the composites as received at room

temperaturc and in dry condition. Five tests were averaged tor cach \vch and flange. For

the aged specimens. each test was pertormed with three specimens for typical cxposure

condition. Ali tensile specimens were cut in the longitudinal direction of the sheet pile

and the dog-bone shape was machined according to the ASTM Standard D 638 .
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The tensile tests of aged specimens were conducted only for the absorption in tap

water at both 23°C and 7üoC. The specimens were immersed in water at the same time as

the other specimens for absorption tests.

The test was pertormed using the MTS machine. with a loading rate of 1.75

mnl/min. An extensiometer with a gage length of 25.4 mm \Vas used to measure the

elongation and the strain. Figure 4.7 shows the set up tor the tensile test. The test

procedure \vas as tollowing: the coupons were removed l'rom the water. surtace-dried.

weighed to tind the percentage of water absorption. and tested immediately as wet

sample. to simulate the field condition. For coupons immersed in water at 7üoC. the mass

loss was corrected in the same day of tensile tests.

Figure 4.7 Tensile Strength Test Setup
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4.7 FREEZEffHAW TEST

The specimens used tor the freeze/thaw test were originally immersed in tap water

at 7üllC in an attempt to achieve saturation. The dog-bone specimens \Vere machined

according to the ASTM Standard 0 638. and would be used later tor tensile tests to

investigate the freeze/thaw resistance of the saturated composites. Six specimens of each

web and tlange were used in the freeze/thaw test.

With the mass 10ss corrected and the point of saturation on absorption curvcs

determined~ the specimens were cooled down in water at 23°C and then placed in the

freeze/thaw chamber as shown in Figure 4.8.

Figure 4.8 Freeze/Thaw Chamber Setup
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The freeze/thaw test was pertormed according ta the ASTM Standard e 666. \vith

a freeze/thaw cycle l'rom 4.411C to -17.8°C tollowed by a hold at -17.8°e and a ramp up

to 4.411e tollowed by a hold. The cycle rate \Vas about 2-3 hours per cycle. Sinee

polymerie materials usually have better resistance ta freeze/thaw damage than eoncrete.

materiaL the performance evaluation by the tensile test were pertormed tor 310 and 564

cycles. In each test. three specimens \Vere tested and averaged. The sampJes were also

tested wet.

4.8 SPECIMEN DESIGNATION

The specimens \Vere given names according to the exposure conditions and the

type of test that was performed.

For the water absorption tests. the specimens have the designation in the torm

T23F. The first letter refers to the liquid environment: T tor tap water. S for salted \Vater

and D for distilled water. The middle number refers to the test temperaturc: 13. 40. 70 or

1OOlIC. The Jast letter rcters to the type of specimen: F for the tlange and W tor the web.

The specimens in the water absorption test under 3-point bending load have an additional

"B" at the end. T70WB would denote a web specimen used in tap \vater at 70tle under 3­

point bending. Whenever the small letter "u" is placed at the end of the specimen's name.

it rcters to an uncoated specimen. OtheI"\vise. they are ail edge-coated by epoxy.
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• Chapter 5

Absorption Theory

5.1 THEORY

rvloisturc absorption of a polymerie material is described as the process of the

diffusion that involves migration of the small water molecules into the pre-existing or

dynamically formed spaces between polymer chains. (Crank 19751. This process is

go\·erned by Fick' s second law of diffusion (Equation S.I).

where

C = moisture concentration in composite

= time

D: = mass diffusivity along z direction

(5.1 )

The distribution of moisture through the thickness of a thin conlpositc plate.

which is exposed to an environment of moisture concentration C", is sho\vn in Figure S.I

Equation 5.1 is solved subject to the tollowing initial and boundary conditions:

•
c = c,

C = CIII

()<=<!t

==O:==h
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Figure 5.1 Moisturc Distribution through a Plate.

The solution ta the differential equation is given by cquation 5.2 [Gibson 1994.

Cai et al.. 1994. Shen et al.. 19761.

whcre

c -c,

CIII - CI

1 4~ 1 . (2j+I)/C [(2i+I)."!'T."!D_']= - - L- sm exp _. , -
ii 1=0 (2j + 1) h h-

(5.2)

•

CI = the initial moisture concentration

Cm = the maximum moisture concentration at the surtàce of the mutcriai. (cm is

related to moisture content of the environment. Ca (Figure 5.1 ))

h = normal thickness. in the direction of diffusion

The total moisture concentration averaged over the thickness. c. is given by:

-'-~'f" - }/7-(' -' {1_~~~-(2j+lfIT."!(DJ/h~)]]. (c.3)(- (.(_.'(_-L/II '-, "L- (., +(./....,
Il Il Jr - 1:0 2j + 1)-

...,
.J_



• Since the weight percentage of moisture absorbed. %1\11. is the quantity that is

normally measured. and the average concentration. c. is linearly related to %A/. equation

5.3 can be written as:

(5.4)

where

%.\-1 = wcight percentage of moisture absorbed. %

%,\1111 = maximum weight percentage of moisture absorbcd (at saturation). Il/!)

% JI, = initial weight percentage of moisturc in the material. 0/0

(j = moistllrc weight gain as a function of time

The diffusion process governed by equation 5.4 is called Fickian diffusion. [fthe

initial weight percentage of moisture in the material is zero (%A/, == 0). i.e. a dry materiaI.

equation 5.4 can be written as:

[ [ ]'() _ 0 8 T. 1 . D;' ~ Î ~
% JI iJ - Yo J;f TC J 1- ~I.., exp - -~- IT (_11 + 1) J

IT II=() (_n + 1) h

where

%.\fa = Fickian absorption at time t

'Ud{ .. ,.- = maxin1un1 Fickian absorption at saturation. 0/0

(5.5)

•
Equation 5.5 is plotted in Figure 5.2 \Vith percent absorption vs. (days)I/:!.

Obviously. there exists a plateau at which the absorption curve becomes horizontal and

saturation is achicved.
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•
ln many cases. absorption of material does not follow the Fickian l:quation. The

absorption curves do not have an apparent plateau. Instead. a continuous increuse in

absorption is observcd after the rickian saturation is reached. This happcns l:spccially

whcn the ubsorbed moisture causes swelling of the polymer [Bcrens and Hoptenberg.

19771. Swelling of the polymer involves larger scale segmental motion rcsulting in an

increased distance of separation between the polymer molecules. This proeess is ealled

relaxation. The relaxation process due to absorption is deseribed by the following

difterential equation [Berens et al.. 1977]:

(5.6)

where

%J/t.I~ = absorption due to relaxation at time 1. 0/0

k = relaxation rate constant

%.\/. .. /( = nluxÏ1num absorption due to relaxation. %

Integration orthe equation 5.6 leads to the tollowing solution:

(5.7)

The plot of equation 5.7 is also shown in Figure 5.2.

Berens and Hoptenberg [1977] proposed an absorption modd for glass)" polymcrs

as the linear superposition of independent contributions froln Fickian diffusion and

polymcrie relaxation. The total amount of absorption at the time t. %lVl t• may be

expresscd as:

•
(5.8)
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• Substituting equations 5.5 and 5.7 into equation 5.8 glves the general equation

governing the absorption process involving a combination of fickian Jiftùsion and

polYllleric relaxation.

20 ,....-----------------------------------,
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~

c
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0 10en
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i
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diffusion •
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due to polymene
relaxatIOn
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Time, sq. rt.(days)

40 50

•

Figure 5.2 Theoretical Absorption Curvcs Due to Fickian Diffusion and

Polymerie Relaxation

Equation 5.9 is plotted in Figure 5.2 as linear superposition of equation 5.5 and

5.7. The linear portion of the total absorption is almost idcntical to that of Fickian

absorption unlil the Fickian eurve starts to bend over. indicating thal eftccl of relaxation

on the initial Fiekian absorption is not signiticant. The second part of the combincd

absorption starts at about the maximum Fiekian absorption. when the diffusion rate is

substantially decreased and the contribution of the polymerie relaxation to the absorption
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• is increasing steadily. The tinal saturation at equilibrium. %J\lr. is represented by the sum

of the nla.ximum Fickian absorption. %Al.r.F. and the ma.xinlum relaxation absorption.

% 1\11. = % 1\;{ + % JI
:r; r..f· T:.U (5.10)

•

It is noted that the point at \vhich the Fickian diffusion and the relaxation reach

their maximum is a characteristic of the material. In Figure 5.2 they happened to be close

to each other.

