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DETERIORATION OF A FILLED GLASS FIBRE REINFORCED

POLYESTER COMPOSITE IN AQUEOUS ET.IVIRONMENTS

ABSTRÄCT

Glass fib¡e reinforced plastics (FRP) are used extensively in the fabrication of

underground piping and storage vessels for water and sewage applications. Fo¡ reasons

of economy, these composites are manufactured with fillers such as calcium ca¡bonate

and aluminum trihydrate (ATH), which may compromise their long-term durability in the

field,

Preliminary laboratory tests were conducted (52 weeks) at room temperature

(25'C) and elevated temperatures (45"C) to evaluate the long-term deterioration

behaviour of an experimentai filled filament wound (FFW) polyester composite in various

simulated aqueous field environments. Acidic environments were identified as having

the most deleterious effect on postcured FFW composites.

The latter phases of the experimental research program focused on extreme acidic

fieid environments. One particular application of interest to engineers is the low pH

conditions (p}J2,2 to 2.5) found in the collection and storage of sewage. Deterioration

was measured in terms of changes in specimen weight, the loss of composite material,

changes in flexural and hardness properties, increases in the concentration of calcium and

aluminum ion in the leachate, the depth of penetration of a visible boundary through the

thickness of the composite, and changes in diffusion cha¡acteristics. To monitor changes

in diffusion characteristics, a new fluorescent-dye solvent exchange (FDSE) method was

deveioped.

An Acid Deterioration (AD) model was developed to quantify the ¡ate of



deterioration of FFW composites exposed to acidic environments. The AD model, which

claims that the rate of deterioration, as measured by the depth of penetration, is

proportional to the square root of imme¡sion time, was verif,red in different acidic

environments. The primary chemical re¿ction associated with the sulfuric acid

(pH ?,23) and acetic acid þH 2.22) was the dissolution of calcium carbonate. The rate

of deterio¡ation of the acetic acid specimens was found to be 1.6 to 3.9 times greater

than the sulfuric acid specimens under accelerated tempelature conditions (45'C). The

intrinsic diffusion coefficients in the degraded layer of these specimens were estimated

to be 5.02 x 10-5 and 5,07 x 10-6 trn2.r..-1, respectively,

Based on the findings of this work, it is suggested that the CSA Standa¡d

CAN3-866-M85 for the manufacturing of prefabricated septic tanks be revised to include

an accelerated laboratory test procedure to quantify the ¡ate of deterioration of materials

exposed to acidic (sewage) envi¡onments.
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Wt, Weight of degraded specimen at drying time t1, s

X Direction of space coordinate, mm

Xl Horizontal deflection of flexible pipe, mm

Y Deterio¡ation test pa¡ameter

(rxii)



LIST OF SPECIMENS

Specimen
Type

(A) FFIV Deterioration

D25

D45

F25

845

lA45
2A45

3A45

s45

R45

(B) Metal Corrosion Exoeriment
DS25

DS45

DG25

DG45

BS25

BS45

BG25

BG45

AS25

AS45

AG25

AC45

RS45

RG45

Deionized water

NaOH þuffered)

H2SO4 OH 3.5-4.5)
Hcl (pH 3.5'4.5)
cH3cooH þH 3.5-4.5)
Ms SO,

MIC soil

Deionized water

NaOH (buffered)

H2SO4 ûrh 3.5-4.5)

MIC soil

H2sOa (ph 2.2-2.5)

Deionized water

H2SOa (pH 2.2-2.5)

CH3 COOH (pH 2.2-2.5)

25'C 112'C,36 h N/A
45'C rt2.c,36 h N/A
25"C Ú2"C,36 h N/A
45'C 112.C,36 h N/A
45'C n2"C,36 h N/A
45'C 1r2"C,36 h N/A
45'C r12.C,36 h N/A
45'C t12"c,36 h N/A
45'C t12"C,36 h N/A

25'C N/A
45'C N/A
25"C N/A
45'C N/A
25"C N/A
45'C N/A
25'C N/A
45"C N/A
25'C N/A
45'C N/A
25'C N/A
45"C N/A
45'C N/A
45"C N/A

MS",

MS

GS**

GS

MS

MS

cs
GS

MS

MS

GS

GS

MS

GS
(C) Post-cure Acid Experiment

s55-r8
s55-36

sl12-18
sl12-36

(D) Acid Comparison Experiment
Dl12
D25

s25

¡^25

45'C 55.C, 18 h N/A
45"C 55.C, 36 h N/A
45'C u2.c, t8 h N/A
45'C 1t2.c,36 h N/A

45'C tt2.c,36 h N/A
45"C room temp. N/A
45'C room temp. N/A
45'C room temp. N/A

(xxiii)



CIIAPTER 1

INTRODUCTION

In the past, the selection of a material for a specific engineering application was

based primarily on stn¡ctural requirements such as strength and stiffness. Today more

resea¡ch is being focused on factors such as durability and the need to develop more

cor¡osion-resistant materials. One reason for the inte¡est in this area of ¡esearch is the

significant increase in costs associated with the replacement and maintenance of

engineered structures in the field. Glass fibre reinfo¡ced plastics (FRP) are used

extensively in the fabrication of underground piping and storage vessels for water and

sewage applications. Blaga (1982) reported that reinforced polyester tubular composites

are replacing steel for water distribution systems and conc¡ete for sewage systems due

to their improved resistance to corrosion or deterioration.

The utilization of fille¡s such as calcium ca¡bonate is a new technique

incorporated into the manufacturing of FRP structures to lower the cost of the product.

Sheet moulding compounds (SMC) consisting primarily of chopped glass fibres, polyester

resin and calcium carbonate fillers are widely used in commercial, space, and military

applications (Springer, 1983). In Canada, filled FRP septic tânks are manufactured in

accordance with the Canadian Standard Association (CSA) Standard CAN3-866-M85

(1985) to meet initial strength requirements. The two most common fillers used in filled

FRP structures are calcium carbonate (CaC03) and aluminum trihydrate (AþO3.3H2O).

Penn (1979) has stressed the importance of testing FRP composites under

simulated service or real life conditions. Unfortunately, under such conditions, tests are

often impractical and accelerated test procedures must be developed to reduce the time



required to evaluate changes in material properties. (Ciriscioli et al., 1987). For

example, Craigie et al. (1986) conducted accelerated tests at elevated temperature (38'

to 48"C) to quantify the effects of long-term methane exposure on FRP storage tanks.

There is no standard procedure to evaluate in a st¡essed or unst¡essed state, the

accelerated deterioration behaviour of f,rlled FRP composites exposed to natural aqueous

environments, It is hoped that this work will facilitate the estabiishment of a standa¡d

accelerated test procedure for materials exposed to such environments.

The experimental rese¿rch program was designed to evaluate the long telm

deterio¡ation behaviour of an FRP composite exposed to various aqueous envi¡onments.

To this end an experimental filled filament wound (FF!V) composite for underground

tubular structural applications such as culvert piping and septic tanks was developed and

is presented in Section 2.2. The structural layer of the FFW composite, consisting of

continuous glass fibre reinforcement and a filled polyester-resin matrix, was designed on

the basis of optimizing the flexural properties in the hoop direction so as to iimit

deflections in the field due to loading. A 750 mm diameter FFV/ pipe was fabricated

(Fibre West Industries Ltd.) for test purposes. The filler materials used in the

construction of the test pipe consisted of an equal proportion by weight of calcium

ca¡bonate (Snowhite) and aluminum oxide trihydrate (Solem ATH).

Prior to the stårt of the research program, a literature ¡eview was conducted to

delineate aggressive aqueous environments which occuned naturally in the field (see

section 2.3). This review included field studies related to the cor¡osion of galvanized

corrugated steel pipe (CSP) culverts and the deterioration of conclete sewage structules.

The information was used as a basis of selecting the laboratory environments for the

experimental research program.



A flow diagram of the different phases @hases 1, 2, 3, and 4) of the

experimental resea¡ch program is shown in Figure 1.0. Phase 1, which is referred to as

the Preliminary Screening (PS) study, consisted of a field investigation and two

laboratory experiments. The purpose of the field investigation was to cha¡actenz,e and

obtain samples from an in situ aggressive soil fo¡ the two PS experiments' The soil

samples were collected from a failed CSP culvert site near Harding, Manitoba.

The primary objective of the PS experiments (Chapter 3) was to evaluate and

compare the deterio¡ation behaviour of postcuredl FFW composites and metals (steel

and galvanized steel) following immersion in various laboratory aqueous (25"and 45'C)

environments in order to identify the environment which would have the most deleterious

effect on each material. Changes in weight loss, mechanical properties, and incre¿ses

in the concentrations of calcium and aluminum ions in the leachate were monito¡ed. A

moisture desorption heât (MDH) method was also developed and used to monitor changes

in the diffusion characteristics of \üet-attacked, postcured FFW specimens.

New test methods were developed in Phase 2 (Chapter 4) in order to quantify

more accurately the deterioration behaviour of FFW composites exposed to extreme

acidic environments. The methods that were developed include: a gravimetric method

to measure material weight loss, a fluorescent-dye solvent exchange @DSE) desorption

method to monitor changes in diffusion cha¡acteristics and two visual methods to meåsure

the depth of penetration. These methods we¡e used in a third experiment, the Postcure

Acid @A) experiment, to determine the effects of various postcuring conditions on the

deterioration behaviour of FFW composites exposed to low pH Q.2 to 2,5) sulfuric acid

Postcured denotes specimens which were cured at 112" C for 36 hours prior to
immersion.



PMASE II

PMASE 2

Preliminary Screening Study

Field Investigation
FF\ry Deteriorâtion Experiment

Metal Corrosion Experiment

Development of Nerv
Test Methods

Postcure Acid (PA)
Experiment

PMA,SE 3

IPMASIE 4

Development of Acid
Deterioration Model

Unreacted Core Model

Model Veriflrcation Study

Acid Comparison (AC)
Experíment

Figure 1.0 Flow diagram of experimental research program



environments,

An Acid Deterioration model, based on a special case of the moving boundary

diffusion problem, was developed in Chapter 5 to quantify the mte of deterioration of

FFW composites exposed to acidic environments. The model assumed that the resistance

to acid diffusion through the degraded layer controls the rate of deterio¡ation and claims

that the advancing boundary of deterioration is proportional to the square root of time,

A fourth experiment, the acid comparison (AC) experiment, was designed to

verify the model by comparing the rates of deterio¡ation of virgin2 FFW composites

exposed to low pH (2.2 to 2.3) sulfuric and acetic acid environments, under accelerated

temperature conditions (45'C). Model parameters and experimental data from the AC

experiment were used to predict the intrinsic diffusion coefficients in the degraded layer

of such composites.

Virgin denotes specimens that are cured at room temperature,



CIIAPTER 2

BACKGROIJND AND RF,SEARCH OBJECTIVES

2.1 GLASS FIBRE REINFORCED PLASTICS (FRP)

This section provides background information on the structutal function and

properties of the components of a glass fibre reinforced plastic (FRP) composite. The

two primary structural components in FRP composites are the glass fibre reinforcement

and the matrix.

The structural behaviour of FRP materials is normally based on two criteria.

First, the initial strength and modulus properties are highly dependent on the nature and

quantity of reinforcement used and secondly the majority of the applied load is carried

by the fibres. It is known that the matrix does not provide strength and serves only to

bond the glass fibre reinforcement and to transfer the loads to and between fibres (Blaga,

1979).

The matrix structure can be considered the "weåk link" of the composite since

it is mo¡e influenced by the environment o¡ service condition (Reinhart and Clement,

1987). The properties of the matrix are important, however, since they may control the

long term chemical resistance properties of the composite. It was assumed prior to start

of the research program that the uncertainty in the long term performance of the filled

FRP composite would be associated with the deterioration of the filler constituents.



2.1.1 Glass Fibre Reinforcement

Shackelfo¡d (1988) classified glass fibre reinfo¡ced composites as those

containing discontinuous (chopped strand mat), cloth (woven fabrics) and continuous

(rovings) glass fibres. FRP composites reinforced with chopped strand mat are isotropic

in the plane of the lamina. Examples of isotropic composites are sheet moulding

compounds (SMC) which are widely used for panel substitution in the automotive

industry (Weng and Sun, 1979). Filled and unfilled SMC are fabricated using chopped

strand mat. Generally, composites reinforced with chopped strand mat have lowe¡ load

carrying capacity than those reinforced with glass rovings. This is because the loads

applied to such composites must be transfeñed in shear to the randomly distributed fib¡es

through interfacial bonding between the matrix and the glass (Reinhart and clements,

1987).

composites reinforced with woven glass fabric exhibit mechanical properties in

only two orthogonal directions. These composites a¡e ¡efer¡ed to as having

"orthogonally anisotropic" or "orthotropic" properties (Holmes and Just, 1983)'

Filament winding is a manufacturing process whereby continuous glass rovings

are impregnated with a ¡esin admixture and wound on a mandrel in either the hoop and

longitudinal (biaxial) directions or laid at an helix angle. One advantage of filament

wound composites is that the orientation of the glass rovings can be aligned in different

directions to optimize their anisotropic properties. The te¿hnique is often used in the

fabrication of tubular FRP structures such as storage tanks and lightweight piping

(McCawill, 1987).



2.1.2. Filled Polyester-Matrix

Polyester resins are one of the most widely used commercial resin matrix

systems (Updegraff, 1982), There are two fo¡ms of polyester resins; saturated and

unsaturated polyesters. Saturated polyesters are resins that contain single carbon-cæbon

atoms and are usually prepared by the condensation polymerization of dibasic acids with

dihydric alcohols. Unsaturated polyesters are the group of polyesters in which the

dibasic acid component, consists of an unsaturated acid such as fumaric acid resulting in

weak double bonds between the carbon atoms (Dudgeon, 1987)' Conse4uently, the

polymer is easily dissolved in a reactive vinyl monomer such as styrene to assist in cross-

linking of the polyester chains (see Figure 2.0).

Inorganic filler particles a¡e usually added to the unsaturated polyester and cross-

linking monomer to extend rather than reinforce the matrix' Common cost-reducing

fillers used in SMC materials include calcium carbonate and aluminum trihydrate (ATH) '

The SMC formulation first involves mixing the filler particles with the polyester resin

admixture to form a paste. The addition of a catalyst or free ¡adical initiator, such as

an organic peroxide, results in the fo¡mation of a three dimensional thermoset plastic by

cross-linking the unsaturated polymer to the monomer, filler particles and reinforcement.

It is known that calcium carbonate fillers assist in reducing shrinkage of molded pafs

while ATH fillers provide improved flame retardancy characteristics (McCluskey and

Doherty, 1987), Dudgeon (1987) reported data from Grayson and Eckoth (1982) which

showed that while calcium carbonate (20 percent by weight) in unreinfo¡ced cured

polyester resin improved matrix stiffness properties, the fille¡ had little effe¡t on strength

characteristics,
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2.2 DEVELOPMENT OF AN EXPERIMENTAL COMPOSITE

Tsai (1979) has recognized that the construction of a structure from FRP

composites is highly dependent on its specific application. There is a lack of research

on the long-term durability of filled FRP structutes exposed to naturally aggressive

aqueous environments. To this end an experimental filled filament wound (FFW)

composite for underground tubular applications such as piping (culverts) and storage

(septic) tanks was developed. The FFW composite was designed on the basis of

optimizing the orientation of the continuous glass fibres to ensure that the mechanical

(directional) properties of the composite were fully utilized for such applications .

2.2.1 Structural: Underground T\¡bular Applications

underground flexible FRP stn¡ctures such as culverts and tubular septic tanlG

derive their ability to support earth and live loads from their inhe¡ent strength and the

passive resistance of the soil as they deflect. Flexible CSP culverts are recognized as

a soil-steel system in which the flexible steel conduit acts with the surrounding soil fill

to support loads (AISI, 1984). As the active soil and live loads cause a decrease in the

vertic¿l diameter and an increase in the horizontal diameter the combined effects of active

and passive pressures exerts relatively uniform compressive and bending stresses. These

stresses occuf primarily in the circumferential or hoop direction of the composite pipe

wall. The structural design and underground installation procedures for plastic, polyvinyl

chloride (PVC) and FRP, culverts closely parallels that of CSP culverts (AASHTO,

1988; Greenwood, 1975).

An equation developed by Spangler is ¡ecommended in ASTM D-3839 (1979),

',Underground Installation of Flexible Reinforced Thermosetting Pipe and Reinforced

10



t1l

Plastic Motor Pipe", to estimate pipe deflertions in the field. This e4uation ¡elates the

horizontal deflection to the load, material characteristics and properties of the soil and

is expressed as follows:

where:

\ = f(Dyw¿ + w¿ K6R31 I (E1I + 0.061 E'R3)

Xl : Horizontal deflection of the pipe, mm

Dl = Defle¿tion lag factor, dimensionless

Wc = Vertical earth load on pipe, N.mm-l

WI- : Vertical live load on pipe, N.mm-l

Kb = Bedding constant, dimensionless

R : Mean pipe radius, mm

I - Moment of inertia, mm4

E' = Modulus of soil reaction, MPa

El Flexural modulus of pipe material, MPa

It is evident from F4n. [1] that the tubular structure should have sufficient local

strength in bending and pipewall stiffness (EtI) so as to develop and utilize the passive

resistance of the soil (0.061E'R3). In fact the Wate¡ Pollution Control Federation

(WPCF,1970) has recommended as a practical meåsure that the value of E1I should

never be less than 10 to 15 percent of the te¡m 0.061E'R3 and the allowable deflection

in the field should not exceed five percent of the nominal diameter of the flexible pipe.

It is apparent that significant loss in stiffness properties during the service life of the

structure, as indicated by a decrease in the flexural modulus (Et), could result in

structural failure in the fleld. Accelerated laboratory testing can be used to evaluate



long-term changes in flexural properties.

2.2.2 Chopped FRP Compositæ

Various types of chopped FRP laminates have been recommended fo¡ tubula¡

(water and sewage) applications. wata¡abe (1979) has proposed a sandwich laminate

which takes into account the fesistance to acid attack and the required distribution of

mechanical stresses. The laminate, shown in Figure 2.1a, consists of a layered core

stfucture of unfilled polyester ¡esin reinforced with chopped strand mat, sandwiched

between woven glass fabric and corrosion-resistant surface mat layers. The reinforcing

roving cloth is placed on both sides of the cole structure so as to enhance flexural

properties of the laminate. The unfilled surface mat layers contain low volumetric fibre

fractions for acid resistance,

The Canadian Ståndard Association (CSA, 1989) has recently proposed a new

filled laminate structufe for FRP septic tanla. The multi-layered structure, shown in

Figure 2. lb, consists of an unfilled exterio¡ surface layer, a structural layer, and an anti-

wicking ba¡rier which is protected by an interior surface layer. The structural layer may

consist of filled or unfilled chopped strand FRP layers which may be reinforced with a

woven glass fabric. The structural layer in either case must be plotected by an "anti-

wicking barrier" of unfilled chopped FRP of at least 2.5 mm from the interior side

exposed to the sewage environment. The exterior side of the structural layer must also

be protected from natural aqueous environments by a corrosion liner of one o¡ mofe

layers of unfilled polyester resin having a range in thickness between 0.13 to 0.30 mm.