5.2 PREDICTION OF ADSORPTION DY CURVE FITTING

Equation 5.9 is used to perform the curve titting of the experinlental data

corrected l'rom the absorption tests. The purpose of the curve titting is to dcvelop an

analytical equation ta predict the long-term absorption performance of the conlposite

based on a short-term experinlent.

To use equation 5.9. the t\VO parameters. the maximum Fickian absorption.

%.H r: /-. and the maximum absorption due to relaxation. 0/0 Alr.R. necd to be determined

tirst from the absorption tests. Based on the discussion of Figure 5.2. the maximum

Fickian absorption is approximated by the linear proportional limit of the absorption data.

at \vhich point the curve starts to bend over. The overall water llptake at final saturation

of the composite. %J\tlr. is determined using the accclerated test at 70lle and 1DOlIC.

Sinec absorption at saturation of a composite is a material constant. %dI r obtained l'rom

accclerated tests can be therefore used in equation 5.1 () to compute the maximum

absorption due to relaxation. %}v!r.R. With the t\Vo parameters. %,\1r.F and %:\l ,..R. givcn.

the curvc titting of the experimental data by equation 5.9 will determine the other t\Va

paramcters. the diffusivity D= and the relaxation rate. k.
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• It is noticcd that the Fickian diffusion. as givcn by equation 5.5. is represented by

a series. Only the tirst teml of this series \vas used in the curve titting. Equation 5.9 is

thus simplit1ed to:

. D.I ) 0" - Iltor -~ > ( . .) (~. )
Ir

The validity of the approximation is examined by plotting both cquations 5.9 and

5.1 1 in Figure 5.3. With the same tour parameters. equution 5.11 \Vith only the tirst term

is identieal to equation 5.9 \vith a Fiekian series when %1'v11%JIJ:F > 0.5. It is equivalent

to the condition when D://h: 2: 0.05. At early age Fickian absorption when %~H/%i~1d· <

0.5 or D://h: < 0.05. equation 5.11 is dinèrent l'rom equation 5.9. Sinee the eurve titting

is to prediet long-term absorption behavior. equation 5.11 seems suitable f(Jr the purpose.

but oftèrs great ease in mathematical operation. Then. Equation 5.9 is used to plot the

modcled curves. as the diffusivity and saturation moistures remain constant.

When %AII%1'v1xI < 0.5 or D://h! < 0.05. the linear portion of the absorption

cur\"e can be modeled by the tollowing equation:

F D.I 00". or -~- < . ,)
12-

(5.12)

•

Equation 5.12 is also plotted in Figure 5.3 \Vith %i'vfr.F vs. (days)L2. il is a straight

line. By adopting the same parameters. %1'v1 J:.F and D:. as used in eqllution 5.9. the

straight line overlaps on the lineur portion of the plot of the absorption equation 5.9. This

implics that the initial Fickian absorption behavior can be represented by equation 5.12.

As commonly used in Fickian absorption analysis. equation 5.12 can be uscd to

estimate the diffusivity. D:. of the material. Since the slope of the straight line by

~qllation 5.12 in Figure 5.3 can be measurcd experimentally. The fC.1llo\ving cquulion

determines the diffusivity. D:. orthe material in units of(timcr I/
2

:
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Figure 5.3 Theoretical Curves of Absorption tvlodcl

The parameters used to plot the three curves shawn In Figun: 5.3 arc the

following:

==

h

k

4.699 mm

3.8 :..:1 O,x/s

%.\/:rl-" == 0.870/0

%J/rR == 0.85 0/0

•
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Chapter 6

Experimental Results

6.1 WATER ABSORPTION TESTS

6.1.1 Absorption Test in Tap and Saltcd Waters at 23°C, -IOuC and 70°C

The water absorption tests for the tlange and the web \vere perfornled at differcnt

temperaturcs in tap water and in salted water. The purpose of this study \Vas to ~xamine

the durability of composite in water at ambient temperature by focusing on tap water at

the room temperalure. High temperature was used to accelerate the absorption process to

achievc saturation in a short Lime period.

The results obtained l'rom the tap and salted water absorption at 23°C arc shawn

in Figure 6.1. The absorption data reported herein are collectcd up to 260 days. althollgh

the t~sts are still running. Four sets of data are p[otted together. with tlanges or webs

immcrsed in cithcr tap watcr (T23F. T23W) or salted \vater (S23F. S23\V). ft \Vas

observed that pcrccntage absorption in tap water was highcr than that in saltcd wat~r lOf

both tlange and \veb. although the initial absorption rates. representcd by the stope of the

Iinear portion. were very close for the same exposure condition. This implies that

absorption of composite in low concentration tap water was more severe than that in high

concentration salted water. Therefore. the stlldy of absorption in tap \vater \Vas more

rcpresentative of the different environments.
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Figure 6.1 Absorption Curves in Tap and 5alted Waters at 23 11C

It was also observed in Figure 6.1 that the web exhibitl:d higher pcrccntages of

water absorption compared \Vith the tlange in bath tap water and salled water exposure

conditions. This could be attributed ta t\Vo composite paraIneters. the thickness and the

fibcr volume ratio. The web had a thickness of 3.2 mm. \vhile the 11ange had a thickness

of 4.7 mm. Thin specimens usually absorbed more water and at a faster rate than the

thick ones. This was represented by the steeper slope and the higher pcrcent absorption

value tor the web (T23 W. 523 W) in Figure 6.1. The low fiber volumc ratio or higher

resin ratio in web specimen (sec Table 4.3) also contributcd ta the higher absorption.

[t was interesting to notice that. up ta 260 days in water at 23°C. the absorption

curves Were still ascending. and no sign of saturation was obscrvcd. The non-Fickian

behavior was apparent. The increase of water absorption after the linear proportianal

limit \Vas likcly due ta the polymerie relaxation.
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Absorption curves for tap water and saIted water at 40"(' are prcscnted in Figure

6.2. The data were collected up to 137 days. Since a tempcrature of 4011
(' is not high

enough. the non-Fickian absorption resembIed that observed at 23"C.

Similar trends observed at 23°(' were seen here. The percentage of \valer

absorbed in tap water \Vas higher than that in salted water. But unIike in the test at 23°('.

the trend \Vas maintained from the start of the test. Here again the weh displays highcr

moisture absorption than the tlange. Looking at the initial sIopes of the absorption

curn:s. the tap water condition presented slightly higher sIopes than the salted watcr

condition.
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Fi~urc 6.2 Absorption Curves in Tap and Saited Waters at 4()"C

The bchavior of the absorption of the saille composite at 7011
(' was quite di ffen.:nt

from \vhat had becn observed at 2Jl C and 40°('. Figure 6.3 shows the absorption curves

at 7011e.
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•

The results indicate that there was initially an incrcasc in the calculatcd

percentage water absorbed. tollowed by a steady decrease in the \'alllcs. This continued

furthcr to a point where the percentage of water absorbed was negatin~. lt indicated that

the specimens agcd in \vater at 7011e aftef a certain time period weighcd less than thdr

respective initial conditioned masses. This behavior \vas obseryed in hoth the web and

the tlange. and in bath tap and salted waters (Figure 6.3). For the salnc typc of

specin1ens. either the Bange or the \veb. the curves tor tap water and sahed \vater were

very close ta each other. This suggested that the process that took place \vas more

tcmperature dependent than solution dependent. [t was concluded that significant mi.lSS

loss occurred in this polyester composite aged in water at 7011e. Similar phenomenon

\Vas observcd by ather rescarchers with dinèrent material systems.

To understand the cause of the mass loss. the effcct of cpoxy coatings along the

specimen edge were tirst exan1ined by comparing the absorption curvcs with those
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obtained \Vith uncoated specimens. Figure 6.4 shows the absorption cur\'~s of the coated

versus uncoated web specimens in tap \vater at 701lC.
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Figure 6.4 Absorption Curves in Tap Water ofCoated

and Uncoated \Veb Specimens at 7ÜllC

The uncoated \,,:eb (T70Wu) also experienced similar mass loss. as c1id the coatccl

specimen (T70W). The two curves showed the rate of mass loss \vas vcry sinlilar in bath

coated and uncoated specimens \Vith the latter displaying a slightly tastcr ratc. As \Vas

expected. the uncoated web specimens had higher percentagc of \vater absorption than

the coatcd web. This discrepancy was probably due to the condition of the edgcs of the

specimens. The uncoated edges allowed tor increased moisture ingress at a given time

compared to the sealed edges. lcading to higher water absorption. This generaJ trend was

aJso observed in tap water at 2311C and 401lC as shawn in Figure 6.5 and 6.6. SaIted \vater

conditions also exhibited the same trend.