The CSA requirement for an anti-wicking barrier was based on the Canadian

Govemment Specifications Boa¡d (CGSB, 1969) Standard 41-P-22 and the findings

t2



(o) Slruclure recommended by wolernobe (¡929)

(b) Strircture recommended by CSA (19g9)

(c) Experimenlol FFW lominole struclure

I suRFAcE MAr

lmn suRFAcE LAyER

P RovrNG clorH

haIT¡ cHoppED STRAND Nlaf (fiited or unfit¡ed)

ffi FILAt\,rENr-wouND sfRucTURE (.< = 7o')

Figure 2,1 Various laminate stn¡ctures for tubula¡ applications
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ofan unpublished laboratory study conducted by FiberGlas Canada (1987). In this four

year study, various filled and unhlled chopped GRP composites were immersed in acetic

acid (initial pH 2,25) at room temperature. The experimental results showed that

specimens containing calcium carbonate (33V0 by weight) or aluminum tnhydrate (42%

by weight) retained only 46 and 44 percent of their initial flexural modulus and 76 and

58 percent of their initial flexural strength properties, respectively, after four years. The

CSA concluded that this reduction in flexural properties was associated with the chemical

deterioration of the interfacial bond between the filled polyester-matrix and the glass

fibres. It was also assumed that the primary deterioration mechanism involved the

adsorption (wicking) of acetic acid along the discontinuous glass fibres.

2.2.3 Filled Filament Wound (FFW) Composite

There are two inherent disadvantages of chopped strand reinforced FRP

composites. Firstly the use of short fibres prevents the composite from fully utilizing the

high strength, high modulus mechanical properties of the continuous glass filaments.

Instead the mechanical behaviour of the composite relies on the matrix to transfer the

loads to the fibres and the integrity and efficiency of the fibre/matrix interfacial bond.

If for some reasons such as fluid absorption o¡ chemical action, the fibre/matrix bond

loses its structural integrity, it follows that the mechanical properties of the composite

will be impaired. Vy'atanabe (1979) showed that for unfilled FRP composites ¡einforced

with woven glass cloth, the bond strength at the interface was reduced by water after

tensile fracture. This may not be the case when the reinforcement is provided by rovings

of continuous filaments. For example, Fonda (1989) reported that the strength in

filament wound laminates comes directly from the continuous filaments that can carry the

14



load without overloading the fibres.

The second disadvantâge involves the orientation of the ¡einforcing phase. In

most cases the design of the tubulaf structure may require greater mechanical properties

in the hoop direction than the axial direction. However, in using orthotropic FRP

materials to achieve such properties, the mechanical behaviour properties in the hoop

direction cannot be controlled independently of those in the axial direction.

In this wo¡k it was decided that it was necessary to control the isotropy of the

composite and to design an experimental composite that would optimize the flexural

properties in the hoop direction so as to limit deflections in the field due to normal

loading. This was accomplished by using a filament winding technique in which the

spacing of the rovings and angle of winding were controlled to give a continuous filled

structure f¡ee from discontinuities associated with fabric edges. The experimental filled

filament wound (FFW) structure, shown in Figure 2.1c, is well suited to a small scale

research study under controlled conditions.

2.2.4. Description of Experimental FFW Composite

The FFW laminate consists of a structural layer and an exterior surface layer.

The structural layer was fabricated using continuous Type E-glass rovings, impregnated

with a unifo¡m mixture of orthophthalic unsaturated polyester resin and fillers (weight

ratio; 1:1). The impregnated glass rovings were helically wound at an angle of 70"

from the axis of the 750 mm diameter pipe. The two filler materials used in the resin-

filler matrix were calcium carbonate and ATH (weight ratio: 1:1).

A blue pigmented polyester resin (corrosion) liner was applied to the exterior

surface of the pipe during fabrication, The average thickness of the surface layer was

15



determined, using a visual light microscope, to be 0.253 mm (SD : 0.092 mm). The

interior surface of the composite was not lined in o¡der to quantify the rate of

deterioration for a non-protected surface.

The average density of the experimental FFW composite (described in

Table 2.0) was determined to be 1.88 grurr'"r-3. The density of the composite

material was dete¡mined in accordance with ASTM-D-792 (1986). For information

regarding the chemical analysis and material properties of each FFW component, the

reader is referred to Appendix L The filler constituents, Soiem ATT{ and Snowhite

CaCo3r accounted for 32 percent of the total weight of the FFW composite. The volume

relationship of filler to resin (FVC) is approximately 2.0. A further description of the

physicochemical properties of each filler constituent is presented in the following

sections.

2.2,4.1 Solem ATII Filler Properties

The Solem ATH filler particles used in the FFW composite is a material which

is produced as a by-product from the Bayer chemical process (Solem, 1988) for chemical

separation of pure aluminum oxide from Bauxite ore. Solem ATII is 99.5 percent by

weight pure aluminum oxide trihydrate (4t203.3H20). The remaining 0.5 percent

consists of va¡ious oxide impurities. The average diameter of each particle is 15 pm and

ranges from I to 45 ¡rm. Typical chemical, physical and particle size distribution

properties are described in Appendices I-3, and I-4.
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TABLE 2.0 Dæcription of Experimental trFW Composite

ComponeDts Constituents Weight
(%')

Specific
G¡avitv
(g'"-3i

Exterior pigmentl (blue); general purpose polyesteP 4.0

liner

Structural
layer

Roving Contitruous E-glass filaments3; silane treåted 32,O 2.54
(diameter 0.025 mnr)

Re.sin Orthophthalic unsaturated4; polyester-alkyd; 32,0 1.1-1'3
styrene-cross lhking agent

Filler Solem ATH5 16.0 2,4'2,6
Snowhite calcium carbouate6 16.0

I CP¿ooO Manufactured by FiberGlas Canacla, Guelph, ontario

2 Ft1-2ooo Manufactured by FiberGlas cånada, Guelph, Ontario

3 Type E-CR Manufactu¡ed by FiberGlas Canada, Guelph, Ontario

a WtgqO Manufactured by GWIL Industries, Bumaby, B.C.

5 Solem-336LV Manufactured by Solem Industries Inc., Norcross, Georgia

6 Snowhite 452 Manufactured by Steep Rock Resources Inc., North York, Ontario

Pure aluminum trihydrate consists of 34.6 percent by weight of chemically-

combined water and is also chemically expressed as aluminum hydroxide (2 AL(OH)3).

It is recognized as a flame tetardant and smoke suppressant in unsaturated polyester

composites (Hindersinn and Witschard, 1978). The low endothermic heat of hydration
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of aluminum trihydrate of 0.28 kcaI-.g-l and the diluent and cooling effect of the water

vapour that is released prevents the ignition of filled polymer composites at flame

temperatures (Connolly and Thornton, 1965; Solem 1988). The thermodynamic flame

retffdancy properties of ATH filler materials are beneficial to culvert structures in that

they are often subject to ditch fires.

Aluminum hydroxide compounds also have amphoteric properties, in that the

solubility of its solid phase increases for both acidic and basic conditions (Y,leber, L972;

Benefield, 1982). The maximum theo¡etical concentrations of soluble aluminum species

which can exist in water at e4uilibrium with the aluminum hydroxide precipitate at 25'C

are presented as a function of pH in Figure 2.2. Àccording to solubility equilibrium

criteria, there is no tendency for a precipitate to occur at pH levels below 4.0. Typical

chemical dissolution expressions fo¡ basic and acidic reactions a¡e described below:

Base Reaction: 2AL(OIU + 2OH- '- 2AL(OII)4

t3l Acid Reaction: UL(OIù + 6H* -- 2AL+ 
+ + + 6HzO

The complete characterization of a reaction requires not only an evaluation of

the equilibrium condition but more importantly the rate of the reaction. Unfortunately,

there is little information available on the rate of dissolution of Solem ATT{ in acids or

bases.

Because of the lack of information, an eight week preliminary laboratory

experiment was conducted at room temperature (20.5"C) conditions to obtain a better

understanding of the dissolution properties of Solem ATH particles in acidic

environments. The experiment was designed to compare the acid dissolution behaviour

121
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of Solem ATH and comme¡cial grade 2AL(OH)3. Forty grams of Solem ATH and

2AL(OH)3 were added to a two-L solution of sulfuric acid at two pH levels. This

represented an initial concentration of approximately 6,915 mg.Ul as aluminum

(AL***) ion. The AL*** concentration in solution was subsequently measured on a

weekly basis in accordance with Standard 303 C (1985) using an atomic absorption

(SpectrAA-20; Varian) spectrophotometer. A summary of test results for pH and

dissolved A1*** concentrations are presented in Appendices I-5 and I-6.

It is evident from Figure 2.3 that increases in the AL*** concentration,

although slightly higher for Solem ATH, were simila¡ for each pH condition. The

experimental data also shows that the rate of dissolution is dependent on pH and is much

greater for the lower pH (1.33-1.34) condition. The aluminum ion concentration

appeâ¡s to reach an asymptote between 100 and 150 mg'L-l for the higher pH (2.09-

2.15) condition. The theoretical saturation concentration of Al***, based on a \n of

LO-32'34 (Benefield, 1982) for aluminum hydroxide at 25"C, was determined to be 5.5

x 107 mg.Ul aTpH2.12 (see Appendix I-?). The experimental results suggest that both

Solem ATH and aluminum hydroxide could be effective fillers in FRP structures exposed

to low pH acidic (sulfuric acid) field envitonments. Further rese¿rch is required to

explain the diffe¡ence between theoretical and observed results. The effectiveness of

these fillers in low pH sulfuric acid environments is, associated with their low rates of

dissolution.

2.2.4.2 Snowhite (CaC03) Filler Properties

The Snowhite (CaC03) filler used in the fabrication of the composite consists of

untreâted natural ground limestone. Snowhite is only 95.0 percent by weight pure

20



EEO

ÊËû

$m
-ffi
!¡æ
Ecm

f;m
c.

8ffi
Eæ
=ffif
Ërm
f
Elm

50

/" ./'
,' ./

.'/ /t'-t'

-T
Ér e.0s-2. r5 Ér r,33-r.34

O So lsn ñfH

tr Êñ-( Ël) s

| 5Þl Em FÌH
I ar_(chtL

Figure 2.3 Dissolved A1*** concentration as a function of time
for Solem ATH and 241(OH)3 in sulfuric acid

21



calcium carbonate. The remaining 5 percent consists of va¡ious oxide impurities (see

Appendix I-8). The mean filler particle size is 17 pm, It was reported (CRC, 1973) that

the saturation concentration of natural limestone ranges from 74.25 to L8.75 mg/L

for cold and hot water, respectively. Calcium ca¡bonate because of its low solubility is

more resistant to leaching in water environments. It is, however, readily dissolved in

low pH acidic environments.

l4l CaCo3 + 2H* --, Ca** + Co2 + H2O

One advantage of calcium carbonate is that large amounts of this filler can be

added while still maintaining a processable paste (Mccluskey and Doherty , 1987).

However, Monte and Sugerman (1986) showed that untre¿ted CaC03 particles in FRP

materials contain many latent areas for composite failure due to entrapped air and

moisture. In such cases the interfacial bond between calcium carbonate fillers and resins

can be improved by surface treåtment with stearic acid and titanium coupling agents

(Seymour and Carrahers, 1981).

2.2.4.3 lnorgznic Microstructural Characteristics

Scanning electron microscopy (SEM) was utilized in this work to characterize

the inorganic microstructural features of the experimental FFW composite. A SEM

(JEOL-JSM 840) combined with a dispersive x-ray analyzer (fracor Northern 5500) was

used for this purpose. The function of the x-ray analyzer was to evaluate the

microstructural distribution of inorganic elemental atoms, expressed as a percentage by

weight, in a given scanning area.

SEM measurements were taken at various locations along the thickness ofpost-
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cured virgin specimens (8 mm x 8 mm x 4.8 mm). It was found that a minimum

scanning area of 0.0625 mm2 10.25 mm x 0.25 mm) or 500x magnification was

effective in minimizing localized effects. The average microstructural characteristics of

the laminate was determined from elemental-dispersive spectrums conducted at 17

different locations along the thickness of the specimen, A typical elemental-dispersive

spectrum is shown in Figure 2.4.

A summary of the average pe¡cent of calcium, aluminum, and silica, expressed

as a percentage by weight of the total weight of inorganic elements, is shown in

Table 2.1 . The SEM results compared well with the estimated weights of calcium,

aluminum and silicon used in the fabrication of the experimental FFW test pipe. A

combination of these elements is present in the glass reinfo¡cement (Iype E) and fille¡

components (Solem ATH, and Snowhite CaCO3).

Table 2.1 SEM Analysis of Inorganic Microstructural Characteristics
of Experimental FFW Composite

Estimated

Brackets: standard deviation.

Inorganic Element

Average Percent by Weight

SEM Analysis FFW Pipe*

Calcium

Aluminum

Silicon

Other

40.0 (5.1)

2e.t (s.9)

2r,t (s.6)

9.8 (6.4)

34

30

25

11
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2.3 NATIIRAL AGGRESSWE AQUEOUS EI.MRONMENTS

This section describes natural aqueous field environments that have ¡esulted in

the aggressive deterioration of concrete and metal structules. Field studies related to

CSP culvert corrosion were also reviewed in order to delineate a typical aggressive in

si¡¡¡ soil environment.

2.3.1 Soft Water

Soft waters, such as those draining from mountain regions and rainwater, are

low in total dissolved solids. These waters have been found to be aggressive to concrete

due to leaching of calcium hydroxide from the hardened cement pastes (Hoff, 1979).

Such waters have been referred to as pure or carbonic species deficient waters

(Benefield, 1982).

2.3.2 Acids

Groundwater acidity is due primarily to the presence ofcarbon dioxide (carbonic

acid) and organic acids (humic acid) resulting from decaying organic matter. Biczok

(1967) reported that the pH in the zone of humus formation may range from 3.6 to 4.0.

Similar low pH environments were observed in peat and marsh soil when high

concentrations of the sulfate ion (2000 mg.Ul) and low buffering conditions (lack of

lime) are present. The latter conditions resulted from the oxidation of reduced sulfur

compounds such as hydrogen sulflrde gas or pyrite into sulfuric or sulfurous acid' Holt

(196Ð in a conosion study of CSP culverts identifred strong acidic conditions in Podsol

soils located in North-Eastern Minnesota. Smith and Ehrlich (1967) identified acidic

(Sphagnum moss) surface soils in Eastem Manitoba where the pH range of the ground
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\,vater ranged from 3.5 to 4.0.

Starkey (1986) and Fontana (1986) reported that the chemical nature of the soil

may also increase in acidity where conditions change seasonally from anaerobic to

aerobic. It is known that in nutrient-rich environments such as sulfur fields, oil fields,

and sewage, anaerobic microorganisms can produce large amounts of reduced sulfur

compounds which may in tum be oxidized by other bacteria to sulfuric acid' Gaudy and

Gaudy (1988) also noted that the sulfur oxidizing bacteria were responsible for the low

pH conditions in acid drainage water from mines.

The US Environmental Protertion Agency @PA, 1985) identified sulfur

oxidizing bacteria such as Thiobacillus thioxidans and Thiobacillus concreîivorous as

being the primary microorganisms responsible for the production of sulfuric acid and the

deterio¡ation of structures in contact with sewage. These bacteria oxidize sulfur

compounds such as hydrogen sulfide to sulfuric acid, often reducing pH values to below

2.0, and are considered responsible for corrosion of concrete structures exposed to air

(ASCE, 1980). Thus, surfaces above the liquid level in an anaerobic septic tank will be

subject to sulfuric acid attack.

It is also known that anae¡obic sulfate-reducing bacteria may outcompete

methanogens for hydrogen gas (H2) and produce acetate as an end product which could

accumulate (Oleszkiewicz et al., 1989). This process could potentially subject the

submerged surfaces in an anae¡obic septic tank to acetic acid attack' Cor¡osion

associated with anaerobic conditions is expected to be less severe than sulfuric acid

(crown) corrosion since the generation of acetic acid usually stops below pH 5.0

(Postgate, 1984).

Othe¡s have reported the accumulation of total volatile acids (as measured by
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acetic acid) in simulated landfrll leachate (Chian et a1., 1985). The pH of this leachate

was observed to drop to a minimum value of 5.0.

2.3.3 Bases

Holt (1967) identihed Chernozemic soils as having a pH range of between 8.0

and 10.0. Others reported that the pH in most soils and groundwaters normally do not

exceed 9.5 (Haviland, 1966; Noyce and Ritchie, 1979). The basicity of natural

groundwater is normally not deleterious to concrete since the material is chemically

basic.

2.3.4 High Sulfate

Common soluble sulfate salts found in aqueous soil envi¡onments include:

sodium sulfate, potassium sulfate, calcium sulfate (gypsum), and magnesium sulfate

(Hoff, 1979). According to the U.S. Bureau of Reclamation, sulfate ion concentrations

in water samples ranging from 1,500 to 10,000 mg.Ll have shown to result in severe

concrete attack (ACPA, 1980). The primary mechanism of concrete deterioration

involves the formation of gypsum and ettingrite which in tum induces swelling and

cracking due to expansion stresses. It is recognized that magnesium sulfate which is

common in seawate¡ in concentrations of 2,000 mg.Ul is more deleterious to concrete

than the other sulfate salts (Soroka and Itzhak, 1979).

2.3.5 Microbial Induced Corrosion MIC) Soil

Numerous field studies have had limited success in establishing meaningful

relationships between CSP culvert cor¡osion and specific factors related to the
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characteristics of the in sit¿ soil (Noyce and Ritchie, 1979; Holt, 1967; Patenaude,

1986). However, the factors identifred in these studies which contributed to extensive

CSP corrosion rates (0.07 to 0.14 mm.¡l) included the chemical nature of the soil, the

presence of sulfates and sulfate ¡educing bacteria (SRB) and the frequency of wetting and

degree of submergence. Others identified SRB as the most causative organism of

microbiologically induced corrosion (MIC) of metals at coastal and offshore marine sites

and recommend that cor¡osion tests should be conducted in their in situ nzlural

environment (Hamilton and Maxwell, 1986; Starkey' 198ó).

Tiller (1986) presented criteria developed by Booth et al. (1967) to categorize

the potential soil aggressiveness by determination of three soil palameters: electrical

resistivity, redox potential, and water content (see Table 2.2),

Table 2.2 System to Assess Soil Aggressiveness

Soil Parameter

Soil resistivity (ohm.cm)

Redox potential (volts) at pH 7.0

Water content (wt %)

Property

- 
jgSgg**s

>2,000

> 0.40

<20

Ass*ry9

< 2,000

< 0,40

>20

2,4 EXISTING TEST PROCEDIJRES AND METHODS TO QUANTIF"T

DETERIORÀTION AND DIFFUSION COEFFICIENTS

2.4.1 Background

Presently, there is no standard test procedure to evaluate, in a stressed or

unstressed state, the chemical ¡esistance of a hlled FRP composite. The only comparable
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test practice for determining the chemical resistance of thermosetting resins used in

unfilled FRP structures intended for liquid service is ASTM Standard C-581 (1983).

Unfilled FRP laminate sheets are first prepared according to a standard procedure and

subsequently immersed in a liquid service environment to determine the rate of

deterioration or chemical ¡esistance. The rate of deterioration is based on measuring

changes in specimen dimensions, visual appearance, and mechanical properties @arcol

hardness; ASTM D-2583, flexural strength and modulus; ASTM D-790, tensile strength

and modulus ASTM D-638).

The test procedure described in Standard C-581 is often impractical for room

temperature service conditions, consequently, accelerated testing is often required. As

\ryell, some of the test methods recommended have limited application. For example, it

has been found that FFW specimen dimensional changes cannot be measured accurately

due to the curved nature of the iûegularly shaped specimens. Therefore, one of the

primary objectives in this work was to develop new analytical methods to quantify more

accurately the rate of deterioration of FFW composites in natural aqueous environments.

Polymeric materials degrade by processes quite different than metals. In

aqueous metal cor¡osion, the reactions occur at metal surfaces and are of an

electrochemical nature. For neåt (unfilled) polymers, Fontana (1986) and B¡avenic

(1983) reported that the deterio¡ation mechanisms involve physicochemical processes

such as sr¡/elling and dissolution. Similar mechanisms of deteriotation have been

reported for concrete materials exposed to low pH sulfuric açid solutions (Attiogbe and

Rizkalla, 1980).

Table 2.3 lists some of the analytical methods used to evaluate the cor¡osion and

chemical resistance of metals and cured the¡moset resins, It is apparent f¡om this table
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Table 2.3 Anat¡'tical Methods for Metals and Cured Thermoset
Resins (from Fenner, 1975)

Method Alloys and Metals Cured Thermoset
Resins

Weight change:
As penetration (loss in

thickness)
% weight change

Permeation

Change in hardness

Dimensional changes

Tensile properties

Compressive properties

Flexu¡al properties

Elongation

Appearance charge of test

sample:
Surface attach (pitting, craters,

crevices, blistering, etc.)
I¿mina¡-wall attack
Colour

Deleterious effects to environment

Yes
Rarely used

Special gases (hydrogen

blistering)

Relatively few instances
(graphitization,
dezincification, etc. )

Yes (losses)

Special case: usually
not done

Special case: usually
not done

Special case: usually
not done

No

Yes

Yes
Yes
Yes

Yes

No
Yes

Yes

Yes

Yes

Generally no

Yes

Yes

No

Yes

Yes
Yes
Yes

Yes
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that the only methods that can be used to compare the corrosion/deterioration behaviour

of metals and plastic materials include weight change, specimen dimensions and visual

appearance.

The first laboratory test method to quantify the deterioration of a composite by

measuring changes in the diffusion coefficient was developed for concrete materials using

radioactive isotopes @iczok, 1967). Unfortunately, radioactive isotope tracing

te¡hniques require stringent safety p¡erautions and are very time-consuming. A simple

and more reliable method of quantifying the pore structure and diffusion characteristics

of wet attacked FRP composites is required.

Mercury intrusion porosimetry (MIP) and image analysis (IA) have been used

to measure concrete structure properties such as porosity and pore-size distribution.

These methods a¡e described and evaluated in Se¿tion 2.4.2. Recently, nuclear probing

methods have verified the application of classical diffusion theory by measuring the

concentration of deuterium @2O) in graphite/epoxy composites as a function of depth

of penetration @elasi and Schulte, 1984).

Most diffusion characterization studies in poiymer systems have been associated

with the transport of water vapour (moisture) and liquid r ater. The diffusion coefficient

has been determined experimentally by the application of analytical diffusion models to

the observed data. The fundamental theory of diffusion and a review of the

absorption/diffusion behaviour of moisture and solvents is presented in Section 2.4.3.
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2,4.2 Porc Structure Characterization Methods

2.4.2.1 ]ÙlIP and IA Methocls

MIP is based on the principle that the pressure required to force mercury (Hg)

into the pores of a material is inversely proportional to the size of the pores. MIP

techniques were employed by Wild et al. (1987) to determine the porosity and pore size

distribution in cured clayJime systems. However, Feldman (1984) reported that the

injection of mercury at high pressures could disrupt the pore structure of blended cement

pastes resulting in simila¡ damage to that which would occur under severe oven-drying

conditions. A second disadvantage of MIP tests is that there is no way of accurately

predicting permeability/diffusion from porosity and pore size measurements. Hughes

(1986) addressed this problem for cement pastes and developed an equation relating

permeability to pore size, pore volume and pore tortuosity.

A method for large pore analysis using IA techniques has been developed by

Par¡ot et at. (1984) for hydrated alite cement. Petrographic IA techniques were

developed by Garychuck (1987) for carbonate rock porosity meåsurements. The latter

technique combines vacuum evacuation with subsequent impregnation of a low viscosity

epoxy resin @R) mixed with methylene blue dye. However, difficulties were

encountered in identifying the pore-solid boundary interfaces when viewing these images

in black and white. Harvey's (1987) attempts to resolve the problem by using an ER

mixture using a fluorescent (Rhodamine B) dye were unsuccessful.

MIP and IA techniques were not used in this wo¡k to chamcterize the pore

structure of degraded FFW composites due to the potential risk of causing further

damage (cracks) in the degraded layer of the laminate due to the high pressures required

fo¡ fluid injection. Other reasons included the sensitivity to sample preparation and the
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length of time required to run the tests.

2.4.3. Diffusion Characterization Methods

2.4.3.1 Theory of Diffusion

In 1855, Adolf Fick developed a mathematical model based on the same

fundamental equations developed by Fourier for heat conduction. Fick developed the

laws of diffusion and quantified the diffusion coefflcient as a measurement of the rate at

which the diffusion process occurs (Che¡emisinoff, i986; Shewmon, 1963;

Schackeiford, i988). The diffusion flux for a chemical species is related to the diffusion

coefficient by Fick's first law:

t5J J=_D.GC|AÐ

where J is the one-dimensional flux of the diffusing species (mass l-2 t-l;, D is the

diffusion coefficient 1t2'f l¡, C is the concenration of the diffusing species (mass l-3),

and X is the direction of the space coordinate.

In 7912, Perrin followed the movement of a spherical B¡ownian particle and

dete¡mined experimentally that the displacement of a particle diffusing away from a

central location was not proportional to time, but was proportional to the square root of

time (Lavenda, 1985). The average diffusion coefficient was measured as the lineâr

slope of the mean square displacement of the particle versus time curve.

In cases of non-steady state diffusion, such as the absorption or desorption of

moisture in the thickness direction of a polymer sheet or concrete slab, the change in

concentration a¡d flux within this slab can be approximated from the one-dimensional

case of Fick's seconð law of diffusion. The concentration gradient changes along the
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t6l

diffusion path changes with time and this condition can be represented by a second order

differential equation :

(ôc I ôt) : ô I AX' (D AC I ðX)

whe¡e ð/ôX is the concentration gradient and t is the time coo¡dinate.

Fick's Second Law is not an independent law, and is actually a modification of

the first law when applied to a differential mass balance for specihc boundary conditions.

If the diffusion coefficient is constant and is independent of concentration, position and

time, then Eqn. t6l becomes

rn ôct¿,t:oðzctaxz

The concentration of the diffusing species through the thickness (1) of a plane

sheet was dete¡mined as a function of position and time for a specific set of boundary

conditions (Crank, 1965).

C:C¡i0<x<1¡10

C:Ce;x=Q,x=1r>0

The non-steady-state solution of Eqn. [fl and the initial condition [8] and the

bounda¡y condition [9] is

C(t\ - C, có
-\"t -t = 1 - (+lù { L Qn+l)-l sin [(2r?+ L) ¡r x I I]t10l 7;=-q-' n=o

.expl-D(Zn+DzPtttzll

t8I

tel
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The total amount of the diffusing species absorbed is obtained by the integration of

Eqn. t10l through the thickness (1) of the flat sheet:

tlu

which yields

Il2l n(t) - m¡

fre-fli

C(x,t) dx

æ

r-(81r2){l Qn*t¡-2 exp l-(2n+7)-2 o2 lottt2¡1¡
n=0

I
nØl

0

where

m¡, m(t) and m" are the initial values, at time (t), and e4uilibrium (saturated) weights of

the diffusing species in the material. G is a time-dependent parameter for a set of

specific environmental conditions. For a material insulated on one side s is twice the

thickness G = 2Ð. Eqn. t12l is approximated by the expression (Shen and Springer,

1976):

t13l G:L-exp[-?.3(ottsz)'1s]

Crank (1975) recognized that the diffusion coefficient in aniosotropic materials

can vary in any direction throughout the laminate thickness and developed a simplified

approach to determine the one-dimensional diffusivity of such materials. He assumed

that if large, thin, flat sheets could be conside¡ed infinite in the y and z direction and the

flow is arranged to be one-dimensional, then the diffusivity will be no¡mal to the plane

and will vary only in the x dire¿tion. Whitney et al. (1982) ¡ecommended that in cases

where thin, flat, plastic composite specimens are not practical for moisture absorption
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testing, then the edges (thickness dimension) of the specimens should be se¿led to ensure

that the "effective" diffusion coefficient (D) is one-dimensional.

2.4.3.2 Absorption/Diffusion Behaviour of Moisture and Solvents in Pol¡mer

Systems

The published literature concerning the absorption behaviou¡ of atmospheric

moisture in FRP and graphite reinforced polymer systems is voluminous. The

absorption/diffusion behaviou¡ is usually characterized by an isotherm plot of specimen

weight gain (absorption) as a function of the square root of time.

Previous studies have shown cured epoxy resins absorb atmospheric moisture

(water vapour) by instantaneous surface adsorption and this water is subsequently

absorbed into the laminate @elasi and Whiteside, 1978; Shirrell, 1978; Cafier, 1978;

Bonniau and Bunselt, 1984). It has been recognized from tests in humid air that

abso¡bed water is usually not in the liquid fo¡m but consists of groups of mole¿ules

linked by hydrogen bonds to the polymer. Liquid water, however, may be transported

by capillary action along cracks and along fibre-matrix interfaces in composites.

The absorption of moisture in plastic composites has been extensively modelled

by the one-dimensional case of Fick's Second I¿w. For example Shen and Springer

(1976) and Whitney (1978) successfully applied the concentration-independent Fickian

diffusion model to determine the moisture content and the diffusivity of graphite-epoxy

aniosotropic (unattacked) composites in wate¡ vapour and liquid water environments.

Bonniau and Bunsell (1984) applied two different diffusion models (single and two-phase

models) for glass-epoxy composites exposed to water vapour and concluded it was
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possible to describe the water vapour absorption properties of these materials using the

Fickian diffusion model. The same glass-epoxy composites, however, showed diffe¡ent

behaviour when immersed in water since whitening and cracking was observed. Miller

(1984) presented a multlmedia Fickian diffusion model for steady-state boundary

conditions and Rao et al. (1984) for permeable fibre polymer composites. Hahn (1987)

presented a unified qualitative micromechanistic model to explain observations of

anomalous moisture diffusion behaviour.

The use of Fick's Second l-aw in describing moisture absorption/diffusion

behaviour is based on the following assumptions:

1. One-dimensional diffusion that is normal to the specimen surface a¡ea.

2, A constant diffusion coefficient which depends only on temperature and is

independent on moisture concentration, position and stress levels inside the

material and time.

3. Isothermal and isobaric conditions on both sides of the specimen.

4, A constant moisture concentration on both sides of the specimen,

5. Initially, the temperature and moisture distributions are uniform inside the

Iaminate.

6. No chemical reaction o¡ material deterio¡ation.

Shen and Springer (1976) devetoped an accelerated test method based on the

above assumptions to dete¡mine the absorption behaviour of a series of graphite-epoxy

composites exposed to humid air and to water. A parameter of practical significance

defined in the test was the percent weight gain (M) (Springer, 1976):
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lL4l M(t) = (wØ - w¡ 1w;1) trool

where W(t) is the weight of moist specimen at time : t, and Wi is the initial weight of

dry specimen at time : 0,

The weight of the absorbed moisture, mr, is equal to the difference of the total

weight of the moist material and the initial weight of the dry material.

tlsl mç¡: wç¡ - w¡

Therefore, combining [13] and [14]:

1161 MØ - *(t) @t)-l (1oo)

The effective diffusion coefficient (D) is derived from the initial slope of an

absorption isotherm plot of percent moistu¡e content (À4r), versus the square root of

immersion time curve and the following expression:

UN

Whe¡e

D, - (zr 116) (t ' a)t)z {tu ' tr-h)2

De : Effective diffusion coefficient for material, two sides exposed to the

environment, rrn2,r*-1

M" = Maximum moisture content at saturation, %

I = Thickness of specimen, mm

AM : Specimen weight change, %

At : Immersion time period (t2-t1)

Since the specimen thickness (l), and the maximum moisture saturation at equilibrium
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t18l

(M), are constants, Eqn. t17l can be ¡educed to:

Where:

De = (Ð (Sò2

F = (trll6) (t M;t¡2 or constant, mm2

Sa : Absorption slope of the line¿r portion of the absorption isotherm

plor, (t)-h

An edge coating impermeable to moisture is re¡ommended, otherwise, a

correction facto¡ must be made for "edge effects", One advantage of the Shen and

Springer (1976) test method is that M" can be estimated and total satu¡ation of the

specimen is not required in o¡de¡ to calculate the diffusion coefficient. To classify an

absorption isotherm as Fickian, the initial portion of the absorption (weight gain)

isotherm when plotted against the square root of immersion or drying time (ty':) must be

linear up to 60 percent of the value of the maximum moisture content or equilibrium is

reached (Crank, 1965),

Numerous studies investigating the absorption of water vapour and liquid water

in graphite/glass ¡einfo¡ced epoxy laminates have shown the diffusion coefficient to be

independent of concentration and related to temperature by the Arrhenius relationship

@elasi and Whiteside, 1978; Whitney and Browning, 1978; Gillat and Broutman,

1978):

Dr=Do.r-E¿lRfltlel
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where De is the effective diffusion coefficient, Do is the pre-exponential factor or

permeability index, E¿ is the activation energy, R1 is the universal gas constant and Tl

is the absolute temperature in degrees Kelvin. The activation energies (E¿), obtainen

from the siope of an Ar¡henius plot (log D" versus 1/T1), were generally less than

10 kcal/g-mole.

It is recognized that Fickian diffusion is generally applicable to rubbery

polymers, and often fails to describe the diffusion process in glassy polymers (Springer,

1984). The glass transition from temperature is defined as the temperature that a glassy

hard state polymeric materiai tums from a glassy hard state to a soft rubbery state. The

glass transition temperature (Tr¡ is usually lowe¡ed by the absorption of moisture which

changes the diffusion behaviou¡ of the material by softening the resin matrix and causing

it to swell. This process is known as plasticization. Whitney et al. (1982) emphasized

that care should be taken in high-temperature moisture exposure environments near the

wet Tg of the matrix. The rapid rate of vr'ater absorption, forced by the temperature

gradient, could ¡esult in rapid swelling and induce permanent damage to the specimens

in the form of stress cracks.

A "solvent" is a generic description of a liquid such as distilled water and

aicohol that can dissolve solids. The diffusion of a solvent into a composite's

int¡amolecular network may result in physical changes that cause anomalous diffusion.

Anomalous diffusion which cannot be explained in terms of concentration-dependent

diffusion is commonly refened to as non-Fickian diffusion. Examples of such physical

changes include excessive swelling of the poiymeric material and the fo¡mation of an

advancing "swollen gel" boundary (Fontano, 1986). In exûeme cases, such as the rapid
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diffusion of toluene and methyl ethyl ketone into cured polyester resins, osmotic stresses

created at the boundary between the swollen surface layer and the non-swollen surface

core resulted in the formation of solvent-stress cracks @ravenec, 1983).

It has also been shown that abso¡bed water can generate intemal pressures

around inclusions in filled polymer composites (Sa¡gent and Ashbee, 1984) through the

formation of a crystalline hydrate. The hydration process immobilizes molecules of

liquid water into a lattice stn¡cture (water of crystallization) which ¡esults in an inc¡ease

in volume. The increase in volume for a filler particle encapsulated by a polymer can

generate a confining intemal pressure from the polymer matrix that, if in excess of the

tensile strength of the polymer, can cause intemal cracking of the composite.

For polymer systems which exhibit swelling, the relative rates of diffusion and

relaxation associated with structural changes dete¡mines whether the process is described

by Fickian or non-Fickian behaviour (Crank, 1975; Springer, 1984). For example, if

the rate of solvent diffusion in the laminate is slower than the change in polymer

structure due to equilibrium swelling, the diffusion process is usually classified as

Fickian. When relaxation processes inside the material at the boundary between the

swollen and unpenetrated layers are slower compared with the rate of diffusion to that

boundary, an advancing boundary or non-Fickian behaviour is observed (Crank, 1975;

Bravenic, 1983).

Non-Fickian behaviour has been observed in high temperature liquid water-

polymer systems. Hahn and Kim (1978) found micro-cracks in graphite/epoxy

composites following exposure in distilled water at 82"C. Gillat and Broutman (1978)

suggested that immersion temperatures above ó3oC not only accelerated the diffusion
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process of water in graphite/epoxy composites but also changed the water absorption

mechanisms resulting in non-Fickian behaviour

Bonniau and Bunsell (1984) observed that the liquid water uptake in glass/epoxy

composites was greater than that due to humid (100V0) ur. Surface whitening and

cracking was observed for composites exposed to liquid water, that is, at weight gains

gre¿ter than 1.0 percent. Losses in dry material were also observed at tempetatures

above 40'C. In other work at 50'C, the absorption of water in post-cured, unfilled,

cross-linked polyester resin specimens exhibited Fickian diffusion behaviour @ravenic,

1983). The diffusion coefficient of polyester resin specimens which were postcured for

28 h at 90"C was calculated to be 2.0 x 10-6 mm2.sec-I. This value was dete¡mined

using the method developed by Shen and Springer (1976).

The absorption behaviour and environmental effects of post-cured polyester-E

glass (SMC) specimens in distilled water, salt water, and various liquid fuels was

investigated by Loos et at. (1980). Prior to immersion in each environment, the filled

and unfilled SMC specimens were thermally post-cured by drying in an oven at 66oC

until no additional weight loss was observed. The diffusion coefficients were determined

using the gravimetric method developed by Shen and Springer (1976). The diffusion

coefficients for unfilled SMC-65, filled SMC-25 (4l.8%o CaC03 by weight) and filled

SMC-3084 (40V0 CaCO3 by weight), immersed in distilled water at 50oC, were

dete¡mined to be in the tange of 1.6 ro 2.1x 10-6 mm2.sec-l. In most cases, a loss in

weight was observed after M" was ¡eached. This non-Fickian behaviour was attributed

to material deterioration and explained by the formation of craclcs and the leaching of

resin particles,
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A maximum laboratory operating temperature of 45'C was used in this work

to minimize potential effects associated with hygrothermal damage to the experimental

FFW composite. The gravimetric method developed by Shen and Springer cannot be

used to chamcterize diffusion properties of composites that have undergone extensive

deterioration in aqueous environments. There is a need to develop other test methods to

quantify the change in diffusion characteristics of such composites.