Thcre \Vas no signitieant mass loss oeeurring in absorption specimens at 2311C and

401lC. In arder to eorrelate the aece1erated tests at 7üoC to that at 23 11C. it is ncccssary to

correct the mass Joss and determine the truc water absorption at a certain time.
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6.1.2 Mass Loss Correction ofTap Water absorption al 70"e

Mass loss correction tor the composite tlange and web aged in tap watcr at 701lC

was carried out only in tap water. because tap water proved to be more aggressivc than

the salted water in water absorption of the composite. The ASTfvl Standard D 570

provides a way to adjust the percentage of water absorbed for the mass loss. to detennine

the true water absorption. ft is expressed by equation 4.3. The true absorption is equal to

the perccntage of absorption minus the percentage of mass loss. if pen:ent mass loss is

ahvays negative. MaS5 los5 corrections of specimens for absorption \vere pertormed at 28.

107. 192 and 260 days to coïncide with the time when tension tests \Vcre performed on

the agcd specimens. [n this way. the change in mechanical propcrties Cl1uld be corrclated

to the truc percentage of water absorbed. The results obtained l'rom this test are sho\vn in

Table 6.1. Each reading was an average of three readings. The mean mass loss at 70l'C

(%Ahos.\·) and the corrected absorption (%A-Ie·) are also plotted together with the absorption

curvcs at 701lC in Figure 6.7.

Table 6.1 ivlass Loss Corrected tOI' Specinlens in Water Absorption Test at 7()"C

Aged
%111 %JWLfJoo;.o; %i~lc

Specimen

T70F

28 Days 0.92 -0.23 1.15

107 Days 0.37 -1.50 1.87

192 Days -0.08 -1.72 1.64

260 Days -0.67 -2.33 1.66

T70W

18 Days 1.15 -0.65 1.8U

107 Days 0.30 -2.77 3.07

192 Days -0.05 -3.16 3.11

260 Days -0.99 -4.10 3.11
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Figure 6.7 Mass Loss Correction for Tap Water Absorption at 70' le

The web still displayed a higher absorption than the tlange aller the correction.

Since the correction \vas made only at 4 days when the tension tests were scheduled. the

points representing the corrected absorption could not be connected to obtain an entircIy

corrected absorption curve. The purposc of this test \Vas to investigate if the saturation

\Vas achieved. figure 6.7 demonstrates that saturation seenlS to have been n.:ached at

3.lllYo for the \veb and 1. 72% lor the tlange. l. 720/0 is the average of the absorption

rearlings of the last tension test at 107. 192 and 260 days

In the water absorption tests at 2J1C and 4DoC. the apparent saturation was not

reached. It seems possible to accelerate the test to saturation at 700 e. It is noted that the

maximum \'later absorption at saturation. in a given water environmenl. is a material

property. \vhich is independent of the test temperature [Pritchard et al.. 19871. lligh

tempcrature can shorten the time to reach saturation and incrcasc the di l'fusion rale.

Ho\vever. it does not change the maximum absorption at saturation. Therelore. the

nlaxinlum percentage of water absorbed should be the same tor the sarne malerial at any

test temperature. Evidently. the lower the test temperature the longer it \vill lake to

reach the point of saturation.
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6.1.3 Boiling Water Absorption Test for Saturation

To further verity the percentage of water absorption at saturation. boiling water

tests were conducted. It tollowed the ASTM Standard D 570 standard lor 24-hour

boiling water absorption test \vith an extension to more than two \vceks to examine the

point of saturation and the maximum absorption tor the given composite material. This

would also be used to double check the values obtained from the test at 70~IC in tap \vater.

h should be pointed out that the test was done in the most severe environment: boiling

distilled water at IOO(lC. with uncoated cut-edge specimens. Mass 105S was observed

again and correction was implemented accordingly. The results obtained are prcsentcd in

Figures 6.8 and 6.9 tor the tlange and the web respectively. The tabulated rcsults are

shown in Appendix c.
The percentage mass loss of the web \vas higher than that of the tlange. The

saturation moisture absorption of the web was higher than that of the tlange \Vith a value

of 1.740/0 tor the tormer and 3.140/0 tor the latter. These values are slightly diftèrent l'rom

the ones obtained at 7œ'C in tap water. The aggressive distilled \vater used in the test

might be the cause for this discrepancy. Tap \vater and distillcd \valer do not have

exactly the same density or viscosity. Distilled water. which bas a lowcr density and

viscosity. may be able ta penetrate pores of smaller size than tap water. Therctorc the

moisture saturation by distilled \vater would be higher than that by tap water and \Vas

obscrved here.
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• 6.1'" \Vatcr Absorption under Three-Point Flexural Load

The ~ffect of three-point tlexural action on absorption \Vas studied through this

test. The test \vas conducted at 23°C an 7DllC in tap water alone. Howcver mass loss

correction at the high temperature was not pertormed~ as nllmerous bending set-ups

would have been required. The results obtained l'rom the high temperature loadcd

absorption test \Vere directly campared ta the non-corrected watcr absorption resliits at

701le in the unloaded condition.

A tluce-point tlexural strength test \Vas perfomled to cvaluate the maXlll1Um

tlexural load and detennine 25% of this value. Typical load-detlection curves tor the

tlange and the \veb are shown in Figure 6.1 D (Sec Appendix A lor ail curves). The laad

applied for the loaded absorption test \vas calculated as shawn in Table 6.2.
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Figure 6.10 Load-Detlection Clirves lor Dry Composite Beams as Reference
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Tahle 6.2 Loads Used in Loaded Absorption Tests

Avg. Maximum 250/0 Bending Total Load

Specimen Bending Load Load for 3 Specimens

(kg) (kg) (kg)

Flange 33.0 ± 9 8.2 1 24.7
1

Web 5.3 ± 13 1.3 4.0

Each setup used in loaded absorption tests contained 3 specimens of the same

type. as \Vas shawn in Section 4.5. The load was applied to the specimens through the

three loading nases. The \veight of the loading plate was taken into account when

applying the load. The loading plate in the setup tl1r the web had a weight of 4.0 kg. The

setup tor the tlange had a loading plate that \veighed 7.1 kg. External circular \vdghts

\Vere added to the loading plate in order to achieve a load of 24. 7 kg.

Figures 6.11 and 6.12 show both the water absorption curves with and without the

bending loads in tap water at 23°C and 70uC. respectively. For the absorption at 2311C.

the specimens under three-point bending load displayed lov'ler absorption than the

corresponding unloaded specinlens. Here again. the \veb had higher absorption values

than the corresponding values tor the tlange. Visually. the initial slope of the unloaded

specimen \vas slightly higher than that of the corresponding specimens under load.

At 70oe. the specimens llnder load did not show the dramatic display of mass loss

observed in the llnloaded specimens. lndeed. the curves of the water absorption under the

load were horizontal at the time the unloaded specimens had undergone about 1% change

in water absorption. [t seemed that the loaded composites immersed in water did not

absorb more than the unloaded. [nstead. reduced absorption \vas observed in this test. It

could have been due to the thinning of the pores under bending. in the same l1lanner the

surtàcc of an e1astic void is reduced whcn the boundary is strctched alollg a line.
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6.1.5 Comparison ofWatcr Absorption Rate

The maximum absorption at saturation (%A'L.) and diffllsivity (D=) characterizc

the Fickian moisture absorption of a material. D: retlects the absorption ratc. In thc

solution of basic equation of Fick's law. the initial slope of the absorption curve. \vhen

%wuter absorbed is plotted against (time)'/:!. tûllows the relationship given by eqllation

5.13. The slope calculated has units of (limer'/:!. For a given material and a given

immersion solution. the values of ,\lL..F and h are constants. This is irrespective of

temperature. Therefore. the slope is directly proportional to D:I."2. The camparison of

initial slape of absorption curves generates the same intormation on absorption rate as the

comparison of diffusion coefficient does.

The tlange and the web have different characteristics. The length and width of

the llange and web specinlens were the same. This means that the surtace area 0 l' the

specimen exposed to water was kept the same in ail cases. But the web was thinner \vith

a thickness or 3.1760101 compare ta the tlange. which was 4.699mm-thick. Then:forc.

the l\VO types of specimen did nat have the same weight. Even if the)" \Vere absorbing the

same mass of water every time. the web would still have higher calclliated \\'ater

absorption and a steeper initial slope than the tlangc. This is becausc the web is thinner.

thcretore it has a low"er conditioned masse which reduces the denaminator in eqllation 4.1.

Moreover. the lower values of the percentagc of water absorbed calculated for the tlange

would Iead Lo a low"er initial siope since the initial straight line passes through the origin.

[n order for the trend tàlIa\ved in the initial slopes ta be reprcsentative of that of the

Jifrusivity. the specimens to be compared should bc of the same Jimensions (Iength.

width. thickness) and weight. Theretore. comparisons cao on[y be made bctween

diftèrent test conditions for a given Lype of specimen. The values of the slopes tor the

flange cannot bc compartd against those tor the web lor the reasons mentioned earlier.

Table 6.3 [ists the values of the initial siopes obtained tor all orthe test conditions.
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Table 6.3 Initial Siopes of Absorption Curves. ( 10-4 s-lJ:!)

Test Standard Standard
Flange Web

Condition Deviation Deviation

Tap water at 2T' C Loaded 6.44 0.34 9.33 0.68

Tap water at 70" C Loaded 13.21 0.68 20.91 1.02

Tap water at 2311 C 8.99 0.34 15.31 1.36

Tap water at 40° C 11.68 2.4 18.42 2.1'2

Tap \Vater at 70° C 22.24 1.70 29.95 3.06

Salted water at 23° C 8.98 0.34 13.96 1.70

Salted water at 40" C 10.94 0.68 15.93 1.36

Salted water at 70" C 21.87 1.36 29.74 3.40

1 Thickness. mm 4.699 3.176

[n tap \vater and salted water. the higher the test temperatllre the steeper the initial

slope. indicating a faster absorption. For the same immersion solution and same

specinlen. the increase in slope implies an increase in diffusion coefficient. For the

diffèrent immersion solution. the values of the slopes in tap \vater were very close to

those obtained in salted water. However. it does mean the diffllsivity is also close. sincc

the %JI. ... F could be diffcrent in tap and salt water. The tlexural load had the dTcct of

redllcing the initial slopes. theretore reducing the diffllsivity. Jt is ob\'iolls that the \\"tltcr

absorption bl' the web is taster than that by the tlange. as is also obscr"cd that \\'cb

absorbs more \Vater than tlange. This would be attributed to the faet that \veb is thinner

and has higher resin content. A higher moisture diffusion rate does not necessarily imply

a higher percent absorption.

6.1.6 ASTM Standard 0 570 2-Hour and 24-Hour Water Absorption

Table 6.4 summarizes the results obtained for the 2-hollr and 24-hour absorption

tests of the specimens in distilled water. at room temperature and in boiling conditions.

Often the water absorption of plastics and reinforced plastics are comparcd llsing the 2­

hour and 24-hour distilled water absorption according ta the ASTM Standard D 570. [n
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Reterence. the 24 hr water absorption of isophthalic composites is in the range 0.050/0­

1.00/0 at ambient temperature [Peters 1998]

Table 6.4 2-Hour and 24-Hour Distilled Water Absorption

f

Standard
1

Standard
Flange Web

1

1

Deviation Deviation
1

2 Hours. 23 11C %AI 0.14 0.01 0.24 0.01

24 Hours. 23 ü C %AI 0.29 0.02 0.44 0.01
1

2 Hour. boiling %A;f 0.85 0.02 l.13 0.00
1

% l\t!t.vss -0.32 0.02 -1.03 0.04
1

%A{. 1.12 0.03 2.16 0.04

24 Hour. boiling %A4 l.22 0.07 1.67 0.02

1

% l\;!t.oss -0.43 0.01 -1.18 0.05

%J\;/c 1.65 0.08 2.85 0.06

6.2 LOSS OF MECHANICAL PROP[RTIES

Tensile tests were performed on specimens to deternline the eftèct of waler ageing

on the tensile properties of the composite. Tests were pertornled only on samples aged in

tap \vater at 28. 107. 192 and 260 days. and in boiling distilled water. Ail tests \Vere

performed wet except tor the retèrence test. which was pertormed dry. The retèrence test

\vas conducted on the dry material without ageing and in the as reccivcd condition.

Figure 6.13 shows typical curves tor the retèrence tensile test condw.:ted on the nange

and the web. The Bange had a higher tensile strength with an average of 433 ~IPa. The

web showed a low average tensile strength at 187 MPa. For the tensile modulus of

clasticity. the tlange had t\Vice the value of the web with 29.9 GPa and 11.7 GPu.

respectively. The results arc summarized in Table 6.5 with deviation. NevertheIess. the

specimens had more or less the same values of maximum tensile strain at lailure (Figure
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• 6.13). When the tensile curve displayed signiticant curvature. the modulus was

calculated tinding the slope of the linear tit to the tirst 60 °ill of the data points.
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Figure 6.13 Tensile Stress-Strain Curves for Reterence Dry Composite

Figures 6.14 and 6.15 show typical cllrvcs of the tension tests conducted on the

tlangc and \veb specimens after immersed in tap \vater tor certain periods of timc. Ail the

curves tor the tension tests are in Appendix B. Figure 6. [4. tor the l1ange specimen.

shows that there \Vas a decrease in the maximum tensile strength over time. This proccss

was more accelerated in the higher temperatllre condition. Despite that. the tensile

modulus of e1asticity was not aftècted. as ail the curves are almost paralld. Sirnilar trend

\vas also observed for tensile tests performed on the web specimens (Figure 6. 15).
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• The dog-bone coupons aged in boiling distilled water tor 21 Jays. at which time

the specimens \'lere tested. were aged in tap water at 701le tor 180 Jays prior to bcing

transtcrred ta boiling conditions. The specimens were saturatcd belon: the transtcr. But

tor convenience. the specimens are considered to have ageJ tor 201 days. while still

keeping the name DI ODf tor the tlange specimen or DI DDW tor the web specimen.

Tensile tests performed on specimens in boiling water would give an indication as to

whether the loss of mechanical property depends on absorption and not tempcraturc.

sincc distilled \-'later is a more aggressive and the boiling temperature is Loo high. Typical

curves for the tlange and web are shown in Figure 6.16 (Sec Appendix B for al! curvcs).
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The rcsults of ail the tensile tests are summarized in Table 6.5. Each lest rcsult

rcpresented the average of at least three specimens.
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Table 6.5 Water Absorption Tensile Test

Ageing Avg. Tensile Standard Avu. Tensile 1 Standard

Mod:lus (GPa) 1 DeviationPeriod Strength (MPa) Deviation
1

Reference Flange 4"'''' 15 19.9 1 1.7-'-'
1

Dry Web 187 36 11.7
1

1.7
1

28 T23F 390 9 18.3 2.1

Days T23W 161 ..,- 13.1 l.8-)

T70F 278 9 28.3 1.1

T70W 91 6 10.0 1.0

107 T23F 365 13 29.4 1.7

Days T23W 164 ..,- 15.3 3.0-)

T70F 204 .., 30.7 1.9 1

T70W 86 19 13.7 0.9 i
1

192 T23F 359 27 30.5 1 0.3
1

1

D~,ys T23W 151 41 11.9 i 3.9~

T70F 213 6 28.5 1.0

T70W 69 16 10.3 1.2

260 T23F 357 4
.,.., .,

0.9-'_.-'

Days T23W 162
.,..,

15.8 2.0-'-

T70F

1

189 4 32.8 1.3

T70W 74 5 14.3
1

1.71

i

201 DI00F 176
.,

27.2 1 1.9-'
1

Days DIOOW 74 4 13.8
1

lA

The tensile strength of bath tlange and web specimens clearly show thc trend of

decreasing strength \Vith time. The data l'rom web specimens dCl110nslratcù more

tluctuation than 1'1'001 the Bange. This is attested by the large standard dcvialion

displayed by the web specimen tests. Indeed. looking at the collection of the tension test

curves in Appcndix B. il is seen that there is a great variation among the \veb specimens
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aged under the same conditions. The tlange specimens. within the sanle batch. showed

more consistent values of tensile strength and modulus with smaller variation.

The tensile modulus obtained from the tlange specimens \Vas ahvays higher than

that of the \veb specimens at any time. Overall. the tensile moduli of aged composites

after different time periods \vere tluctuating around the reference \'allles of tensile

modulus tested tûr dry tlange and web specimens. This was irrespective of the test

temperature. 23"e. 700 e or 1oone. Again. the data for the web specimens involved [urger

standard dcviation. [t \vas likely that the tensile moduli of the composites were not

substantially affected by the water absorption. even at a high temperature.