2.5 RESEARCH OBJECTWES

Primary objectives ofthis experimental research program are summarized below:

1. To identify the most hostile simulated aqueous environment by comparing the

effects of various laboratory environments and temperature conditions on the

deterioration behaviour of large post-cured FFW specimens and metal (steel and

galvanized) coupons.

To develop new test methods to quantify the deterioration of small FFW

specimens in low pH acidic environments (hostile environment identified in l.)

and to demonstrate the usefulness of these methods in determining the effects

of postcuring on deterioration behaviour in sulfuric acid (pH 2,2 to 2.5).

To develop a mathematical model quantifying the rate of deterioration of small

(virgin) FFW specimens exposed to acidic environments.

To verify and use the model developed in (3), in combination with experimental

data, to predict the intrinsic diffusion coeff,icients in the acid-degraded layers of

FFW specimens exposed to sulfuric and acetic acid.

2.

4.
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CHAPTER 3

PRELIMINARY SCREENING STI]DY: PHASE 1

3.1 INTRODUCTION

The Preliminary Screening (PS) study was designed on the basis of a field

investigation and two laboratory experiments. In this work, these experiments are

referred to as the FFW deterioration and the metal corrosion experiments. The purpose

of the field investigation was to deline¿te an aggressive in situ soilsite in order to obtain

soil samples to simulate an MIC environment.

The laboratory experiments were designed to assess and compare the

deterioration behaviour of postcured FFW composites and metals (steel and galvanized)

following exposure in va¡ious simulated aqueous field envi¡onments (see Section 2.3).

A specific objective of these experiments was to identify the environment which had the

most deleterious effect on each material. The experiments were conducted at ¡oom

temperature (25'C) and elevated temperature (45'C) conditions. Standard test methods

(Section 3.3.3) were used to meåsure and monitor changes in weight loss, mechanical

properties, and inc¡eases in the concentrations of calcium and aluminum ion in the

leachate. A moisture desorption heat (MDH) method was also developed and used to

monitor changes in the diffusion cha¡acteristics of wet postcured FFVy' specimens.

3.2 FIELD IIWF-STIGATION

A culve¡t field site was investigated on August 26, 1987 to determine the cause

of a failure of a gravelled municipal road (SW ll4 35-12-23) near Harding, Manitoba.



The road failure resulted from a collapsed 600 mm diamerer corrugated steel pipe (CSP)

underground culvert structure. An alkaline meadow drained into the culvert site (see

Figure 3,0). The field service life of the cor¡oded CSP culvert was only 10 years.

The inlet of the collapsed culvert was submerged during the site investigation,

Discussion with local representatives in the area indicated that water levels at the site are

known to fluctuate for periods of weeks or even months. The soil at the culvert site was

identified, from topographic soil maps, as belonging to the Newdale Smooth Phase soil

group.

The culvert site (12 m length) was excavated and sections of the coÍoded CSp

were inspected. Hydrogen sulfide gas was evident during the excavation and a localized

area of yellow precipitate, assumed to be ferrous sulfide, was observed adjacent to the

exterior of the corroded CSP and the soil. The interio¡ and exterior of the 16 gauge

(1.6 mm) CSP had cor¡oded uniformly with perforations evident along the length of the

CSP. Corroded metal specimens and soil samples were taken from the site for further

analysis and laboratory testing.

A visual examination of the cor¡oded metal specimen revealed bulþ yellow

cor¡osion products that were raised above a black ha¡d scale that had adhered to the

metal surface. The metal surface beneath the corrosion products was bright and shiny.

When the black scale was immersed in a strong solution of hydrochloric acid, hydrogen

sulfide gas was generated, which suggested a form of iron sulfide. The positive

identihcation of sulfide at the site and the formation of an iron sulfide scale suggested

that the observed MIC behaviour was ¡elated to the presence of anaerobic sulfate-

reducing bacteria (SRB). Hamilton (1985) reported that the formation of iron sulfrdes
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on buried steel pipelines in anaerobic environments, such as waterlogged clay soils, is

chafacteristic of the action of the sulfate reducers. Similar MIC behaviour and SRB

activity has been identified in a study with coÍoded csP culverts in wisconsin

@atenaude, 1986). In this work, the CSP cor¡osion rate at Harding was me¿sured at

0,08 mm.y-l. This value is based on uniform cor¡osion through both the interior and

exterior sides of the culvert stn¡ctute.

A conductivity meter (Geonex; Model No. EM 38) and a pH meter equipped

with an inert platinum indicator electrode and saturated calomel reference electrode were

used to make on-site measurements for pH, resistivity (R) and redox potential (E¡). The

pH, R, and Eh of the surface ditch water was found to be 8'6, 233 ohm-cm, and

0.455 V, respectively. Conespondingly, the pH and R values of the soil were lower and

measured at7 .6 and 170 ohm.cm, ¡espectively' The value of E¡ varied from +0.155 V

near the surface ofthe soil (2cm) to -0.055 V at 40 cm below the surface. The average

moisture content and wet and dry bulk densities of the Harding soil were determined to

be 38%,1.56 g.cm-3 and 0.98 g.cm-3, respectively (see Appendix II-l).

The soil texture was identified from a sieve analysis (Appendix II-2) to be a

sandy clay loam (SCL). The percentage of sand, silt and clay was determined to be 48,

27 and 25 percent, respectively. A laboratory chemical analysis of the soil extract also

showed that it contained approximately 3.0 percent organic carbon and 80 meq.L-l

(3844 mg.L-l) of the sulfate ion. The high concentration of sulfate ion was associated

with the cations; calcium (20.8 me4.I;1), magnesium (23.6 me4.U1) and sodium

(35.6 meq.L-1).

Using the criteria described by Booth et al. (1967) in Table 2.2, the Harding iz



sir¡l soil is categorized as aggressive in natu¡e. Soil was collected from the field site and

stored in a seåled plastic container fo¡ the FFW deterioration and metal corrosion

experiments.

3.3 FFW DETERIORATION EXPERIMENT

3.3.1 Materials

I¿rge test specimens, 10 x 25 cm with an average thickness of 5.00 mm (SD =

0. 17 mm) and weight of 278. 19 g (SD 4.439) werc cur from the FFW test pipe described

in Section 2,2.4, using a diamond blade saw. A summary of the average physical

dimensions of the 36 large postcured specimens is presented in Appendix II-3. One

reason for using large test specimens was to ensure that a sufficient number of test

coupons could be cut from each specimen for testing of flexural and tensile properties.

The test specimens were cut in the longitudinal (tensile) and hoop (flexural)

directions. The location and orientation of the test specimens was controlled to ensure

random stratified sampling by applying a cardboa¡d template to the inside surface of the

test pipe prior to sawing. A total of 125 longitudinal and 125 hoop test specimens,

similar to those shown in Figure 3. 1, were prepared. The edges of the specimens were

sanded and brush-coated with a catalyzed (MEKP) cor¡osion resistant resin3. The

primary reason fo¡ this coating was to ensu¡e that the diffusion of the penetrant into the

laminate was one-dimensional (Whitney et al., 1982) and so minimize "edge effects"

(Shen and Springer, 1976).

DION COR-RES 70004-Modified bisphenol polyester with maximum corrosion
and temperature ¡esista¡ce (Fiber Glass Canada Inc.)
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All of the coated test specimens were postcured, prior to immersion, in a large

horizontal airflow oven4 (Manufacturer Model No. 52201-800) with an accuracy of

+ 3'C. A preliminary postcured experiment was undertaken, prior to postcuring all the

specimens, in order to determine the effects of the¡mal postcuring on material weight loss

meâsurements. A. drying temperature of 112'C was selected on the basis of

recommendations made by FiberGlas Canada (i988). It was found that the orientation

of the test specimens in the hot oven \ as an important consideration during drying. For

example, minimal weight losses were observed for specimens placed with the exterior

@lue) liner surface facing upward, whereas significant weight losses and styrene odours

were found for specimens lying with their non-protected interior surface facing upward.

These observations suggest that the liner was effective in preventing the expulsion of

styrene and/or moisture through the exterior surface of the specimen. In all subsequent

work, specimens were postcured and reconditioned (dried) with the interio¡ surface of

the specimen facing upward in the oven.

The relationship of percent weight loss as a function of time for a postcure

temperature of 712'C is shown in Figure 3.2. It was found that minimal changes in

weight loss (that is less than 0.003 grams.hr-l¡ occurred after a postcure time period of

36 hours (see Appendix II-4). Based on these results and because of time constraints,

all test sperimens were postcured at a temperature of 112'C for 36 hours and stored in

a desiccator. These specimens (8) were removed at random from the desiccatoÍ and

immediately weighed prior to immersion in one of the seven controiled laboratory

4 Ac.utacy determined by Shell-lab for a range of temperatures between 80"C and

235'C,
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environments.

3.3.2 Laboratory Procedures

The experimental design of the FFW deterioration study is summarized in

Table 3.0. laboratory control parameters were def,rned in the experimental program to

simulate five aqueous field environments at various low (25'C) and high tempemture

(45'C) conditions. These include: softwate¡ (deionized), alkaline (NaOH) ' acidic

(inorganic and organic acids), saline (M'SO4), and an anaerobic/aerobic biological (MIC

soil) environment.

Deionized water (D25, D45) and sodium hydroxide solutions buffered with boric

acid @25, 845) were used to simulate softwater and alkaline envi¡onments, respectively.

The sodium hydroxide solution (pH 9.0-9.5) was buffered to eliminate fluctuations in pH

caused by the effects of carbon dioxide f¡om the atmosphere' Sulfuric (14a5) and

hydrochloric (2445) acid solutions were used to simulate inorganic acid environments'

Acetic acid (3445) was used to simulate an organic acid environment. The pH values

used ranged from 3.5 to 4.5. These pH values a¡e known to be highly aggressive to

buried concrete pipe structures (PCA, 1989).

An average magnesium sulfate (S45) concentration used to simulate a saline

environment was 1870 mg/L SOa--. This value is similar to the concentration of sulfates

found in seåwater which is known to cause deterioration of concrete structures'

The laboratory solutions were prepared using deionized water with a conductânce

of less than 0.2 Mhos. Sixteen postcured specimens, longitudinal (8) and tensile (8)'

were placed in each closed top container (Figure 3.3) and filled with 18 L of solution'
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Table 3.0 Experimental Design of FFW Deterioration Study

Laboratory Control Pa¡ameters

Aqueous
Environment

Iaboratory
Medium

Operating
Parameter

Temp.
25"C

Temp.
45'C

1. Softwate¡

2. Alkaline

3. Acidic

- Inorganic

- Organic

4. Saline

5. Bioiogical

pH: 7.0-8.0

pH: 9.0-9.5

pH: 3.5-4.5

pH: 3.5-4.5

pH: 3.5-4.5

t,500-2,000 mg.L-l
as SOJ

>2,000 mg.L-l as

SO;
anaerobic/aerobic

Deionized water
(neutral)

NaOH
(buffered)

H¡SO,

HCI

cH3cooH

MgSOa

MIC soil

D25 D45

B25 845

1445

21'45

31,45

s45

R45
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A detailed description regarding the prepatation of each environment is plesented in

Appendix II-5. The specimens we¡e mounted on an ethafoam block in the vertical

position and were separated by an equal distance of 1'25 cm using glass rods. Two

containers (D25 , 825) were placed in a low temperature controlled chamber at 25'C and

the remaining 6 containers (D45,845, LA45,2A45,3445, S45) were placed in a second

temperature controlled chamber at 45'C.

The MIC soil samples @45) were used to simulate an aggressive

anaerobic/aerobic biological environment. Deionized water was added to the Halding

soil sample to make a paste. A volume of 11 L of the wet-soil paste was placed in the

temperature controlled chamber at 45'C for two weeks in orde¡ to acclimatize the

microorganisms to the elevated tempelature condition. The watel content of the paste

was measured at 45,3 percent. Sixte€n postcured samples, longitudinal (8) and tensile

(8), were immersed vertically in the paste to one-half the specimen length' The

specimens were removed every two weeks, rotated (180'), and ¡e-immersed in the paste

to simulate one anaerobic/aerobic cycle.

The temperature and pH levels of each immersion medium were ch e'cked at2-day

intervals during the 27 we,ek test period. Be¡ause of evaporation, deionized water was

added as required to maintain the level in each container at a constant volume.

Additional amounts of 1.0 N sulfuric acid and glacial acetic acid were added

intermittently to the acid solutions to maintain the pH in the range of 3.5 to 4.5. The

amount of acid added was measured in terms of milli-equivalents (meq). Other tests

we¡e conducted on a weekly basis to monitor changes in specimen weight (D25' D45),

and calcium and aluminum ion concentration (D25, D45, 1445, 2445' 3445) in the

55



leachate. Visual microscopic examinations and tests related to monitoring changes in

specimen volume (swelling) were also conducted over the 27 wæk test period.

Following each period of immersion (5, 14 and 27 weeks), four test specimens,

(2) hoop and (2) longitudinal were removed for testing of dry mechanical properties.

One additional set of "control" specimens, hoop and longitudinal, was used to meåsure

and compare long-term (52 weeks) changes in dry and wet mechanical properties.

3.3.3 Analytical Methocls

Diffusion coefficients were measured for FFW composites immersed in deionized

water using a gravimetric method. Deterioration was measured in terms of the loss in

dry material weight, increases in the concentrations of calcium and aluminum ions in the

leachate, changes in microscopic appeârance, specimen dimensions, tensile, flexural and

hardness properties. A new moisture desorption heåt (MDH) method, based on

gravimetric meåsurements, was also used to measure the extent of deterioration by

monitoring changes in moisture desorption/diffusion characteristics. A new desorption

slope (S¿) parameter is proposed, based on the latter method, to quantify deterioration

in the degraded layer of exposed FFW specimens.

3.3.3.1 Gravimetric

Absotptíon Test Methoils

The accelerated absorption test method developed by Shen and Springer (1976),

described in Se¡tion 2.4.3.2, was used to determine the effective diffusion coefficient

@). The FFW composites exposed to deionized water (D25, D45) were selected for
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these calculations for two reâsons. First, the D" values based on the absorption of

deionized water could be compared to those of others @ravenic, 19g3; Loos et at. , l9g0)

for similar temperature conditions. secondly, it was believed that deionized water would

result in minimum material weight loss.

The absorption test method, essentially, involved immersing the postcured FFW

specimens for a period of 27 weeks in a water bath at one of two temperature conditions

(25' and 45'C), Changes in specimen weight were measured as follows:

1. Each postcured specimen was weighed after drying in a desiccator (W¡).

2. The specimen was imme¡sed in deionized wate¡ for the pre-determined

time period.

3. On removal from the water, excess liquid was wiped off using a cloth

towel and the specimen was reweighed (Wr).

A digital Mettler analytical balance (Mettler pE 300) with an accuracy of + 0.01

grams was used fo¡ all weighings. The percent change in specimen weight was then

calculated according to Equation [14].

Mareríol Weìght Loss

A method to evaluate the percentage of material weight lost during liquid

immersion is described in standard AsrM D 570 (1981). This standard recommends

that plastic materials known to contain appreciable amounts of water-soluble ingredients

should be ¡e¡onditioned under the same conditions used during postcuring in o¡der to

determine losses in soluble material weight. consequently, all postcured specimens were

reconditioned at a temperature of 712"c until no further weight loss was observed.
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Detailed steps used for determining the dry material weight loss were as follows:

1. The postcured specimen was weighed after drying in desiccator (Wi).

2. The specimen was immersed in the test environment for a pre-determined

time.

3. On removal from the solution, excess surface liquid was wiped off using

a cloth towel.

4. The specimen was reconditioned in an oven at II2"C.

5. From time to time the specimens were removed from the oven, cooled in

a desiccator and weighed (Wr).

6. Step 5 was repeated until no more weight loss was observed,(W¡).

7. The material loss of the reconditioned postcured FFW specimens was

determined using Equation [20].

Í2ol wm : (wi - w) (w¡)- I (roo)

Where:

Wm : dry material weight loss, %

Wf : weight of oven dried exposed specimen, g

3.3.3.2 Calcium and Aluminum Analysis

Calcium and aluminum ion concentrations were determined in accordance with

Standard Methods for the Examination of Water and Wastewater (1985). The

concentrations of calcium and aluminum ions were measured to estimate the quantity of

soluble filler constituents, Solem ATH and Snowhite CaCO3, in the leachate. This
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estimate is based on the assumption that there was minimal deterioration of the glass

component. Calcium was determined using an ethylenediaminetetracetic acid @DTA)

titrimetric method and aluminum was measured using an atomic absorption (AA)

spectrometry method.

Calcíum: EDTA Titrimetríc Method

Calcium measurements we¡e determined in acco¡dance with the 3500-Ca D.

EDTA Titrimetric Method described in Standard Methods (1984). This method involves

the use of EDTA as the titrating agent. EDTA is a chelating agent that fo¡ms stable

complex ions with calcium. A chemical indicator causes a colour change to occur when

all of the calcium has been complexed by the EDTA at a pH of 12 to 13, 
^, 

,ho*n in

the equation:

l21l Ca** , EDTA --, lCa* 
* . EDTAlro^o¡r,

Using a pipet,5 N sodium hydroxide was added to ensure that the pH was

sufficiently high so that the indicato¡ combined only with calcium. The volume of the

0.01 M EDTA titrant was recorded at the endpoint when no further colour change

occur¡ed. The calcium concentration is reported in terms of CaCO3 equivalent and was

calculated by the following expression:

Calcium íon = (B) (1,000) (z/ of sampte)-r
as mg.L-l CaCo3

Í221
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Where:

ml of titrant for sample; I mg CaCO3 equivalent to 1.00 ml

0.01 M EDTA titrant at the calcium indicator endpoint

Alumínìum: AA Speclrometríc Method

Two methods were evaluated to determine the feasibility of measuring aluminum

concentrations at low pH's. A colorimetric method using an Eriochrome Cyanine R

indicator, described in the Standard Methods (1989), was evaluated using solutions of

known Al concentrations and the results compared with those from AA spectrometry.

The fo¡mer method proved unsuccessful in low pH acetic acid due to unknown

interferences.

To measure aluminum using atomic absorption spertrometry, a nit¡ous oxide-

acetylene flame is required to atomize the liquid sample. A light beam is directed

through the flame and onto a detector that meåsures the amount of light absorbed by the

atomized element. Be¡ause aluminum has its own characteristic absorption wavelength,

an aluminum source lamp is used. The amount of energy at the characteristic wavelength

abso¡bed in the flame is proportional to the concentration of aluminum in the sample.

Aluminum measurements were determined in accordance with Standard 311lD.