6.3 EFFECT OF FREEZErrHAW CYCLING ON TENSILE PROPERTIES

Frcezc/tha\v tests were conducted on specimens that were originally saturatcd at

70\le. Tensile tests were performed after 310 and 564 freeze/tha\v cycles. The efti.:ct of

freeze/thaw cycling in tap water on the tensile properties of the saturated composite

materiaI was investigated through the comparison \vith the specimens ha\'ing the same

absorption age but undergoing no cycles.

6.3.1 Effect of Ageing Path

The effect of ageing path was examined after 260 days of ageing period with t\\"o

sels of specimens. On set of specimens underwent only tap walcr ageing at 70'
le up 10

260 days. The ather set went through [92 days of tap waler agcing at 7(te to reach

saturation and then placed in freeze/tha\v chamber for 310 cycles. \vhich nlso added up LO

260 days. The comparison bet\veen these t\VO sets of specimens \vas made to stuuy the

agcing path effecl. A summary of the results is presented Table 6.6 with the plots shown

in rigurc 6.17, [t is dear that different ageing path has no significant effcct on thc

mechanical properties.
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Table 6.6 Effect of Freeze/Thaw Cycling and Ageing Path

1

Tensile Strength Tensile Modulus

(MPa) (MPa)

Flange Web Flange Weh Agcin~ Histol1'
j

Dry
433 ± 15 187 ± 36 29,9 ± 1.7 11.7± 1.7

As rcceivcd matcrial. i
Reference No aucinl!e .....

Uncycled 189 ±4 74 ± 5 32.8 ± 1,3 14.3 ± 2.7 260 days in 70llC

310 [92 days in 70lle +
201 ± 6 66 ± 3 32.6 ± 1.3 12.6 ± 0.6

Cycles 310 cycles
1
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6.3.2 Effect of Freezerrhaw Cycling

Tcnsile tests were pertonned on the specimens cycled bet\veen -17"e and +4°e at

O. 310 and 564 cycles. The tensile coupon specimens were initially ail aged in ,vater al

70
tle until 192 days when saturation \Vas reached. Samples tested al 192 days served as

control ta study freeze/thaw cycling effect. Six specimens tor each llangc and \veb \vere

placed in the t"reeze/thaw chamber and tested at 310 and 564 cycles. The results an:

presented in Table 6.7. Figure 6.18 shows the typical curves lor the tlange and the wcb.

The results revealed that there was no signiticant change in the maximunl tensile

strength of the tlange and the \veb specimens after 564 cycles. The variation thut ma)'

appear in the case of the \veb specimens is associated with the variation that has so tàr

been observcd in testing web specimens in tension. Table 6.7 demonstrates that the

tensile strength and tensile modulus remained the same within the standard dcviation or

the ,·alues measured.

Table 6.7 Eftèct of Freeze/Thaw Cycling

Tensile Strength

1

Tensile ~Iodulus
i

(MPa) (l\'I Pu)
1

:

1 Fhlnge Web Fhln~e
i

\Vcb 1

i
1

Dry

1

433 ± 15 187 ± 36 29.9± 1.7
i

11.7± 1.7
r

Reference 1

oCycles 213 ± 6 69 ± 16 28.5 ± 1.0 10.3 ± 1.2

!
1

1 1

1

310 C)'c1es 201 ± 6 66 ± 3 32.6 ± 1.3 12.6 ± 0.6
1

1

!
564 Cycles 202 ± 12 75 ± 15 29.3 ± 1.5 11.2 ± 2.8
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Chapter 7

Prediction of Water Absorption

and Mechanical Properties

This part of the research program aims to predict the maximum water absorption

of the composite at ambient temperature as a function of time. The long-term eftcct or
absorption on the mechanical properties of the Inaterial \vill also be determined. This

mainly involves t\Vo parameters. which are the tensile strength and the tensile modlilus of

elasticity. The prediction analysis was centered on tap water absorption condition.

7.1 WATER ABSORPTION MODELING

The values of maximum water absorption. °IÜM ù ,. at 70'IC have been verified by

the boiling water absorption test. The curve titting of the room temperatllre water

absorption test results in tup water was performed. Following the procedure laid out in

Chapter 5 the absorption data for T23F and T23 W \Vere fitted. The value of (YoJI.,'f- was

rcad off the graph of the absorption data (Figure 6.1) as the point whcrc there \vas the

first inflection in the curve after the initial linear portion. The maximum moisture

absorbed. %M,,,,. \Vas determined l'rom the water absorption at 70"C alter the correction

for mass loss was pertormed. The maximum moisture absorbed duc Lo relaxation.

%M",,J{. was calculated using equation 5.10. The values of the diffusion coefficient D:

and the relaxation rate constant k were determined by performing the curvc titting of the

absorption data tor T23F and T23 W specimens using equation 5.1 1. The values obtained

are shawn in the Table 7. I.
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Table 7.1 Parameters tor Curve Fitting ofTap Water Absorption with Tinlc

T23F T23W

%A-'/~ % 1.72 3.11

1

%M"".F, % 0.87 1.33

%M(,U.R, ok 0.85 1.78

D:, 10.(1 mm2/s 4.1 3.0

k, 10-H s·1 3.8
1

lA
i

Thickness, mm 4.699 3.176

Using equation 5.9 \Vith 16 terms. the eurves of absorption modds \verc plotted as

shown in Figure 7.1. The lime to 99.9% saturation is 1700 days for Bange and 1600 days

for web by eqllation 5.11. Although the initial slope of the (lange was apparently lower

than that or the web. the former had a higher diffusion coeftleient than the web ulong

\Vith also a higher relaxation-rate constant (Table 7.1). ln the tlange the.: f-ïckian Jiffllsion

and the polymerie relaxation eontributed almost equally to the on~rall absorption of the

material. [n the web the polymerie relaxation \vas more dominant than the Fickian

process as the former eontributed abollt 570/0 to the maximum moisturc absorbed.
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Figure 7.1 Absorption Modeling ofT23F and T23 W
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• There \Vere t\'o'O ways of tinding the diffusion coefficient. One mcthod was by

curve titting the absorption data with equation 5.11. The second method discllssed in

Chapter 5 was by tinding the initial slope of the plotted absorption data and lIsing

equation 5.13 to calculate D:. The comparison of the two methods for T23F and

•

T23 W test data are shown in Table 7.1.

Table 7.2 Comparison of D: Values trom Diffèrent ivlcthods

Siope i Cun'c Fitting

Method
1

lVlcthod

!
1

h
1

.\;1.." (-' Slope Siope D: ~ D: 1

i 1

1

1 (davsfl/:! ( 10-1 S·I/:!) (1 '
( [()-h 111m2;s )

1

mm 0/0
1 .

(10· mm-/s) 1

j

T23F 4.699 0.87 0.26 8.99 4.6 : 4.2
1

T23W 3.[76 1.33
1

0.45 15.31 2.6 3.0 1

1

1!

The values of the diffusion coefficient calculated using different mcthods diftercd

bl' an average of 110/0 • This difference could be attributed to the fact that tinding the

initial slope of the plot of the absorption data points could not be precise. as it depended

on the points that \vere chosen to be part of the linear portion of the plot. The maximum

f-ickian absorption. %i\tL•. F. dctermined l'rom the linear proportion limit or the absorption

curn:s aIso demonstrated variation.

7.2 PREDICTION OF MECHANICAL PROPERTIES

7.2.1 Tcnsilc Strcngth

It \Vas observed that tensile strength \Vas decreased as the absorption in \vater

increased. This reduction however likely stopped when saturation \Vas reached (fable

6.5). The absorption experiments conducted by other researches \vith laminates had also

shown that thcre was no furthcr mechanical property degradation arter the ll10isturc
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• saturation \vas reached [Geller et aL 1999~ Pritchard et al.. 19871. fig.ure 7.2 and 7.3

show the plots of tensile strength versus percentage of water absorbed tor the tlang.c and

the web. The testing dates provided on the two plots were to show how the variation in

the percentage moislure absorption tollowed the absorption curvcs of the SpCCill1CnS aged

in tap water sho\vn in Section 7.1. For example. in Figure 7.1. the test al 107 days had a

slightly higher absorption than the test at 192 days for the tlange specimens at 7011
('. This

was directly related ta the tluctuation of the absorption curve of the tlange al these

temperatures. But overall there is a decrease in the tensile strength \vith percentage water

absorbed. The trend \Vas tollo\ved in the tlange and the web in tap water. al 701le.
As mentioned in section 6.1~ the specimens denoted DI OOf and DI 00 \V \vere

aged tor 180 days in tap water at 701le. then for 11 days in boiling distilled water or 201

days for the total. In Figure 7.1. the point representing DI ODF tensile test located alllong

the point for tensile tests of T70F at 107. 193 and 260 days. This reintorces the tact that

the tensile strength degradation depends on percent absorption. cven if slightly dinèrent

immersion solution was used. This was also seen tor DI OOW coupons in Figure 7.3.
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It needs to be determined whcther the degradation of tensile strength had stop

with the reach of moisture saturation. From Section 7.1. it was determined that 11loisturc

saturation had been reached at 701l C in tap water despite the occurrencc of the apparent

mass loss. In the plots of tensile strength vs. the percentage of watcr absorbcd.

establishing the trend within thc T70F and T70W data points needs to hc establishcd.