Direct Nitrous Oxide-Acetylene Flame Method (Standard Methods, 1989). A Perkin-

Elmer (Model 2380) AA spectrophotometer was used in the analyses. Aluminum stock

standards were supplied by Spex Plasma Standard Inc. Samples were diluted with a

deionized water in the concentration range of I to 10 mg/L. Potâssium chloride (KCl)

was added to the samples and standa¡ds to ensure complete aluminum ionization. The
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aluminum

follows:

r23)

Where:

ion concentration expressed as mgul of 412O3.3H2O was calculated as

Alumínum ion as mg.L-l : fAl*** -et-tl (ct) (cù-1

G1

G2

Gram-molecular weight of A12O3,3H2O

G¡am-molecular weight of two moles of A1* 
* *

3.3.3.3 Microscopic Appearance and Specimen Dimensions

The initial surface of both virgin and postcured specimens we¡e examined at 6x

magnification using a light stereo microscope (Wild Iæitz Canada Ltd.). The surface of

the virgin FFW specimens was opaque and white-grey, in colour. Small surface cracks

(1 mm x 1 mm x 5 mm) and spherical surface flaws (1 mm in diameter) incorporated

during manufacturing were evident and are shown in Figure 3.4. In comparison, the

postcured specimens indicated a colour change to a translucent amber and an increåse in

the size of surface cracks and flaws. At a greater magnification (x 50), "volcano" shaped

flaws were observed. This effect is attributed to the rapid expulsion of entrapped

moisture, air, and free styrene during postcuring.

As discussed in Section 2.4.3, one of the physical changes that usually occurs

during the absorption of a solvent is swelling. It is ¡ecommended in St¿ndard ASTM

C 581 (1983) that to measure the extent of swelling, the thickness of each specimen

should be measured immediately following postcuring and after each exposure period.





The thickness is usually measured to the neffest 0,025 mm at the geometric centre of the

specimen using a micrometer.

Thickness measurements for FFW specimens could not be done accurately using

a mic¡ometer due to the inegular exterior surface of the blue cor¡osion line¡. To

circumvent this problem the extent of swelling was determined by volumetric

measurements and the volumetric measuring device shown in Figure 3.5 was designed

for this purpose. The device was a thin vessel (3.25 cm x 14.25 cm x 380 cm)

constn¡cted out of plexiglass and designed to accommodate both curved (flexural) and

straight (tensile) specimens.

Prior to taking the volumetric measurements, the device was first levelled using

screws located at each bottom comer to ensure a constant initial water level or meniscus

datum. The specimen was placed in the meter containing a known volume of wate¡ and

the displaced volume was measured using pipettes to an accuracy of t 0.2 crn3. The

average specimen volume was determined, prior to immersion, to be 151.1 cm3 lsee

Appendix.Il-3). Following each immersion time period, the volume of each specimen

was ¡e-measured. The inc¡e¿se in specimen volume, expressed as a percentage of the

initial volume was determined.

3.3.3.4. Mechanical Properties

The following parameters were measured to evaluate changes in mechanical

properties: flexural modulus, flexural strength, tensile modulus, tensile strength, and

Barcol hardness. Following three predetermined imme¡sion time periods (5, 14 utd 27

weeks), a set of (2) hoop and (2) longitudinal test specimens was ¡emoved from each
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Figure 3.5 Volumetric displacement measuring device



environment and reconditioned in a oven aT 172" C until no more weight loss was

observed. The oven dried specimens were placed in a sealed container with dessicant

and transported by air to FiberGlas Canada's research facility in Guelph, Ontario for

testing. A minimum of five flexural coupons and three tensile coupons we¡e cut, using

a diamond blade saw, from each of the ¡econditioned hoop and longitudinal specimens.

Barcol hardness measurements were determined on both the interior and exterior sides

of each specimen.

The mechanical properties of the "control" specimens were tested in both the dry

and wet states. After 52 weeks of immersion, a set of control specimens were removed

from each aqueous environment. Two specimens (one flexural and one tensile) were

tested in their re¿onditioned (dry) state and the other two specimens were tested in the

wet state. The reason for these tests was to compare the long term reduction in dry and

wet mechanical properties,

On removal from their environment, the \ryet specimens were rinsed in distilled

water and re-immersed in a sealed, clean, plastic container of deionized water. The wet

and dry specimens were immediately transported to FiberGlas Canada's research facilities

for testing of mechanical properties.

Flexuml Propeftíes: ASTM D790

Tests to meâsure flexural strength and moduius properties were conducted in

accordance with Test Method I - P¡ocedure A of ASTM D790 (1986). The ultimate

flexural measurements are based on homogeneous beam theory for an elastic material

supported at two points and loaded at the midpoint. The apparent flexural strength was
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calculated by the following equation:

124l sr: 3PLr / 2bd2

\Vhe¡e:

Sl = Ultimate stress at failure, MPa

P : load at a given point on the load-deflection curve, N

Ll : support span, mm

b : beam width, mm

d = beam depth, mm

The flexural modulus is the ¡atio of stress to corresponding strain within the

elastic limit and is determined as the tangent to the initial straight-line portion of the load

deflection curve.

The flexural modulus @) is calculated as follows:

\-L3rmlabd3

Whe¡e:

El modulus of elasticity, GPa

Ll = support span, mm

m : slope of tangent from load deflection curve, N/mm

b = beam width, mm

d = beam depth, mm

A minimum of ten test coupons with dimensions (133 mm x 25 mm) were tested

with the curved side in a concave orientation on the testing fixture for each immersion

t25t
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condition. The support span was 10.2 cm. A c¡oss head speed of 0.5 cm/min and a

chart speed of 30 cm/min were selected on the Instron unive¡sal testing machine (Model

No. PD-115). A digitizing pad (Numonics No. 2205) was used to transfer the stress-

strain data to an IBM computer system for analysis.

Tensile propeÉìes: ASTM D 638

Tests to meåsu¡e tensile strength and tensile modulus were conducted in

accordance with AsrM D 638 (1987). This method cove¡s the determinarion of tensile

properties of reinforced plastics under conditions of constant tempemture, humidity, and

testing machine speed. A minimum of six standa¡d "dog bone,' shaped test coupons

(Iype- 1), were tested for each immersion condition. The machine cross head speed was

set at 0.5 cm/min. The tensile strength was determined by dividing the maximum load

by the original minimum cross-sectional a¡ea of the coupon (measured by a micrometer

to the nearest 0.025 mm). The tensile modulus was determined as the slope of the

initial linear portion of the st¡ess-strain curve.

Barcol Harilness: ASTM D2583

All of the Ba¡col ha¡dness tests were performed before the coupons were cut

f¡om the test specimens. A minimum of 10 measurements were taken on the interio¡

surface of each specimen using a Barcol Impressor (Model No. 934-1) manufactured by

Barbe¡-Colman Co.
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3.3.3.5 Moisture Desorption Heat O4DIÐ Method

Shen and Springer (L976) showed experimentally that the expression for moisture

distribution as a function of time can be derived from either moisture absorption or

desorption tests. If the latter method is to be utilized, the specimen must first be exposed

to a wet environment until equilibrium or saturation of the specimen is attained.

Following saturation, the specimen is oven dried under controlled elevated temperature

conditions (desorption). This test method is based on the assumption of no chemical

reaction or material deterio¡ation during the absorption and desorption tests.

As described in Section 2,4.3.2, there is a nerd to develop new test methods to

quantify the changes in diffusion characteristics of plastic composites that have

deteriorated following exposure in wet environments. In cases of extensive material

weight loss, it is evident that the sole ¡eliance on monitoring changes in specimen weight

during absorption tests does not permit one to distinguish between the weight of the

absorbed liquid and the corresponding loss of material. In this work, a new moisture

desorption (MDH) method was developed to monitor changes in diffusion characteristics

of exposed FFW specimens.

Development of MDH Methoil

A schematic of the concepts used in the development of the MDH method is

shown in Figure 3.6. Deterioration was assumed to be a surface-related phenomenon

resulting in the fo¡mation of a degraded layer and an advancing interface boundary

It was postulated that the rate of moisture diffusing from the degraded layer

during desorption tests (step 2), could be used to quantify the diffusion characteristics of
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spe¡imens exposed to an aqueous environment for a specific immersion time (t).

Average diffusivity (D4) in the degraded surface layer was assumed to be quasi-constant

and much greater than that of the unattacked material (D). This assumption is based on

a long immersion time period. The increase in diffusivity @¿ > D) is associated

with two physical deterioration mechanisms: excessive swelling (cracks) and leaching

of soluble material.

The moisture drying rate, herein referred to as the desorption slope (S¿)

parameter, is expressed as the percent moisture lost (M, divided by the square root of

the drying time !t'¡tá. S¿ is essentially the initial linear portion of the desorption

isotherm plot. Cha¡acteristic desorption isotherms are obtained by plotting percent

moistu¡e loss (M¡) as a function of the square root of drying time (t')b . M¡ is

calculated from:

M¡: (wç¡ - wcì (w;1) (1oo)

By substituting the weight of moisture lost (m¡), which is equal to (W1 - W¡,),

Eqn. [26] becomes:

ML: @L) (w¿i) (1oo)

1261

f27l

Where:

ML

wt,)

wGl

mL

Pe¡cent moisture weight loss, %

Weight of moist specimen at immersion time = t, g

Weight of FFW specimen after drying at time = t', g

Weight of moisture lost after drying at time : t', g
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Equation [26] is similar to Equation [i6]. The denominator (W') in Eqn. [26] is,

however, the total weight of the wet sperimen rather than the initial weight of the dry

specimen (Wi). fne test method to determine M¡ is essentially the same method used

to determine material weight loss (see Section 3.3.3.1; steps 2-5). First, the wet

specimens a¡e removed from their envi¡onment after a predetermined immersion time (t)

and weighed W1¡¡. These specimens are then dried in a¡ oven at 112'C and re-weighed

intermittently W(t,) to determine the weight of moisture lost (m¡).

In this work, the desorption slope parameter, 56, is mathematically expressed as

where:

S¿ : (AMz) (At')-t/'?

Sd : Desorption slope of the linear portion of the desorption isotherm

plot, (t')-h

A leâst-square linear regression analysis was used to quantify the regression

coefficient of the initial portion of the desorption slope for at leâst 60 percent of the

desorption isotherm data.

3.3.4 Results and Discussion

DíffusívÍ$ and Temperalure \ffects

The effect of using temperature as a meåns of accelerating the rate of diffusion

was evaluated using visual and gravimetric (water absorption) test methods.

Photomacrographs taken of the interior surface of a D45 specimen, exposed to distilled

water, showed a white discolo¡ation (see Figure 3.7). However, no further increase in
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Distilled - 27 wks immersion (45"C)

Distilled - 2 wks immersion (45'C)

Figure 3.7 Surface photomacrographs of postcured specimens in deionized water
(45'C) after 2 and 27 weeks imme¡sion
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whitening or changes in surface chamcteristics was observed after 2 weeks exposure.

Watanabe (1979) also observed surface whitening for unfilled woven glass reinforced

polyester composites imme¡sed in water. He suggested this resulted from the ¡eduction

of transparency in the specimen due to scattered light and debonding at the intedace

between the resin and glass fibres.

Absorption isotherms for postcured FFW specimens immersed in deionized wate¡

af 25o and 45oC are shown in Figure 3.8. The initial linear slope of each isotherm

demonstrates Fickian diffusion behaviour. The test method developed by Shen and

Springer (1976) was used to approximate D. and M. for the 45'C isotherm plot. De

and M, for the 25'C isotherm could not be determined since the point at which the

linear slope starts to curve and become concave towards the abscissa axes (t¡) must be

known (see Appendix. II-6). It is evident from the 45'C isotherm that t¡ was reached

after an immersion time of approximately 16 weeks.

The values of D, and M" were calculated f¡om the 45'C isothe¡m and

approximated to be 1.4 x 10-6 mm2/se¡ and 7,67%, respe¿tively. These vaiues

compared well with those obtained by others (Watanabe, 1979; Bravenic, 1983; Loos

et a1., 1980) for crosslinked polyester and SMC specimens under simila¡ laboratory

operating conditions.

A comparison of the linea¡ slopes of both 25"C and 45'C absorption isotherms,

Su, show an increase in the latter slope by a factor (Sua5/Su25) of 2.38, These results

are in agreement with Watanab e (1979) who showed that an increase in temperature

Q5'C to 50"C) for unfilled polyester composites immersed in deionized water also

inc¡eased S^ by a factor of 2.5. It is interesting to note that the diffusion coefficient
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calculated by Watanabe (1979) also varied with an increase in temperature according to

the Arrhenius relationship.

Loos and Springer (1980) showed for unfilled and filled SMC materials that Me

is relatively insensitive to liquid temperatures. Thus, the increase in diffusivity resulting

f¡om an increase in temperature (20"C) can be estimated using Equation [18] and the

ratio of the absorption isothe¡m slopes (Su45/Su2S)2. Fo. example, if the value of M"

at 25"C is assumed to be equal to 1.61% (M. at 45'C), the increase in diffusivity

resulting from a temperature increase from 25' to 45'C is estimated at 5.7.

In summary, absorption tests conducted at a temperature of 45"C were effective

in increasing the rate of diffusion of deionized water in postcured FFW specimens. No

anomalies in Fickian diffusion behaviour we¡e observed during these tests.

Dete rio ratío n Test Results

Table 3.1 shows the average pH conditions in each laboratory environment

during the test period. The standard deviation !,vas largest for the sulfuric (1445) and

hydrochloric (2445) acidic environments. Figure 3.9 shows that most of the variation

in pH occurred during the first 5 weeks of imme¡sion. An increase in pH was observed

during this period and measured amounts of concenttated acid were added to maintain

a lower pH condition. The average pH in the acidic environments during the 27 week

immersion time period ranged from 3.85 to 4.32 (see Appendix.Il-7).

The average material weight lost per specimen (W,n), expressed as a percentage,

was determined fo¡ the following environments: deionized water @25, D45) sodium

hydroxide (825, 845), sulfuric acid (1445), hydrochloric acid (2445), acetic acid
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Table 3.1 Average pH Conditions During the 27 $leek Test period: pS Stuily

Environment
Type

Average
pH

Standard
Deviation

Deionized water

D25
D45

NaOH @uffered)

825
845

7.91
7.52

0.38
0.23

9,28
9.23

0.03
0.04

Acids

1A45
2A45
3A45

3.96
4.32
3.85

0.73
0.70
0.24

Sulfates

s45

MIC Soil

R45

7.66 0.19

7.63 0.28
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(3445), and magnesium sulfate (S45). W-, however, could not be measu¡ed for the

MIC soil @45) environment due to soil and bacteria embedded in the interior surface of

the laminate, Different cleaning procedures and compounds were used to attempt to

remove these particulates but proved to be unsuccessful. A surface microphotograph

@gure 3.10) shows the soil and bacteria embedded in the R45 specimens after 14 wepks

immersion.

Test results showing the extent of material weight loss after 5, 14 and 27 weeks

imme¡sion a¡e summarized in Appendix II-8. Changes in W. for specimens immersed

in deionized water and a buffered sodium hydroxide solution were similar. For example,

afte¡ 27 weeks imme¡sion (Table 3,2) the average material weight loss for D25 and 825

specimens we¡e 0.2lVo and 0.l6Vo , respectively. In comparison, the ave¡age material

r¡/eight loss for D45 and 845 specimens were 0.45V0 and 0.45%, respectively. These

results show that the effect of raising the temperature (25'C to 45"C) increases W. by

an average facto¡ of 2.5. The average material weight loss for S45 specimens exposed

to magnesium sulfate for 27 weeks was 0.57%. This value was slightly higher than the

values measured fo¡ D45 and 845 specimens.

The highest W. results we¡e observed fo¡ the acidic environments. For

example, after 27 weeks immersion the average material weight loss for 1445, 2A45 and

3445 specimens was measured at 0.91, 0.86, and 1.98%, respectively. Plots of Wn'

versus immersion time (Figure 3. l1) are concave in shape which suggest that the rate of

material weight loss for these specimens decreases with time . It is also evident that the

highest \M. values were for specimens imme¡sed in acetic acid. The W. results for the

sulfuric and hydrochloric acid (1445 and 2445) specimens are similar, which suggest
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Table 3.2 Extent of Deteriomtion for FFW Specimens
after 27 Weeks Tmmersion: PS Study

Desc¡iptioÀ
Test Pa¡aEeter

DeioDized
Water NaOH

(Buffered)

ACID Sulfates

MgsOa

MIC

SoilH2SO4 lHcr lch3colloT{
Eqviroomeot D25 D45 P.25 P'45 1445 2A45 3A45 S45 R45

Gravimetric

AYerage Eaterial
weight loss (%)

Ç!emiec!

Calciuú as

cac03(EcL.l)

Alumioum as

Ar2o3.3H2o (ngL- l)

Dimensions

Increase in volume (%)

Loss (%l in Drv
Mechanícal Properties

Flexurâ¡ streDgth

osy'srJ

Flexural modulus
(1-Ef/EfJ

Tensile strength
(1sy'srJ

TeDsile modulus
(1-4ÆtJ

Ba¡col ha¡dtress
.../H^)

0.2t 0.45 0.16 0.45
(0.02) (0.04) (0.03) (0.03)

0.86 1.98 0.57
(0.04) (0.1Ð (0.02)

1,000 2,550 284

I 4 <1 *¡r

t.67 1.66 126 1.06
(0.6Ð (0.5Ð (0.02) (0.1Ð

26.7 23.8 20.8 15.7
(8.2) (6.6) (4.7) (8.e)

14.3 8.3 1.2 3.6
(12.3) (14.0) (e.0) (10.3)

I1.8 8.9 !0.2 4.9
(1s.7) (7.6) (10.Ð (4.2)

1.0 4.0 -12.9 -7.9
(16.4) (t2.3) (2e.Ð oo.e)

12.3 t'1.9 7.OO 1.9
(11.e) (10.Ð c/.1) (5.4)

<l <l <l

0.91
(0.0Ð

920

4

t80

0.19 1.59 0.55 1.53 1.65
(0.00) (1.0Ð (0.33) (0.01) (0.69)

4.9 24.0 10.5 16.4 20.1
(6.2) (5.1) (6.7) (10.4) (4.1)

t.79 11.3 4.6 7.7 9.5
(10.3) (6.Ð (?.8) (1.48) (6.2)

11.4 !9.2 8.9 t.2 4.9
(7.0) (1r.2) (13.Ð (e.6) Q.3)

-18.8 7,9 -r2.0 -2.0 3.0
(r4.4\ (14.4) (21.9) (10.3) (11.6)

2.0 2.1 1.8 0.00 8.9
(2.1) (4.1) (5.2) (3.3) (8.3)

Standa¡d deviations in brackets+ Not available due to test interferences
*+ Not applicable
- Negative number indicates an increase (Vo) in dry mechanicai properties

< Iæss than
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that a similar deterioration mechanism occurs for each inorganic acid evnironment.

Average weekly calcium ion (Ca+++) concentrations are summarized in

Appendix II-9 for each environment. The Ca** concentrations in deionized water @25,

D45) and magnesium sulfate (S45) envi¡onments after 27 weelcs exposure Clable 3.2)

ranged from 122 to 284 mg.Ul as CaCO3. Calcium in the buffered sodium hydroxide

solution, however, could not be measured due to colou¡ interferences.

The highest Ca** concentrations were measured in the acidic environments and

ranged from g2O to 2550 mg.L l. The Ca** concentration in acetic acid (3445) was

observed to be more than 2,5 times greater than for the inorganic acid (1445,2445)

environments, The Ca+ 
+ plots (Figure 3.12) are similar to the Wm plots in that they are

concave in shape. A comparison of the 1445 and,2A45 plots suggest that the calcium

dissolution behaviour mechanism for specimens imme¡sed in sulfuric and hydrochloric

acids are simila¡.

The total aluminum ion (Al***) concentration expressed as Aþ03.3H20, was

less than 4 mg.L-l after 27 weeks exposure (see Table 3.2). It is evident that calcium

carbonate is mo¡e soluble than ATH in acidic environments. The solubility of Solem

ATTI does not appeff to be influenced by the type of acid medium in the pH range 3.5

to 4.5. Since the FFW specimens contain an equal percentage by weight of each filler

constituent, it can be concluded that the primary acid deterioration mechanism is the

dissolution of calcium carbonate and not ATH particles. These results are in agreement

with earlier experimental results (see Section 2.2.4.1) which suggested that Solem ATH

could be an effective fille¡ in FRP structures exposed to acidic environments due to its

low ¡ate of dissolution.
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The concentration of hydrogen ions resulting from the ionization of sulfuric and

acetic acid was correlated to the concentration of ca** as caco3 (me4 L-l¡ in the

leachate. The regression coefficients for the sulfuric and hydroehloric relationships

(Figures 3. 13 and 3.14) was dete¡mined to be 1. 14 and 1. 13, respectively. These results

imply that the deterioration behaviour me¡hanisms for 1A45 and 2A45 specimens are

similar. The high coefficients of determination (0.991 and 0.994) indicate that the

addition of I meq L-l of hydrogen ions (H+) is related to the fo¡mation of 1.13

to 1.14 meq L:l of calcium ions in the leachate. These results verify that the H+ ions

reacted primarily with CaCO3 according to Eqn. [4]:

Í4) Acid reaction: CaCo3 + 2H+ - Ca+* + COz +H2O

Surface micrograph of the same area of a 1445 specimen after 2 and 27 weela

immersion in sulfuric acid are shown in Figures 3.15 and 3.16, respectively.

Deterioration appears to be a surface phenomenon related to the enlargement of existing

"flaws and cracks" in the di¡ection of fibe¡ reinforcement,

Surface micrographs ofa 3445 specimen (same surface area) immersed in acetic

acid for 2 md 27 weeks a¡e shown in Figures 3.17 and 3.18, respectively. A

comparison of 1445 a¡d 3445 specimens shows that the enlargement of the surface flaws

and surface whitening were more extensive for the 3445 specimens. These observations

are in agreement with material weight loss and calcium ion leachate results which suggest

that the deterioration behaviour mechanisms fo¡ 1445 and 3A45 specimens are different.

Volumetric measurements were taken at different immersion times (5, 4 and 27

weeks) times in orde¡ to quantify the degree of swelling. The average percentage
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increase in the volume of the FFW specimens after 27 weeks exposure is shown in

Table 3.2. It is evident that the degree of swelling in the low temperature Þnvironments

is less than in the high temperature environments. For example, the increåse in volume

fo¡ D25 and 825 specimens were 0. 19 nd 055% respectively. In comparison, the

increase in volume for specimens that were totally submerged at the higher temperature

(D45, 845, 1 A45, 2A45, 3445, S45) ranged from 1.26 to 1.67 %. The lower value for

the R45 specimens (1,06V0) was attributed to the specimens being partially submerged

(anaerobic/aerobic) in the MIC soil.

The average inc¡ease in specimen volume for each temperature condition is

shown in Figure 3.19, The data for these plots were pooled and averaged according to

the low (D25, 825) and high (D45, 845, 1A45, 2A45,3A45, S45) temperature

conditions (see Appendix II-10). The average volume inc¡ease for D25 and B25

specimens after 5, 14 and 27 weeks exposure were 0.10, 0.17 and 0,37%, respectively.

In comparison, the average volume increase for the high temperature (45"C) specimens

were 0.90%, 1.36% and 1.56% respectively. The concave shape of the higher

tempenture (45"C) plot suggests that the rate of swelling decreases with exposure time,

In contrast to the above results, Bravenic (1983) observed no changes in the dimensions

of unfilled crosslinked polyester specimens that were saturated in water at 50.C. The

precision of his measurements, however, were limited by the ¡esolution of his

mic¡ometer.

The average initial dry mechanical properties for postcured FFW specimens prior

to immersion, are shown in Table 3.3. The initiat flexurat (S¡) and tensile (Sr)

strengths we¡e determined to be 281.5 and 24.6 MPa, respectively. In comparison, the
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Table 3.3 Àverage initial dry mechanic¿l properties of
FFW specimens prior to im¡nersion

Test
Parameter

Number of
Observations

Average
Value

Standard
Deviation

Flexural strength (S¡)

Flexural modulus (E¡o)

Tensile strength (S,o)

Tensile modulus @,)
Barcol hardness (H^)

24

24

17

17

15

281.5 MPa

16.8 GPa

24.6MPa

10.1GPa

61.6

21.3

1.2

4.0

r.7

4.1

initial flexural (E¡o) and tensile @,o) modulus of elasticity we¡e dete¡mined to be 16.8

and 10,1 GPa, respectively. The initial Barcol hardness (Ho) on the interior FFW

surface was 61,6.

The average dry mechanical properties of exposed specimens were poor physical

indicators of deterioration. The results are summarized in Àppendix II-11, II-12, and

II-13. Belsham (1989) conducted a statistical analysis using a two tailed Student þTest

(95% confidence limit) to compare the dry flexural and tensile properties of specimens

which had been immersed in various environments afte¡ 27 weeks exposure. The results

(Appendix. II-14) showed that there was no signihcant difference in properties for

specimens immersed in different environments at the same tempemture.

I¡sses in dry mechanical properties were normalized with respect to the

"baseline" data (identified by the subscript 9 in Table 3.3) and expressed as a loss (%)

in the initial dry mechanical property (l-S1sfo, 1-E1Efo, 1-S/Sto, I-H/HJ. The losses

in dry flexural strength after 27 weeks immersion (Table 3.2) ranged from 4,9 lo 70.5V0
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for the low temperature (25oC) environments and from 15,? to 26J percent for the high

temperature (45 oc) environments. An incre¿se in flexural modulus was observed for the

25'C environments, while losses in flexural modulus fo¡ the 45.C environments ranged

from 1.2 to 14.3%. The losses in dry tensile strength ranged from 8.9 to ll.4Vo for the

25'C environments and from 7.2 to II.8% for the 45"C envi¡onments. An increase in

tensile modulus was also observed for the 25'C environments. Future testing of dry

tensile strength and moduli properties (Iable 3.2) is not ¡ecommended due to the large

variance in the tensile data. The highest losses in dry Barcol hardness were observed for

the acidic (45"C) environments and ranged from 8.9 to 17.9%.

A summary of dry and wet mechanical properties after 52 weeks immersion is

shown in Appendix II-15. A comparison of the loss in dry and wet mechanical

properties for e¿ch temperature condition is shown in Table 3.4. Losses in wet

mechanical properties were signihcantly greater than corresponding losses in dry

mechanical properties. Higher losses in wet mechanical properties we¡e observed for the

high temperature (45"C) condition. These results are in agreement with Gibson et al,

(1984) who showed elevated temperature distilled water (49.-51.C) causes more rapid

diffusion of moisture in SMC-R25 and SMC-R65 materials and, consequently, more

rapid losses in flexural dynamic properties than the room temperature wate¡ environment.

In this work, the average loss in wet flexural strength rang ed from2l.5Vo (25" C)

to 41.0% (45'C). In comparison, the average loss in wet tensile strength ranged from

40.7% Q5"C) to 52.8Vo (45'C). Losses in wet Ba¡col hardness nnged from7.6%

(25'C) to21.8% (45"C) after 52 weeks exposure. Wet mechanical properties are greater

at 45"c and these ¡esults indicate that these properties should be tested in the wet ståte.
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Table 3.4 Comparison of Dry and \{et Mechanical Property
Losses (70) after 52 Weeks Immersion

x indicates an increase in value.

standard deviation in b¡ackets.

Mechanical Property Low Temperature

Q5'C) %

High Temperature
(4s"c) %

1. Flexural Strensth

Dry
!Vet

6.6
2t.s

(4.0)
(4.2)

(8.e)
(4.2)

Q.4)
(6.1)

(20.8)
(1e.8)

(2.r)
(4.4)

18.0
41.0

(5.6)
(2.5)

t Flexural Modulus

Dry
Wet

Tensile Strength

Dry
Wet

Tensile Modulus

Dry
Wet

Barcol Hardness

1.8
18.5

_.6x

25.2
(3.0)
(3.5)

17.5
40.7

r1.s (13.8)
s2.8 (5.3)

-8,9* (8.9)
48.5 (4.7)

4.

-25.7*
24.8

5.

Dry
Wet

0.2
7,6

2.4
2t.8

(4.1)
(5.8)
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Similar losses in wet tensiie strength were observed by others for SMC-R25 specimens

after imme¡sion in salt wate¡ (93'C) for 180 days (Springer et al., 1980; Springer,

1984).

Typical desorption isotherm plots for D45 and 3445 specimens immersed in

deionized r ater and acetic acid are shown in Figures 3.20 and 3.21, respectively. A

comparison of the plots shows the initial slopes of the 3445 isothe¡ms are greâter than

the D45 isotherms. Desorption slopes (S¿) were dete¡mined from the initial linea¡

desorption isotherm plots for specimens imme¡sed after 27 weeks.

The desorption slopes (Table 3.5) were based on a least-square regression

analysis conducted on the initial linear pofion of the isotherm which constituted 50 to

60 percent of the total moisture lost. The high correlation coefficients, ranging from

0.987 to 0.999 which suggest a strong lineff relationship.

Regression coeff,icients (S¿) for D25 and B25 specimens were 0.030 and

0,033 min-%,respectively. In comparison, S¿ for the higher temperature (45'C)

environments were much higher and ranged from 0.052 to 0,123 min'b.

The highest desorption slope was for 3445 specimens immersed in acetic acid.

This value was approximately two times greater than 56 determined for 1445 and 2A45

specimens, The 56 values for specimens immersed in sulfuric and hydrochloric acid

were similar which suggest a simila¡ deterioration behaviour mechanism,
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Table 3.5 Desorption Slope Analyses after 27 Weeks
I¡nmersion: PS Study

Environment
TYPe

Desorption. Slope
(mrn "j

Cor¡elation Coefficient
(R)

Deionized Water

D25
D45

NaOH fBuffered

B'25
845

Sulfates

s45

MIC Soil

R45

0.030
0.052

0.033
0.055

0.059
0.058
0.123

0.060

0.0s8

0.995
0.996

0.998
0.997

0.999
0.998
0.987

0.995

0.998

1A45
2A45
3A45
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The desorption slope of none of the acidic specimens passed through the origin.

The intercept of the desorption plot was excluded from the desorption slope analysis

since it is believed to result from surface deterioration. For example, it is believed that

the acid which filled the "enlarged" surface flaws and o¡ cracks @igure 3.16 and 3.18)

evaporated almost instantaneously with the application of heat, resulting in an initial

weight loss. If this suggestion is correct, then the intercept is an indicator of the level

of deterioration at the surface of acid-attacked specimens due to the "enlargement" of

surface flaws and c¡acks.

It was postulated (Section 3.3.3.5) that Sd could be used as a deterioration test

pa¡ameter to quantify the quasi-constant diffusion cha¡acteristics in the degraded layer

(h) of FFW specimens. If this assumption is correct then specimens showing the greatest

material weight loss (Wn,) for a specific immersion time period should also show the

greâtest change in 56. A comparison of S¿ versus material weight lost (W-) after 27

weeks immersion is shown in Table 3.6. A strong cor¡elation (Figure 3,22) and a iinear

least-square regression analysis (Equation 29) show good correlation between 56 and W*

(R = 0.955) for the high temperature (45"C) environments. This relationship verifies

that S4 can be used as a valid test parameter to predict the extent of material weight loss

for FFW specimens immersed in aqueous environments.

l29l wm(S.): -0.19i t 16'53 Sa(s.c) R - 0.955

The usefulness of this relationship is demonstrated in predicting W,n for R45

specimens exposed to an MIC soil environment. It was found earlier that Wm could not

be measured due to soil and bacteria embedded in the interior surface of the R45
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Table 3.6 A Comparison of S¿ and lVn' After 27 Weeks Tmmersion:
PS Study

P¡edicted from regression equation.

Environment
Type

sd. 
,

(min-z¡
wm
(%)

1' Low Temoerature

D25
825

0.030
0.033

0.16
0.21

2. High Temperature

D45

845

1A45

2^45

3A45

s45

R45

0.052

0.055

0.059

0.0s8

0.123

0.060

0.058

0.45

0.45

0.91

0.86

1.98

0.74

0.77*
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versus desorption slope (56) for the 45'C environments
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specimens. However, using Equation t29l and a value of Sd (0.058 ti¡-'l), W,o is

predicted tobe0.777o (Table 3.6). This value is simila¡ in magnitude to S45 specimens

immersed in MgSO4 Q.7470).

3.4 METAL CORROSION EXPERIMENT

A specific objective of the metal cor¡osion experiment was to assess and compare

the corrosion/deterio¡ation behaviour of metals (mild and galvanized steel) and postcured

FFW composites in similar laboratory environments. Iaboratory control parameters

were selected to simulate four field environments; softwater, alkaline (base), acid

(inorganic), and an anaerobic/aerobic biological MIC environment. The experiments

were conducted for low (25'C) and high (45'C) temperature conditions. The 45"C

temperature condition was selected to accelerate the rate of deterioration, Weight loss

methods were used to quantify and compare the cor¡osion/deterio¡ation behaviour ofboth

materials.

3.4.1 Materials

Mild steel (MS) and galvanized steel (GS) coupons (13 mm x 102 mm x 0,8 mm)

were stamped frcm22 gage sheet metal (supplied by Russel Steel Ltd., Wpg., Man.) and

prepared according to ASTM D 2688 (1983). A 7 mm diameter hole was drilled at the

top with its centre about 8 mm from the edge of each coupon. The edges of the coupons

were sanded and the hole debur¡ed with an oversized drill. A total of 130 coupons of

each metal were prepared, cleaned, and identified.

In cleaning the MS coupons, oil was first removed by immersion in
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trichloroethylene. The cleaned coupons were immersed in 2.4 N HCI for 30 minutes at

room temperature, rinsed rapidly (three times) in deionized water, rinsed successively

in isopropyl alcohol, trichloroethylene and dried with a cle¿n cloth. The GS coupons,

were, however, only cleaned with trichloroethylene and dried with a clean towel'

Àll cleaned dry coupons were weighed on an analytical balance to the nearest

0.1 mg and stored in a desiccator. The coupons were ¡emoved from the desiccator and

reweighed immediately prior to being immersed in each environment.

3,4,2 Labor atory Procedure

The experimental design for the metal cor¡osion experiment is shown in

Table 3.7. The laboratory environments selected for comparison included: deionized

water, NaOH (initially buffered atpH9.2), sulfuric acid (initial pH 3.5) and an MIC soil

(anaerobic/aerobic). The immersion mediums were prepared according to the sâme

procedures used in the FFW deterioration experiment (see Appendix II-5).

Sixteen coupons were mounted on a 5 mm glass horizontal rod at 9.5 mm

intervals, and imme¡sed in a filled (3 litre volume) closed top container. Metal coupons

submerged in the MIC soil paste were removed every two weeks and suspended in air

for a period of two weeks to simulate an anaerobic/aerobic cyclic environment,

Successive cycles were conducted over the course of the test program. The met¿l

coupons were exposed to the same number of anaerobic/aerobic cycles as the FFW

specimens.

The temperature and pH ievels ofeach immersion medium were checked at 2 day

intervals during the 27 week test period. Because of evaporation, deionized water was
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Table 3.7 Metal Corrosion Experiment Design Program

Laboratory

__ M.d'ut

Deionized water
(softwater)

NaOH
(base)

Sulfuric acid
(inorganic)

MIC Soil
(biological)

Laboratory Control Parameter

Metal Type Operating Temp. TemP.
Pârameter 25"C 45"C

MS* pH range DS25
csx* 7.0-8.0 DG25

pH range BS25

9.0-9.5 BG25

ph range AS25
3.5-4.5 AG25

so; > 2,000
mg/L

anaerobic/aerobic

DS45
DG45

BS45
BG45

AS45
AG45

RS45
RG45

MS
GS

MS
GS

MS
GS

* Mild steel.

¡*'* Galvanized steel.
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added as required to maintain the level in each container at a constånt volume.

Additional amounts of 1.0 N sulfuric acid were added intermittently to maintain the pH

in the range of 3.5 to 4.5.

Following each immersion time period Q,5, 14 and 27 weeks), four metal

coupons r¡r'ere removed from each envi¡onment, visually examined and cleaned for weight

loss measurements.

3.4.3 Analytical Methoils

Electrochemical reâctions in aqueous environments are normally chafacterized

by uniform attack over the metal surface. For example, it has been sho\ryn that a piece

of steel or zinc immersed in dilute sulfuric acid will normally dissolve at a unifolm fate

over its entire surface (Fontana, 1986). In cases of uniform attack, the metal su¡face

becomes thinner and eventually fails. The rate of unifo¡m corrosion can be accurately

estimated on the basis of weight loss.

Two weight loss methods (Methods B and C) are described in ASTM D 2688

(1983) to determine the conosivity of water in distribution pipe systems. The flat

coupon test (Method B) was used in this experiment since this method was simpler and

less time-consuming, This method involves mereiy immersing metal coupons in an

aqueous environment and measuring their weight loss for a specific exposure time. After

removal, these coupons are cleåned using a series of acid rinses and Other chemical

treatments needed to remove scale and to restore the original metal sudace. A "blank"

coupon is subjected to the identicat cleaning procedure in order to determine the "blank"

corre¿tion factor. This factol is added to the weight loss to determine the actual weight
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loss prior to cleaning. One disadvantage of the test method observed by Riber et al.