Examining thc data points for T70F specimens in Figure 7.2. the ,'alucs of the tensile

strcngth vary around 200 MPa over a period of 153 days (1 07-day to 260-day). ln

Section 7.1. the moisture saturation of the tlange \vas evaluated at 1.72(~{). In Figurc 7.2

the absorption at difterent ages lor the specimens T70F varies around this value. From

thcse rcmarks. it can be concluded that the tensile strength of the flange had been

stabilized ancr moisture saturation had been reached.

ln Figure 7.3. the data points tor T70W do sho\v a similar trend. \Vith saturation

moisture at 3.11 %. the tensile strength obtained at 107. 192. 260 day test tluctuated. 1n

order ta deternline the time. during which the minimunl tensile strength would be reached

during the service lire of the sheet pile. a plot of strength vs. time is needed. The dala
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points on this plot have ta be curve-titted in arder ta extrapalate any present trend inta the

future. \Vith r-values l'rom 0.79 ta 0.98.

Since the tensile strength degradation stops \Vith saturation. a limiting plateau

should be reached by the tensile strength on the plot of tensile strength \'s. time. once the

saturation leve! is reached. After 260 days. saturation \'o'as reached at 7011
(' test condition.

in the tlange and web specimens. Theretore. the tensile strength at this temperatLire

should have hit a plateau. The absorption test at 23 11C did not reach saturation by 260

days. But it has been established earlier that the saturation capacity of the matcrial does

not depend on the test temperature. Theretore. the specimens aged at 2Jtl
C should

cventually have the same saturation moisture as the ones aged at 7011 C. Since therc is no

further tensile strength degradation al'ter saturation. \'o'hen plotting the tensile strength vs.

time. the curvc of the test at 2J IIC should also reach the plateau tound at 7Ü"C and follow

il. The time ut which the t\'o'O curves \vil/ meet is the time at which saturation occurred in

the sumples at 2J' IC. For practical purposes. 99.90/0 moisture absorption is llSUUl/y

reterred ta as the saturation point instead of 100% saturation. From the curve litting

perlornled on T2JF and T23 W specimens in Section 7. I. 99.90/0 saturation of the Ilange

occurrcd after 1700 days and 2600 days tor the web. Making judicious use of aIl this

inlornlation the curve litting of the tensile strength vs. time was pertormed and the results

are sho\vn in Figures 7.4 and 7.5

The curve tits \vere obtained USll1g the curve titting system CurveExpert 1.3.

\vhich uses double-precision in a 32-bit package. The besl lits for the high temperature

data (T70F and T70W) were obtained with equations of the fornl shawn in equation 7.1.

ln this expression. li represents the value of tensile strength al the plateau. ft is the

mininlunl value of lensile strength that could be attained in the future.

•

wherc

y

x

:::: Tcnsile strcngth. MPa

T· d ln= une. ( ays) -
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h = Parameter. no unit• c P d -II"= arameter. ( ays) -

The room temperature data (specimens T23F and T23W) \vere titted with two­

piece stepwise functions. In the tirst step. the data points \Vere titted with Equation 7.2

from time equal 10 zero up to the time when 99.9%) saturation \Vas expectcd. After that

lime. the plot just tollowed the plateau established earlier at the temperature of 7(t'C.

(-Iere. c represents the value of the tensile strength at lime zero. as it is the y-intercept or

the lensile slrength axis-intercept. IL represents the retèrence lensile strength. without

ageing. obtained through the curve tïtting.

where

y

x

a

h

c

d

= Tensile slrength. MPa

or· d II'= l111e. ( ays) -

= Parameter. tvlPa

-II'= Parameter. (days) -

= As-received strength. MPa

P d -II""= arameter. ( ays) -

(7.2)

•

Use equation 7.2 if:

y = 178 MPa if:

y = 71 ~1 Pa if:

x ~ 41.2 days 1/2 for tlange

x ::;; 51 days l/2 tor web

x > 41.2 days l/2 tor tlange

x> 51 days l/2 for web
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The parameters obtained in the curve tittings are given in Table 7.3 .

Table 7.3 Parameters l'rom Curve Fitting of Tensile Strength \vith Time

Equation 7.1

a (MPa) b c (daysll_)

T70F 178 -S.92E-l I.U8E-l

T70W 71 -6.2E-l 1.79E-1
1

1

Equation 7.2

a b c

1

d

(MPa) (days·If2) (MPa) d -II"' 1( ays -)
1

T23F 6.07E-S 2.71E-I 426 j 6.02E-3 1
1

1 !

i T23W S.69E-S 2.6E-I 183
1

-L98E-3 !
1

The actual values of the tensile strengths obtaîncd for the rd~rence tensile

stn:ngth tests are 433 NIPa for the tlange and 187 for the web. Thesc \'alues dîner

sIightly from the values of c in equation 7.2 by 1.6% in the tlange and 2.1 % in the \vcb.

The results for the prediction of changes in tensile strength with tinle an:

summarized in Table 7.4.

Table 7.4 Prediction ofTensile Strength \vith time

Tinle to Dry Saturated Change

Specimens %t\lL, Saturation Tensile Tensile in Tensile

%M....., (days) Strength (MPa) Strength (~/IPa) 1 Strength

Fhlnge 1.72 1700 433 178
1

-59 (%
1

Web 3.11 2600 187 71
1

-62°A,
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• 7.2.2 Tensile Modulus of Elasticity

The changes in the tensile modulus of elasticity 'vere evaluated with respect ta the

ageing time and the percentage of water absorbed. Figure 7.6 shows the change in

modulus \Vith lime. The room temperature and the high temperature of 7üoC tcnsik test

results are sho\vn in the Figure 7.6. There were no apparent reduction in modulus

occurring within the tlange results or within the web results. The standard dcviations of

the average reference values of tensile modulus and the averages of the values lor the rest

of the tests are shown in Table 7.5.
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Figure 7.6 Tensile Modulus vs. Time of Water-Aged Specimens

The average reference tensile modulus was the same as the average tensile

modulus for 4111 other aged specimen considering the standard dcviations of the t\Vo

values (Table 7.5). This was shawn in both the flange and the web. Theretorc. there \Vas

no significant loss of the tensile modulus with ageing.
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Table 7.5 Comparison of the Tensile Modulus of Elasticity

Average Tensile 5D. Tensile
Specimen

Modulus (GPa) Modulus (G P61)

Dry Reference

Flange 29.9 1.7

Web 1I.7 1.7

Combined tests

after ageing

Flange 30.1 2.1

Web 13.1 2.8

Extrapolating this trend into the future years to tollow \vould st:em to be as simple

as saying that the tensile modulus of elasticity remains constant \Vith time in a wet

environment. The test condition at 70°C \Vas meant to accelerate any degradation that

might have taken place. Even then. the values of tensile moduli at 7ü"C \Vere not

difterent l'rom those at 23°C. Theretore. the tensile modulus of the tlange and the web

will remain more or less unchanged during the service litè of the sheet pile. It is also

demonstrated that high temperature acceleration seemed not to generate additional

danlage to the composites

1f the tensile modulus did not change with tinle. it should not be al'fected by

absorption. even though the percentage absorption changes with time. Indeed. this is

\Vilar \vas observed. as Figure 7.7 shows. The values at 7011C were bUllched together \Vith

respect to absorption in the case of the tlange and the \veb. This is cxplained by the tact

that the specimens \Vere close to saturation by the time the tirst test was conducted after

28 days oftap waler ageing at 7üoC.
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Chapter 8

Discussion

8.1 WATER ABSORPTION

Through the water absorption tests. it \Vas noticed that the ll10isture saturation

does not depend on the test temperature. This \vas continned by the moisture saturation

in tap \vater at 70l'C and in boiling distilled water being relatively the salllc. The t~lcl lhat

lhe distilled water had higher water absorption (0.030/0 more) comparcd to tap watcr is

probably due to the lower concentration of the tonner. This allo\vs thc distilled water 10

penetrate in much smaller microscopie openings that may not be accessible to tap water.