(1989) has been the loss of precision in the results due to the cleaning preparation

techniques. The average cor¡osion rate for a specific immersion time period is

expressed as follows:

Where:

\ = Í(L) (w2-w¡) (ryl)-11 (Ð-\ tl82.5l

Pl is the corrosion rate, mm.y-l

L is the original thickness of the coupon, mm

t is the imme¡sion time period (t2 - t1), days

W2 is the weight of the metal coupon after t2, grams

V/1 is the weight of the metal coupon after tl, grams

3.4.4 Results and Discussion

The average pH condition in each laboratory environment during the test period

is shown in Table 3.8 (se¿ Appendix II-16). Standard deviations were the largest for the

sulfuric acid environments,

The average material weight loss for DS25 and AS25 coupons was 7,09V0 and

9,47%, respentively, after2T weeks immersion (Table 3.9). In comparison, the average

material weight loss for DS45 and AS45 coupons were 13.53% and 15.56%. The

similarity in results between deionized water and sulfuric acid suggests that cor¡osion

rates are independent of pH. These observations are in agreement with others (Betz,

1980) who repofed that in the pH range between 4 to 10 the corrosion of iron depends

t07



Table 3.8 Average pH Conditions During 27 Week Test Period:
Metal Corrosion Experiment

Table 3.9 Average Material Weight Loss (W) after 27 Weeks
Immersion: Metal corrosion Experiment

Environment
TYPe

Low Temperature (25'C) High Temperature (45"C)

Specimen Average Standard
Type pH Deviation

Sp€cimen Average Standard
Type pH Deviation

Deionized
waler

NaOH
Buffered)

Sulfuric acid

MIC soil

DS45 8.00
DG45 7.96

BS45 9.19
BG45 9.19

AS45 3.80
AG45 4.31

RS45 7.63
RG45 0.28

DS25
DG25

BS25
BG25

AS25
AG25

RS25
RG25

0.42
0.39

0.04
0.04

0,34
0.56

0.29
0.35

0.05
0.0s

0.21
0.55

7.63
0.28

7.63
8.38

9.20
9. r8

4.03
4.34

Environment
Type

I-ow Temperature (25'C) High Temperature (45'C)

Specimen
TYPe

w
(%)

Specimen
Type

w
(%)

Deionized
water

NaOH þuffered)

Sulfuric acid

MIC soil

DS25
DG25

BS25
BG25

AS25
AG25

RS25
RG25

7.@
4.91

0.02
0.01

9.41
7.59

DS45
DG45

BS45
BG45

AS45
AG45

RS45
RG45

13.53
1l.86

0.00
0.07

15.56
9.27

2L13
4.58

¡** Not available,
* Negligible.
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primarily on the rate of mass transfer (diffusion) of oxygen to the cathode surface.

Test results showing the extent of material \ryeight loss (W) after 2,5, 14 and 27

weeks immersion are summarized in Appendix II-17. Changes in material weight loss

fo¡ MS coupons immersed in deionized water and sulfuric acid as a function of

immersion time are similar (Figures 3.23 and 3.24). Surface photographs of the MS

coupons immersed in deionized water (DS45) and sulfuric acid (S45) after 14 and

27 wæks immersion are shown in Figure 3.25.

It is known that natural scales form as oxidation products on the surface of

corroding metals (Montgomery, 1985). Hard black scales, most likely ferric hydroxide,

developed on the surface of the DS45 and AS45 specimens after 2 weeks immersion .

However, after 14 weeks exposure these ha¡d scales softened and deterio¡ated, resulting

in furthe¡ increases in the rate of cor¡osion.

Maximum cor¡osion rates were calculated on the basis of weight loss

meåsurements between 14 and 27 weeks (Table 3.10). The maximum cor¡osion rates for

DS25 and AS25 coupons were 0.066 and 0.098 mm y-1. These ¡esults are in agreement

with Haviland et al. (1966) who showed, in a culvert field study, that the corrosion rates

of 86% of the non-galvanized CSP culverts inspected were less than 0.05 mm y-1; the

mÐ(imum corrosion rate was reported at 0.13 mm y-1. Most of these culve¡ts were

exposed to quiet natural \ryaters and corrosion was confined to the interior surface and

occured below the water line.

In comparison, the maximum corosion rates for DS45 and AS45 specimens were

0.129 and 0,159 mm y-l, respectively. These results show that the effect of raising the

temperature from 25o to 45"C increased the cor¡osion rate of mild steel in deionized

109



N

a
tn
E
J
F
J.
t¡)
H
uJ

Jlr
H
É.
uJt-ftE

IE
TIME ( l/eeks )

Figure 3.23 Average material weight loss versus immersion time: DS25, DS45

110



i\t

tn
8ts
-J
F
It¡
t--{
ul

--.r 10
fE
H
É.
IUF
(E
E
tlJ ettuft
II,J

TE

l-s¡[FURrc ÊcrDl

I o ns¿s prs I

I orrru r. 
I

0510 1520?530
TIME € l/aeke )

Figure 3.24 Average material weight loss versus
imme¡sion time: 4525, AS45

111





Table 3.10 Maximum Corrosion Rate (P) Between 14 and 27 weeks
Exposure: Metal Corrosion Experiment

** Not available.* Negligible,

Environment
Type

I-ow Temperature (25'C) High Temperature (45"C)

Specimen
TYPe

P
mm.y-l

Specimen
Type

P
mm.y-l

DS25
DG25

BS25
BG25

AS25
AG25

RS25
RG25

DS45
DG45

BS45
BG45

AS45
AG45

RS45
RG45

Deionized
water

NaOH
(buffered)

Sulfuric acid

MIC soil

0.06ó
0.018

0.098
0.063

0.129
0.102

0.159
0.081

0.183
0.005
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\ ater and sulfuric acid from 1.6 to 2.0. These ¡esults a¡e in good agreement with those

by Butler and Ison (1966) which show from an Ar¡henius plot for iron coupons immersed

in water (Figure 3.26), that the effect of increasing the temperature from 25oC to 45'C

would inc¡ease the corrosion rate by a factor of 1.6.

It is evident that material weight losses and maximum corrosion ¡ates for the

galvanized steel coupons (Tables 3.9 and 3.10) we¡e lowe¡ than mild steel coupons in

deionized water, sulfuric acid, and MIC soil environments. Surface photographs show

the formation ofporous white scales on the surface of the DG45 and AG45 coupons after

14 weeks immersion (Figure 3.27). This scale, most likely a zinc hydroxide, deteriorated

and tumed a brown rusty colou¡ aftel 27 weeks exposure.

These observations suggest that some protection is afforded to the steel by the

less noble zinc, which acts as a sacrificial anode. Howeve¡, once this zinc coating is

oxidized, the corrosion rate is expected to be similar to the mild steel coupons. The

cor¡osion rates of mild and galvanized steel coupons were negligible in the buffered

NaOH solution and were not affected by temperature.

Changes in average material weight loss (W) for MS and GS metals immersed

in the MIC soil (45"C) environment are shown in Figure 3.28. The plot for the RS45

coupons is linear in shape, which suggests a direct relationship between W and exposure

time. The RG45 coupons, however, showed no significant increase in weight loss

between 5 and 27 weeks exposure. During this period, W remained relatively constant

at 4.4 (SD 0.2V0).

Cleaning of the hard scale from the surface of the RG45 coupons revealed a

protected steel surface. It is known that the weight of the zinc coating (275 g.m-2¡ rlro
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Figure 3.26 Arrhenius plot of corrosion rate versus temperature for iron
immersed in water (from Butler and Ison, 1966)
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Figure 3.28 Average material weight loss versus exposure
time: RS45, RG45



corresponds to 4.5 percent of the weight of the coupon (Russel Steel, 1988). These

results suggest that once the zinc coating was oxidized, the protective zinc oxide scale

inhibited further corrosion. It was concluded that the acceletated laboratory (45'C)

testing of GS coupons in MIC soil did not simulate the corrosion behaviour exhibited at

the Harding culvert site.

The highest corrosion rate in the experiment (0.183 mm y."t-1¡ *as measured

for mild steel coupons exposed to an MIC soil (45'C) environment. The laboratory

cor¡osion rate was 2.3 times greater than the corrosion rate (O.08 mm y-1) observed in

the in sìtu field environment. Higher laboratory corrosion rates we¡e anticipated since

the tests were conducted at elevated temperatures. Surface photographs (Figure 3.29)

show that a hard black scale had formed on the surface of the RS45 coupons after only

5 weeks exposure. When the black scale was immersed in HCl, hydrogen sulfide gas

was generated, suggesting a fo¡m of iron sulfide. Similar scale was found on the surface

of cor¡oded CSP specimens obtained f¡om the Harding site. After 14 weels, the coupons

were cocooned with bulþ yellow corrosion products. X-ray diffraction analyses verified

that the cor¡osion products were of a non-crystalline structure.

Uniform corrosion, observed on the surface of cleaned RS45 coupons, suggests

the formation of galvanic cells between the scale (cathode) and the unreacted steel

adjacent and beneâth it (anode). Similar galvanic corrosion behaviour by the action of

SRB on iron has been observed by others (Dexter, 1988).
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3.5 WEIGET LOSS COMPARISON BETWEEN MS AND FFW MATERIAI,S

A bar diagram comparing the average material weight loss for MS and FFW

materials is shown in Figure 3.30 for deionized water and NaOH environments after 27

weeks immersion. The material weight lost for MS coupons immersed in deionized

water was 33.8 (25"C) to 34.5 (45"C) times higher than for FFW specimens.

The material weight losses for MS coupons and FFW specimens after 27 \ile€lc

immersion in sulfuric acid (45"C) were 15.56 zirtd 0.91%, respectively. The highest

metal weight loss was measured for MS coupons exposed to the MIC soil (Figure 3.31)

environment. Unfortunately, a direct comparison with FFW specimen was not possible

due to soil and bacteria which were embedded in the surface of the composite.

A comparison of materials based totally on weight loss methods is not accurate.

For example, inaccurate measurements may result if some of the degraded solids remain

attached to the FFW composites. New analytical methods such as determining the depth

of penetration through the thickness of the FFW composite as a function of imme¡sion

time is one way to make more meaningful comparisons.

3.6 STJMMARY AND CONCLUSIONS

The primary purpose of the Preliminary Screening (PS) study was to assess and

compare the deterioration behaviour of postcured FFW composites and metals (ste€l and

galvanized) following exposure ìn various simulated natural aqueous field environments.

A specific objective of the FFW deterio¡ation and metal corrosion experiments was to

identify the environment which had the most deleterious effect on each material. The

conclusions of the PS study are summarized below:
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3.6.1 FFW Deterioration Experiment

1. Absorption tests conducted at a temperature of 45 'C were effective in increasing

the rate of diffusion of deionized water in postcured FFW specimens. D" and

M" values at this temperature were determined, based on the method developed

by Shen & Springer (19?6) to be 1.4 x 10-6 mm2/sec and l.6l%, respectively.

2. The most hostile aqueous environment, based on physical, chemical and visual

indicators we¡e acidic (pH 3.5 to 4.5) environments. Preliminary results show

deterioration is more extensive for postcured FFW specimens in acetic acid then

in sulfuric or hydrochloric acids.

3, Springer (1984) suggested that the non-Fickian behaviour of liquid transport in

SMC materials may be due to the deterioration of the material, most likely

through the loss of resin particles. In this work, the chemical analyses showed

that most of the material weight loss for FFW specimens exposed to acidic

environments @H 3.5 to 4.5) is in the form of calcium ca¡bonate particles.

4. Material weight loss methods cannot accurately quantify deterioration in MIC

soil environments due to soil/bacteria embedment. New analytical methods are

required in o¡de¡ to quantify more accurately the deteriorative behaviour of FFW

composites in aqueous envitonments.

5. Volumetric measurements did not show differences in swelling between

specimens immersed in environments at the same temperature. Average

increases in volume for specimens immersed at 45oC were higher than at25oC.

6. Losses in wet mechanical properties were greåter than losses in dry mechanical

properties. Future testing of mechanical properties should be conducted in the
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wet ståte to simulate actual field environments.

7. A laboratory operating temperature of 45" was effective in accelerating the

deterioration behaviour of postcured FFW specimens exposed to various aqueous

environments.

3.6.2 Metal Corrosion Experiment

l. The maximum corrosion rates for MS coupons immersed in deionized water and

sulfuric acid aI25"C were 0.066 and 0.098 mm y-1. These values are similar

in magnitude to the field corrosion rates observed at the Harding culvert site.

2. The maximum corrosion rates fo¡ MS coupons immersed in deionized water and

sulfuric acid (45'C) was 0.129 and 0.159 mm y-1, respectively. Raising the

temperature from 25o to 45'C inc¡eased the corrosion rate of mild steel in

deionized water by an average factor of 1.8.

3. The corrosion behaviour of GS coupons exposed to a MIC soil, under

accelerated laboratory (45'C) test conditions, did not simulate the high corrosion

rates observed for galvanized CSP in the freld.

4. The highest coûosion rate (0.183 rr.yeat-ll¡ was observed for MS coupons

exposed to an MIC soil. It was demonstrated that accelemted laboratory testing

of MS coupons in MIC (45'C) soil, utilizing anae¡obic/aerobic cycles, can

simulate long-term biological corosion behaviour in the field.
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CHAPTER 4

DEVELOPMENT OF NEW TEST METIIODS TO QUANTIFC

F.FW DETERIORÄTION IN EXTREME ACIDIC ENVIRONMENTS (PHASE 2)

4.1 INTRODUCTION

The most hostile aqueous environment identified in the Preliminary Screening

@S) was an acidic environment. One of the primary objectives of the experimental

resea¡ch program was to develop new test methods to quantify more accurately the

deterioration of FFW composites exposed to extreme acidic environments. One

particular application is the low pH (2,2-2.5) conditions found in the colle¡tion and

storage of sewage.

The four analytical methods presented in this chapter were specifically developed

for small flexural FFW specimens. One advantåge of using smaller-sized specimens is

that experimental results can be more easily reproduced. For example in the e¿rlier PS

study, all of the large FFW specimens were immersed in the same 18 L of solution

throughout the FFVy' deterioration experiment. This was because of the high replacement

cost of labo¡atory solutions required to submerge the specimens. However, with smaller

specimens it is possible to complete the testing and discard the laboratory solution afte¡

each immersion time period. This procedure allows the extent of deteriomtion to be

determined for e¿ch period and to be measured from either the leåchate or the properties

of the wet specimens.

The four methods developed include: a gravimetric weight loss method for

pafially cured specimens, a fluorescent-dye solvent exchange (FDSE) method and two
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visual methods to meåsure the average depth of penetrations.

The gravimetric weight loss method was developed for virgin specimens and

includes a coÍection factor. The FDSE method was developed.to overcome some of the

problems associated with the moisture desorption heat (MDH) method that was developed

(Section 3.3.3.5). The FDSE method is basically an extension of the MDH method and

uses solvent exchange rather than thermal drying techniques to quantify the desorption

slope (S¿) parameter. Two methods, the Heat Cure (HC) and Fluorescent Dye (FD)

method were developed to permit accurate visual identif,rcation of the location of an

advancing boundary of deterio¡ation through the thickness of the composite in order to

measure the average depth of penetration. The usefulness of the new methods in

quantifying deterioration was demonstrated in the following Postcure acid (PA)

experiment (Section 4.3). These methods were used to determine the effects of various

postcure conditions on the deterioration of FFW composites exposed to a low pH Q,2-

2.5) sulfuric acid environment. The experiment was conducted under accelerated

conditions of increased temperature (45'C).

4.2 NEW TEST METHODS

4.2.1 Gravimetric Weight Loss Method

This method was developed to estimate the dry material weight loss of FFW

composites that were not fully cured prior to immersion. It is known that thermal drying

enhances the curing process resulting in the release of excess styrene and a material

The depth of penetration is measured from the interior surface to the boundary
between the saturated and non-saturated layers.
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weight loss, Cuadrado et al. (1983), who studied the curing kinetics ofa general purpose

unsaturated resin, showed that following complete curing, a loss of approximately ten

percent of the initial mass was observed. In this work, it was apparent that a correction

factor (CF) was required which would take into account weight losses associated with

further curing during the reconditioning of wet specimens.

To this end, a postcure experiment was undertaken to determine the effects of

temperature (112'C) on the average material weight loss of small flexural specimens.

The results (Appendix III-1) are similar to those obtained in an earlier postcure

experiment for large FFW specimens. The average material weight loss after 36 hours

was 0.37 percent of the initial dry weight. No significant material weight loss was

observed after a drying time of 36 hours.

The procedure for estimating the dry material weight loss of virgin or partially

cured FFW specimens was as follows:

l. The FFW specimens were weighed after drying in a desiccator (W¡).

2. The dry spe¡imens were immersed in a liquid environment for a

predetermined time period.

3, On ¡emoval excess surface liquid was wiped off with a cloth and the wet

specimens were reconditioned at 112"C fo¡ 36 hours.

4. After cooling the final weight (Wf) of each specimen was reco¡ded.

5, The weight of dry material lost was estimated for the FFW specimens

Cùr'*) from Equation [31].
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lVhere:

w^ : (w¡ - w¡ - cp) (IV,)- 1 (100)

Wm : Dry material weight loss per specimen (%)

CF = Cor¡e¿tion factor for partially cured FFW specimens (e.g. Ca =

0.0037 (wi) for the virgin FFW specimens used in this study).

It is evident that the coûection factor for virgin FFW specimens postcured at

112"C for 36 hours would be zero and Equation [31] would be equivalent to Equation

t201.

4.2.2. Fluorescent-Dye Solvent Exchange (FDSE) Method

Gravimetric water absorption techniques can not be used to determine the

effective diffusion coefficients of filled plastic SMC materials, where extensive material

weight loss occurs due to the leaching of soluble solids (Section 2.4.3). This has led to

the development of the moisture desorption heat (MDH) method (Section 3.3.3.5), which

is based on principles of thermaliy activated moisture diffusion. One disadvantage of

using heat in the MDH method is that cracks may be initiated during reconditioning of

wet plastic specimens at elevated temperatures. Severe drying conditions could also

cause changes in the originat diffusion characteristics of the material. This mechanism

was suggested by Whitney et al. (1977) who showed higher diffusion coefficients for

epoxy matrix composites based on moisture desorption tests than those calculated from

water absorption tests, under similar temperature (71"C) conditions.

Consequently, the FDSE method has been developed to overcome some of the
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problems associated with the MDH method. The development of the FDSE method was

based on a literature review and a preliminary experimental investigation.

4.2.2.I Literature Review

Solvent Exchange Desorytíon: Cement Pastes

Solvent excha¡ge (SE) desorption methods have been used extensively to quantify

the diffusion coefficients of water-saturated cement pastes. parIot (1981) concluded that

the less dense water miscible solvent, methanol, could replace water in saturated cement

paste by a simple physical process of counter diffusion, Day (1981), however,

questioned the use of methanol and showed that methanol ¡eacted with calcium hydroxide

in the cement paste to form an undesirable carbonate-silica reåction product. Feldman

(1987) also observed that methanol reacts with hydrated portland cement and was

unsuitable for use when diffusion coeff,rcients are to be measured. He concluded that 2-

propanol was an acceptable solvent since no such reaction seemed to occur, He

approximated the diffusion coefficient of 2-propanol in water-saturated cement paste to

be in the range of 10-5 to 10{ m*2.r"c-1. The diffusion coeff,rcients were based on

Fick's model for unsteady diffusion in a semi-infinite solid. A similar range of values

we¡e observed for the diffusion of potassium iodide (Iil) and potassium chloride (KCl)

in water-saturated cement paste and bentonite clay at a temperature of 30"C (Atkinson

and Nickerson, 1984).

Hughes (1987) demonstrated that methanol exchanged at a much faster rate than

2-propanol in ordinary Portland cement (OPC) pastes. He also suggested that befo¡e

accepting the use ofa solvent to meåsure diffusion coefhcients, a critical appraisal should
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be made of possible solvent-structure inte¡actions.

Absorytion of Methanol and 2-Propanol ín FRP Composífes

The¡e are few resea¡ch studies showing the effects of methanol and 2-propanol

absorption on FRP composites, Craigie et at. (1986) have demonstrated that composites

made from novalac based vinyl ester ¡esin swell when imme¡sed in methanol at

temperatures between 37.8' and 48.9'C and have shown that no chemical reaction

occurs. The maximum percent weight gain of these specimens was determined to be

10 percent at equilibrium with a corresponding increase in specimen thickness of

5 percent.