The water absorption tests in salted water conditions presented lower moistllrc

absorption at a given time compared to tap watcr at the samc lenlperaturc condition. Il

secms that since salted "vater has a higher concentration than tap watcr. it \\'oukl migrale

into the material less aggressively. Although no salted \vutcr absorption lest \\'as

conductcd until saturation. the phenomenon observed bet\vcen distilled \\iater and tap

\\inter absorption suggest that the moisture saturation in salted water would be slightly

lower than that in tap water.

rn Section 6.1.4. the results of the water absorption under thrce-point tlcxural load

test showed that the water absorption was reduced under the load action. T\Vo

independent studies on composites. conducted by Geller and Turley [19991 and

kasturiarachchi ct al. [1983] on the effcct of loading showed that four-point tlexural load

action did not change the percent moisture nt saturation. Thosl.:: tests \Vere pcrtormcd on

the various laminates. rn this research. since saturation in loaded absorption tests was not

reached. it can only be concluded that the water absorption under load is not higher than

that of free absorption.
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The mass loss was observed during water absorption at 700 e and 1oooe. very

likdy due to the tàct that sorne components of the resin were dissolved in hot water. In

independent studies on \Vater absorption of tiberglass-reintorced isophthalic polyester

resin. Apicella ct al. [1983]. Choqueuse et al. [1997] and Pritchard and Speakc: [19871

also observed similar mass loss phenomenon. Apicella et al. [19831 showed that this

behuvior was characteristic of the resin. A study conducted by Bonniau and Bunsell

[1981] on the water absorption of glass epoxy composites sho\ved the same mass loss

behavior. In thcir study. the loss was attributed to the resill hardcner used in the

composite. The mechanism of mass loss in pultruded tiberglass polyester shcet pile

matcrials was not studied in this research. Mass loss occurred in iSl1phthalic polyester

COll1posites only when materials were immersed in hot \vatcr at a tcmperatllre 0 r 60°(' or

higher. Since the sheet pile walls are not designed to serve in that environmenl. the mass

loss is not cxpected to occur in the tield. The ASTM Standard 0 570 procedure should

be tollowed to correct the mass loss at high tempcrature.

Upon visual survey of water-aged specimens. a change of color of the surfac~ of

specin1ens \Vas noticed in the test conditions at 70uC and boiling \vater. as shown by

Figure 8.1. The color becan1e yellowish in specimens aner 260 days aging al 70"C. In

boi 1ing \vater. they became pale after 21 days of ilnmersion. This phenomenon was

noticed in both the web and nange specimens in tap and salted water. There was 110

apparent diftèrence in the extent of discoloration between the specimens aged at the saIlle

tempcratllre tl1r the same period of time in tap or salted \vater. High tcmperaturc and

long immersion pcriod are most likely to be the agents causing this change of color. ft

was also tound that the specimens that lost surface color also haJ il rough surface.

indicaling a loss of cover on top of the reintorcement. Tlu:re \vas nlon: discoloration of

specimens with morc mass loss and aged at temperature of 70llC cOlnpared to thosc agcd

at 23 1lC. No noticeable color change \vas obscrved in the water absorption at 23'1(' and

40"C. Therefore. this phenomenon is not expectcd to occur when the composite sheet

pile \vall is used at ambient temperature of 23°C.
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Figure 8.1 Color Change of Specimens in Different Ageing Conditions

The diffusion coefficients obtained during water absorption modeling were 4.2 x

10-l' n1m2/s tor the tlange specimens and 3.0 x 10-6 mm2/s tor the \veb specilnens in tap

water at 13 l1C. [n their study on the water absorption kinetic of laminatc. Pritchard and

Spcake [19871 round the diffusion coefticient of a fiberglass-rcintorccd isophthalic

polyester composite to be 0.81 x 10-(} mm2/s in water at 3011e. without edge coating. The

composite \vas a 10u unidirectional woven roving laminate fabricatcd by hand lay-up.

The glass reinforcement was 48% by weight of the laminate. On the other hand. GeBer

and Turley [1999] evaluated the diffusion coefticient of a glass-reintorced isophthalic

polyester resin laminate at 2.5 x 10-6 n1n12/s. The laminate studicd was conlposed of

alternating plies of glass woven roving and chopped strand mat with chopped strand mat

with the woven roving as both outer layers. The resin content \Vas 45 ± 1% by weight.

The comparison shows that although different material systems may have very close

similarities in lhcir matrices and tibers. tùctors such as the liber content. the
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• manutacturing process. and the test condition may well int1uence the water absorption

characteristics of the composite. The results suggest that the pultruded composites

absorbed water faster than laminates. Both Grant and Bradley [1994] and Geller and

Turley [1999] suggested that the absorption by tiber/resin intertace nlight be more

signiticant than the absorption by the resin itself. Therefore any factors that will directly

affect the structure of that intertace will also affect the absorption characteristics of the

composite.

8.2 TENSILE PROPERTIES

When tensile tests were conducted on the aged web and tlange t\VO differcnt

làilure modes were observed in the specimens. Figure 8.2 shows a \vcb and l1angc dog­

bone coupon after they have been tested in tension. These tàilurc modes \vcre also

observed in the specimens tested after freeze/thaw cycling.

V'V •••
.,',

•

Figure 8.2 Web and Flange Dog-bonc Coupons aner Tensile Tests

The tailed flange coupons had delaminations along two planes parulIe! to the

longitudinal direction and over the entire length of the narrow section on the dog-bonc
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• shaped coupons and sometimes beyond that. These planes \vent through the rovings.

which are located in the middle of the cross-section. There was also a transverse fracture

through the layers of random chopped mat and transverse tibers on either side of the

rovings. Figure 8.3 shows a detailed schematic diagram of the fractured tlange coupon.

On the otller hand. the web coupons always fractured through the cross-section of the

specimen with needle-like fibers sticking out from both cross-sections of the half

specimens as shown in Figure 8.4. These needles are mainly l'rom the rovings and the

continuous tilament mat.

z ·-,.~z·-,

0.459 mm
0323 mm

3.135 mm

Delamination planes Fractures

Figure 8.3 Schematic Diagram of Failed Flange Coupon

Rovings

Random chu

1.086 non

0.333 MIll

0,343 MIll

0.738 non

CFM .. ·...·-

Figure 8.4 Schematic Diagram of Failed Web Coupon

•
The layer of rovings seems to be the factor governing the failure mode. In the

tlange. the thickness of that layer makes up 670/0 of the entire thickness of the tlange
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while that value is only 23% in the web. Measurements showed that the thickness of the

layer of rovings in the tlange is about 4 times that found in the web. The paralle! nature

of rovings in the longitudinal direction establishes a preferential direction of weakness tor

delamination ta propagate when a tensile force is applied. The bundle nature of rovings

does not allow the resin to efticiently penetrate between each strand of tiber. As a result.

the tibers are not weIl bonded together and become very susceptible to delan1Ïnation.

The other layers in the tlange can be considered as being layers of randomly oriented

libers that may not be subjected to such actions. In the case of the layer of transverse

tibers. the direction of weakness with respect to delamination is the one perpendiclliar to

the direction of tensile load being applied. But the layers of random chopped mat and

transverse libers are weaker and much thinner than the rovings with ail the libers aligned

in the direction of the load being applied. This is why the olltsidc layers fractured in the

Bange while the roving stayed in one piece. The reason why delamination did not occur

between two adjacent layers is because the thickness of the layer of rovings was large in

comparison to other layers. theretore increasing that zone of weakness enlbedded in that

layer.

ln the web. although the layer of rovings may be the strongest in tension it is not

the thickest layer and there are no large differences in thickness bet\veen layers. The

roving layer is 23% of the total thickness. with an overall-roving ratio of 11(Yi). These

factors and the faet that the web is thinner allowed tor a fracture throllgh the enlire cross­

section of the uog-bone coupon.

The tensile properties of the tlange and the web \Vere not signiticantly altcreu arter

564 temperatllre cycles between 4.4l1C and -17.811C. The resistance of a composite ta

freeze/thaw cycling depends on the ability of water ta freeze in micro-pores. 1r these

pores arc tao smalI. water will be unable to freeze just at -17°C. Thcre will not be any

expansion of the pores. limiting the damages due to the frceze/thaw. Verghcsc et al.

[19991 round that the pore size in the unreintorced polyester resin \Vas on the order of

about 6 -20 A. As a reference~ water in the concrete can only frecze at --4(f'C in porcs

less than 100 Â. It is expected that water will not freeze inside the pores of the resin.

Since the resin is not susceptible to freeze/thaw damage. and tiberglass does absorb

\vater. water can only condense in the tiberimatrix interface where microcracks arc likely
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to lorm and propagate. Probably in the material used in the present study. the

microcracks were not large enough to allow the water to freeze. Theretorc. the damage

due to the freeze/thaw cycling was greatly limited. The tlange and the \veb are likcly to

rctain most of their strengths and moduli atier freeze/thaw cycling.
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Chapter 9

Conclusion

A study \vas carried out to characterize the absorption beha\'ior of pultruded

composite sheet piles immersed in water at ambient temperature. High temperature at

7o'le \vas used to accelerate the absorption tests. The correlation of the results between

the ambient temperature and high tenlperature was established to predict long-term

pertormance based on short-term experiment data.

It was found that the maximum moisture content of the cOluposite at saturation

\Vas not temperature-dependent. Theretore. the accelerated tests at high temperatures can

be used to obtain the maximum percer!age of :lbsorption at saturation. Ho\vever. the

temperaturc has an cffect on the diffusivity of the composite. The higher the tt:mperature

llsed. the highcr is the diffusion coefticient. indicating a l'aster absorption. or ail the

immersion solutions. tap water proved to be more aggressive than salted \\"ater. Although

salted water tests \Vere not corrected tor mass loss to establish the moisture saturation. the

results obtained indicate that the percentage of saturation \vill not he higher than that

obtained in tup watcr. Theretore. the results obtained from the tap water tests can be llsed

to cvuluate the salted water condition. which is a Iess aggressive environmcnt as lur as the

llloisture diffusion is concerned.

The watcr absorption under the action of a three-point bending lnad was not

highei than the free absorption. It would be beneticial for the composite to be llsed in

retaining structures.

Signiticant mass loss of the composite was observed in water absorption tests at

70lle and IOOlle. This was likely due to the leaching of non-bound substances in the

resin. The factors affecting this loss were the temperature and the time of immersion.

The higher the temperature and longer the inlmersion time. the higher the mass loss is.

However. then: \Vas no signiticant difference between the mass loss in lap \vater and

84



•

•

salted water at 7011e. The ASTM Standard D 570 procedure should he tollowed to

correct the loss to obtain the true \vater absorption.

The U.S. Army Corp of Engineers established a pertormance specitication tor

composites to be used in sheet piling system [USACRL 123 1998 J. The water absorption

for composite was limited to 5°A>. The composite sheet pile wall panel studied in this

research demonstrated a maximum absorption at saturation of 1.720/0 for the tlange and

3.11 % tor the web. Saturation will be rcached in 4.5 years for the tlange and 7 years lor

the latter. These values obtained arc weil within the linlits of the moisture absorption

prescribed by the U.S Army Corp of Engineers. The process by \vhich moisture diffusion

took place \\ias non-Fickian. It was a combination of Fickian moisture diffusion and

polymerie relaxation of the composite. In the web. polymerie relaxation contributed

more to moisture absorption than the Fickian process. In the tlange the contribution from

both processes was equal.

The tirst parameter of the tensile properties of the composite investigated was the

tensile modulus of elasticity. There was virtually no change of tensile modulus of

elasticity with water-ageing. This \vas demonstrated at bath room and high tenlperatures.

As a result. the section modulus. EL should also remain constant over the service litè of

the structure. The U.S. Army Corp of Engineers specitied that the decrease in the

composite El for sheet pile wall should not exceed 10% [USACRL 123 19981. This

requirement is expected to be met during the service lite of the sheet pile wall made l'rom

the composites studied in this research.

The second tensile property investigated was the tensile strength of the matcrial.

Thcre will be a decrease in the tensile strength of the composite over the service lile of

the structure. The change was estimated at about 600/0 tor both the web and the llange.

This \vill occur aner 4.5 years in the tlange and 7 years in the \veb. \vhen the saturation is

reached. The design load in the current sheet pile wall design is 25 lXJ of the ultimate

load. There was a 600/0 loss of the tensile strength as compared \vith the stfengths of the

as rcceived composites (433 MPa for the tlange and 187 MPa tor the web). The 40%

rcsidual strengths were 178 MPa tor the tlange and 71 MPa tor the web. This Inay be

acceptable since the design values at 25% are much lower than that.
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The freeze/thaw resistance of the saturated composites provcd 10 be excellent.

564 freeze/thaw cycles~ l'rom 4.4l )C to -17.2°C. had very little eftèct on the tensile

properties of the malerial. There was no further degradation in the tensile strength and

the modulus of elasticity~after moisture saturation had becn reached.

This research program established that the material is not suitable for high

tenlperature \'iater applications. Since the material was not designed tor these particular

applications. the composite \Vas cxpected to pertorm adequmcly in the tield.

RECOMMENDATIONS FOR FUTURE WORK

The results obtained l'rom this research prompted further investigations that would

conlpliIl1cnt the tirst step undertaken here. The proposed recommendatians fl)r future

\vork are the tollowing:

• To determine the nature of the mass loss by independently investigating the dlèct of

the resin hardener~ catalyst. tiller~ isophthalic acid. in a high temperature water

absorption test: By varying one of theses factors at the time. conlparisan of mass loss

can be made with the original materiaL

• Ta perform a salted water absorption test at high temperatun: to c\'aluatl: the

moisturc saturation in this condition.

• To pcrtorm an acceleratcd loaded absorption test under 3-point bending. \vith mass

loss correction~ to determine that the moisture saturation.

• To perform a creep test on a sheet pile panel to determine the long term dlect of

static load with respect to detlection and strain.
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Appendix A

Reference 3-Point Flexural Strength Curves
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• Reference 3-Point Flexural 5trength Test
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Appendix B

Ail Tensile Strength Curves
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• Reference Tensile Strength Test
(Top Flange)
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• 28-Day Water Absorption
Tensile Strength Test (T23f)
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• 28-Day Water Absorption
Tensile Strength Test (T23W)
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• 107-Day Water Absorption
Tensile Strength Test (T23f)
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• 192-Day Water Absorption
Tensile Strength Test (T23F)
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• 192-Day Water Absorption
Tensile Strength Test (T23W)
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• 260-Day Water Absorption
Tensile Strength Test (T23F)
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• 260-Day Water Absorption
Tensile Strength Test (T23W)
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• Water Absorption
Tensile Strength Test (D100f)
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• 310 FreezelThaw Cycles
Tensile Strength Test (Flange)
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• 564 FreezelThaw Cylcles
Tensile Strength Test (Flange)
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Appendix C

Boiling Distilled Water Absorption Data
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Standard 1 Standard,
Flange Web

Deviation Dc\'iation 1

2 Hours. 23"C %:vl 0.14 0.01 0.24 0.01

24 Hours. 2J'C % J'vI 0.29 0.02 0.44 0.01
1

2 (-[our. boiling %J\1 0.85 0.02 1.13 0.00

%l'vlt.oss -0.32 0.02 -1.03
1

0.04

% l'vic 1.12 0.03 2.16 1 0.04
i

24 Hour. boiling % l'vI 1.22 0.07 1.67
!

n.n2

%,\1l.oss -0.43 0.01 -1.18 0.05

%l'vlc 1.65 0.08 2.85 0.06

3 Days. boiling %i'v! 1.31 0.07 1.73 0.04

(!-0i~lt.oss -0.25 0.02 -0.96 0.04

%.'vfc.. 1.56 0.09 2.69 0.08

6 Days. boiling %1'v! 1.33 0.04 1.69 0.12

%I\,l[oss -0.40 0.01 -1.43 0.00

%L'vlc: 1.73 0.05 3.12 0.13 i
9 Days. boiling %Al 1.05 0.02 1.31 0.08 1

1

%/vft.oss -0.69 0.02 -1.81 0.08

%l'v!c
1

1.74 0.04 3.14 0.16

13 Days. boiling (%:\l i 0.72 0.01 0.91 ! 0.05
1

~

%l\II.t)ss -1.02 0.07
1

-2.23 ! 0.09

%.\{. 1.74 0.09 3.14 0.14

18 Days. boiling %A'I 0.56 0.03 0.66 0.06

%,'vfl.o.\".~ -1.18 0.05 -2.48 0.05
1
1

%A,(. 1.74 0.08 3.14 0.11

21 Days. boiling %AI 0.44 0.03 0.42 0.09

%:'vft.oss -1.3 0.01 -2.72 0.11

%i\1c: 1.74 0.04 3.14 0.20
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