In other work, Bravenec (1983) has chatacterized the absorption of 2-propanol

at 50'C in postcured (90"C for 28 hrs), unfilled styrene crosslinked polyester resins.

The maximum percent weight gain at equilibrium (530 hrs) was 11.4 percent, with a

corresponding increase in dry specimen dimensions averaging 4.6 percent. A gradual

decrease in specimen weight was observed only after equilibrium (M") was attained.

These results suggest that long-tetm exposure of cured polyester resin in 2-propanol

(530 hrs at 50"C) could result in the leaching of polymer soil fractions from the

composite.

In this work, a preliminary experimental investigation was used in the

development of the FDSE method. The specific objectives of this investigation were to

evaluate the effects of the absorption of methanol and 2-propanol in FFW composites and

to select the most suitable solvent exchange medium to be used in the FDSE method.
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4.2,2.2 Prelwtinary Experimental Investigation

The preliminary experimental investigation consisted of two experiments; a

solvent absorption and a fluorescent-dye solvent exchange (FDSE) experiment' A

description of materials, laboratory procedures, results and discussion is presented in

Appendix III.

Problems were encountered with the weighing of the methanol saturated

sperimens during the solvent absorption experiment. The weights of these specimens

were constantly decreasing which was felt to be attributed to high evaporation rates.

This made it diff,icult to obtain reliable and consistent data. Seve¡e deterioration

(softening) and whitening was observed for virgin specimens immersed in methanol

(45"C) after 5 days exposure (Appendix III-5). The FFW specimens exposed to 2-

propanol at 45'C were not affected by weighing problems. Softening and whitening

were not observed for the 2-propanol specimens. A characteristic linear isotherm plot

was not obtained when methanol was used as the solvent. The reason for this was either

high exchange rates or possible solvent-structure interactions. It was, however, possible

to cha¡acterize the linea¡ slope of the 2-propanol FDSE isotherm. The results showed

that 2-propanol was a more suitable solvent exchange medium'

A description of the FDSE method used to quantify changes in diffusion

cha¡acteristics (S¿) of wet FFW specimens is as follows:

1. A 2-propanol solution was prepared by dissolving 4 g of Fluorescent

Yellow G dye in a 1 L solution of 2-propanol at 45"C. A closed top

plastic container was used to Prevent evaporation.

2, Following a specified immersion time period, the wet FFW specimens



wefe removed from their aqueous envi¡onment and excess surface moisture

was wiped off with a cloth towel.

3. The wet specimens were weighed and immediately re-immersed in the 2-

propanol solution at 45'C.

4. Steps 2 and 3 were repeated at specifled time intervals.

5, The FDSE test was conside¡ed complete when no further losses in

specimen weight were observed.

A cha¡acteristic FDSE isotherm was then obtained by plotting the changes in

percent moisture loss (M¡) as a function of the square root of the immersion (exchange)

time in 2-propanol. The desorption slope (S¿) parameter was measured from the initial

slope of the initial portion (60%) of the FDSE isotherm plot and determined by linear

regression.

4.2.3 Depth of Penetration (Visual) Methods

The location of the advancing boundary of deterioration is poorly defined for

virgin FFW composites which have been exposed to aqueous environments because the

natural white-grey colour offers no visual contrast to whitening associated with

deterioration. As a result, two methods were developed to visually enhance the

advancing boundary of deterioration and so facilitate meåsurement of the average depth

of penetration. These methods a¡e refer¡ed to as the He¿t Cure (HC) and the Fluorescent

Dye @D) methods.
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4.2.3.L Heat Cure (IIC) Method

Thermal drying (reconditioning) of wet virgin FFW specimens causes different

colour changes to occur in the saturated and non-saturated layers of the laminate, It was

observed in the PS study that upon reconditioning, the saturated layer of the large wet

FFW specimens acquired a white haze. In contrast, the non-saturated regions remained

a da¡ker colour. Depth of penetration meâsurements were obtained from the same

specimens that were used previously in determining the material weight loss.

A description of the Heat Cure (HC) method is as follows:

1. The wet FFW specimens are reconditioned in an oven at 112"C for

36 hours and cooled in a desiccator.

2. Six coupons were cut from each specimen (see Figure 4.0) using a

diamond blade saw.

3. The edges of these coupons we¡e sa¡ded and cleaned with glycerine to

enhance the definition of boundary location.

4. The distance between the inner surface of the coupon and the visible

boundary was measured at 2.5 mm intervals around the coupon perimeter

using a light ste¡eo mic¡oscope (Wild Leitz Canada Ltd.) with a calibmted

eyepiece scale at a magnif,rcation of x 50 and a maximum resolution of :E

27 pm.

5. The average depth of penetration (h) was calculated from a minimum of

100 measurements per specimen.
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4.2.3.2 Fluorescent Dye (FD) Method

The FD method was based on the assumption that the fluorescent dye/alcohol

solution would be exchanged with the liquid penetrant that had been adsorbed into the

laminate. The adso¡bed yellow colorant in the laminate could than be used to identify

the advancing boundary of deterio¡ation. One advantage of the FD method is that

specimens used in the FDSE test can also be used to quantify the depth of penetration.

The FD method is similar to the HC method in that the FDSE specimens were

also cut into six coupons (Figure 4.0). The edges ofthese coupons, however, were only

sanded since glycerine caused streaking. Again the distance between the surface of the

specimen and the visible boundary was measured at 2.5 mm intervals along each edge

using either visible light or fluorescent (ultraviolet) microscopic techniques. In this

work, ultraviolet light measurements we¡e also taken on a Nikon OPTIPHOT microscope

equipped with an EPIS Copic-Fluorescence attachment. The maximum ¡esolution of the

fluorescent microscope at x 40 was + 19.8 ¡rm at a wavelength range between 330 and

380 nm.

4.3 FOSTCIJRE ACID (PA) EXPERIMENT

4.3.1 INTRODUCTION

The primary objective of the Postcure Acid @A) experiment was to demonst¡ate

the usefulness of the aforementioned new methods in measuring the effects of postcuring

on deterioration. Sulfuric acid was selected as the immersion medium in o¡der to

simulate deterioration in extreme acidic sewage environments due to sulfu¡ oxidizing

bacteria (Section 2.3.2).
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Figure 4,0 Coupon preparation to measure depth of penetration
from small FFW specimens
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Various types of postcured specimens we¡e immersed for 12 weeks at 45'C. A

combination of two curing temperatures (55 " a¡d 1 12'C) and time duration periods (18,

36 hrs) were investigated. The operating conditions for the PA experiment are shown

in Table 4.0.

Table 4.0 Operating Conditions: PA Experiment

4.3.2 MATERIAI,S

Specimens with nominal dimensions of 133.5 mm x 38.0 mm x 4,80 mm were

cut in the hoop direction from the same FFW test pipe used in the PS study

(Section 2.2.4). Pnor to postcuring, the edges of the specimens were sanded and coated

by brush with a corrosion-resistant polyester resin (DION COR-RES 6695R)6. The

coating \ryas applied at ¡oom temperature using a methyl ethyl ketone percxide (lVo

Trademark of Koppers Company, Inc., Pittsburg, PA 15219, U.S.A.

Reactor
TYPe

Environment
Type

Temp.
('c)

pH
Condition

Specimen Preparation

Temp. ('C) Time (hrs)

S55-18 Sulfuric acid

555-36 Sulfuric acid

S112-18 Sulfuric acid

S112-36 Sulfuric acid

45

45

45

45

2.2-2.5

2.2-2.5

2.2-2.s

2-2-2.5

55

55

tt2

lt2

18

36

18

36
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MEI(P) catalyst. The edge coating provided a visible layer of approximately 0.05 mm.

The coated specimens were postcured in a temperature controlled oven (Fisher

Isotemp oven, 200 series, Model 230F). The average weight losses fo¡ virgin FFW

specimens postcured at ll2"C we¡e 7 to 10 times greater than for the specimens

postcured at 55"C, There was no change in weight loss after 18 hours of postcuring at

55'C. The average percent weight loss for the various postcured specimens (S55-lB,

555-36, S112-18, S112-36) a¡e shown in Tabie 4.1.

Four closed top plastic containers we¡e filled with 3 L of0.1 N sulfuric acid and

placed in a temperature controlled chamber at 45'C. Eight specimens were submerged

fo¡ 12 weela in each of the four containers, each corresponding to one of the postcure

conditions. The sulfuric acid solution was prepared from concentrated 36 N sulfuric acid

and deionized wate¡. The deionized water was produced with a conductance of less than

0.2 ¡rmhos/cm using a Millipore system.

Table 4.L Percent Weight Loss For Various Postcure Conditions:
PÄ Experiment

Specimen
TYPe

Postcure Conditions TVeight I-oss
(vo)

Temp. ('C) Time (hr)

s55-18

s55-36

s 112-18

s I 12-36

55

55

112

Lt2

18

36

18

36

0.04

0.04

0.30

0.37
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4.3.3 Laboratory Procedure

The temperature and pH levels were checked at 2-day intervals. Deionized water

was added as required to maintain the level in each container at a constant 3 L volume.

Additional amounts of 1.0 N sulfuric acid were added intermittently to maintain the pH

in the range of 2,2 to 2.3. ^lhe amount of acid added to each container was measured

and recorded in meq. Test methods used in the Preliminary Screening Study

(Section 3.3.3) were also used to monito¡ changes in specimen weight, calcium ion and

aluminum ion concentrations in the leachate.

Following 12 weeks exposure, the specimens were removed from each container,

Five of the test specimens were rinsed with deionized water and tested in the wet state

for wet flexu¡al properties. The testing of wet mechanical properties, was based on

ea¡lier recommendations (Section 3.6.1) and in accordance with ASTM D 790. Two

other wet specimens we¡e reconditioned at 112'C for 36 hours to determine the average

value of soluble material weight loss (W.) an¿ the avemge depth of penetration (h) using

the HC method according to Section 4.2.3.l. The remaining specimen was used to

monitor changes in diffusion properties (FDSE method) and also to determine the average

value of h by the FD method.

4.3.4 RF,SULTS AND DISCUSSION

The average pH was maintained between 2.2 and 2.3 during the 12 week

immersion test period (Table 4.2). A summary of the test results showing the extent of

deterio¡ation after L2 weeks exposure is shown in Table 4.3.

Changes in specimen weight, when plotted against the square root of immersion
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Table 4.2 Average pII During L2 rveek Test Period: PA Experiment

Table 4.3 Extent of Deterioration of Postcured FT'W Specímens After
12 Weeks (45"C) Immersion in Sulfuric Acid: PA Experiment

Treâtment

- 
JE:-

s55-18

s55-36

s 112-18

s 112-36

Number of

98"*tg
12

12

T2

t2

Averagej4ll
2.25

2.22

2.2t

2.23

Standard

lar-*
0.05

0.05

0.05

0.06

Deterioration
Test

Ps¡ameter

Postcure Condition

s55-r8 I 555-46 ¡ 5112-18 I 3112-36

Gravimetric

Material weight loss (%)

Chemical

Calcium as CaCO3 (mg.U1)
Aluminum as Al2ó3,3H2O (mg,Ul)

1.54 (0.07) 1.65 (0.01) 1.s0 (0.09) l.ss (0.1Ð

1220
zo4

31.0 (7.e)
30.2 (6.0)
31.6 (9.1)

0.014

245 (4o)
242 (2s)

0.013

248 (32)
262 (36)

1140
t73

LLTO
185

tz40
2ro

(.%)

Ultimate flexural strength
Flexural modulus
Barcol hardness

Diffu sion properties (rnin-%)

Desorption slope parameter

HC melhod (visible Iight)
FD method (visible ligh)

27.3 (10.6) 30.4 (4.8) 27.s (6.3)
n.8 G5.2) 28.0 (t5.2) 22.7 (9.'t)
3t.6 (12.3) 3s.5 (11.2) 33.3 (9.0)

0.010 0.009

266 (44) 28s (zs)
230(36) 23e(23)

Standard deviations in brackets.
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time (Figure 4.1), showed that the rate of specimen weight change was lower for the

S112-18 and S112-36 specimens than for the S55-18 and 555-36 specimens. However,

the change in specimen weight of all specimens appe$ to be similar a¡rd reach an

asymptote after 12 weeks exposure. These results suggest that changes in weight ofthe

various postcured specimens are not influenced by different postcure conditions after

long-term exposure in sulfuric acid (see Appendix III-9 ).

The average material weight losses between the various postcured specimens,

after 12 weeks immersion (Table 4.3) ranged between 1.50 and 1.65%. These results

suggest that postcuring does not affect material weight loss in low pH sulfuric acid

environments.

The calcium ion concentration in the acid leachate when plotted as a function of

imme¡sion time @igure 4.2) also showed little diffe¡ence between the various postcured

specimens. The totâl concentration of calcium after 12 weeks of sample immersion

(Table 4.3) ranged from 1,120 to 1,240 mg.L-l as CaCO3. In comparison, the

concentration of dissolved aluminum ranged from 173 to 210 mg'U1 as Al2O3,3HzO '

It is evident, since the FFW composite consisted of an equal percentage by weight of

each filler constituent, that calcium carbonate is more soluble than ATH in low pH

sulfuric acid environments. A summary of the concentrations of calcium measured in

the leachate at the end of each week are presented in Appendix III-9.

It was suggested that the dissolution of calcium carbonate in sulfuric acid might

have been influenced by the formation of a calcium sulfate precipitate'
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a32'J CaCO3 + H2SO4 - Ca* 
* * Co2 + H2O * SOi

No precipitate was observed in the sulfuric acid leachate during the experiment.

However, theoretical calculations based on ideal equilibrium acid behaviou¡ (Appendix

III-10) were carried out to confirm this. These calculations showed that the amount of

available sulfate added (2.0 x 10-2 M) by the addition of sulfuric acid þH 2.23) was

insufficient to result in the formation of a calcium sulfate precipitate. The theoretical

calcium ion concentration that would result in the fo¡mation of a precipitate under these

conditions was estimated to be 1,915 mg.L I as CaCO3. Thus, it was unlikely that a

calcium sulfate precipitate would have formed during the experiment since the maximum

calcium concentration measured in the leachate was 1,240 mg.L I as CaCO3, The

theo¡etical calculations appear to be in agreement with the experimental observations.

The average initial dry mechanical properties for the postcured specimens are

shown in Table 4.4. l¡sses in wet flexural propefies and Barcol hardness were

normalized with respect to these data and were presented (Table 4,3) as a loss (Vo) of the

initial dry mechanical properties (1-S/So, l-E/Eo, and l-HiHo). The losses in wet

flexural properties were similar for the four specimens and ranged ftom 22.7 to 31'0% ,

Incomparison,thereductioninBarco1hædnessrangedfrom37.6to35,5%,

Diffusion properties were characterized for the postcured specimens from the

FDSE isotherm plots shown in Figure 4.3. The desorption slope parameter (S¿) was

calculated using the same linea¡ regression techniques used in the MDH method (see

Section 3.3.3.5). The values of S¿ after 12 weeks immersion we¡e similar and ranged

from 0.009 to 0.014 min-% glable 4.3). These results suggest that there is no
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difference in the diffusion properties of postcured specimens exposed to low pH sulfuric

acid conditions,

Table 4.4 Initial Dry Mechanical hoperties of Postcured Specimens:
PA Experiment

The average depth of penetration, based on the HC (visible light) method ¡anged

from 245 to 285 ¡rm. The average values of h, based on the FD (visible light) method

ranged from 230 to 262 ¡¿m. The similarity in results suggest that the depth of sulfuric

acid penetration is not influenced by different postcure conditions. Fluorescent

microscopy techniques utilized in the FD (ultraviolet light) method were found to be

ineffective in determining the depth of penetration. This was because the technique did

not identify clearly the boundary interface between the saturated (attacked) and non-

saturated (non-attacked) layers.

Specimen

Type

Flexural Strength
(s^)

Flexural Modulus
tE^)

Barcol Hardness
(H^)

MPa Standa¡d
Deviation

GPa Standard
Deviation

Unit Stândard
Deviation

s 55-18 297.0

s 55-36 286.0

s112-18 313.0

s112-36 310.0

(17.2)

(26.e)

(r2.e)

(14.3)

(1.5)

(3.3)

(2.0)

(1.3)

2r.2

21.6

24.3

23.3

58.4 (4.1)

56.3 (6.1)

60.9 (6,5)

61.6 (4.1)
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4.4 CONCLUSTONS

1. New test methods that were developed to meåsure changes in diffusion

characteristics @DSE) and depth of penetration based on visible light

measurements (HC and FD). These methods were effective in quantifying the

extent of deterioration behaviour of small FFW spe¡imens in an extreme sulfuric

acid environment.

2, The primary chemical reâction associated with low pH sulfuric acid deterioration

(2.2-2.3) was the dissolution of calcium ca¡bonate.

3. Postcuring was found not to affect the deterioration behaviour of FFW

composites in low pH sulfuric acid conditions.
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CIIAPTER 5

DEVEIJOPMET.{T OF AN ACID DETERIORATION MODEL (PHASE 3)

5.1 INTRODUCTION

One of the primary objectives of the ¡ese¿rch study was to develop a practical

mathematical model to quantify the rate of deterioration of FFW composites exposed to

acidic environments. The requirement for a good engineering model is that it is a close

mathematical representation of a real situation (Iævenspiel, 1972).

There is a need to develop deterioration models to quantify the rate of

deterio¡ation of materials which have been exposed to a known environmental history.

The information obtained from such models can be used for design and life prediction

to ensure structural integrity ard reliability in the field.

Several models have been developed in the last decade to assess the behaviou¡

of material degradation in plastic composite materials. Springer (1984) proposed an

analytical model to predict the degradation in the mechanical properties of graphite-epoxy

composites exposed to elevated temperatures. Ye (i989) developed a fatigue damage

accumulation model fo¡ ¡andom SMC composites which can be used to p¡edict the

numbe¡ of cycles required to reach a given reduction in stiffness when cycling at

diffe¡ent fatigue levels.

In this work an acid deterioration model was developed for filled FFW

composites exposed to acidic conditions. The model is based on an un¡eacted co¡e model

that was first presented by Yagi and Kunii (1955) for gas solid reåctions. Here the

147



model is adapted to a physical-chemical process involving a solidìiquid inte¡face. one

advantage of the model is that it yields a comparatively simple solution which is based

on a pseudo-steady state approximation of the moving boundary diffusion problem.

5.2 MODEL DEVELOPMENT

5.2.1 Background

Many important gas solid re¿ctions are controlled by the mass transfer and

diffrrsion of gases through a solid reactant. weiz and Goodwin (1963) in their work on

diffusion-controlled combustion of "coke" within a porous catalyst particle, noted that

the progressive shell mechanism (unreacted-core model) should have general applicability

in a wide variety of solid-fluid rate phenomena. coutant et al. (1970) carried out an

extensive series of experiments in which porous limestone particles were injected into hot

gaseous So2, collected and analyzed. The data suggested that the rate of ¡eaction was

govemed by a "diffusion-plus-reaction" mechanism since the quantity of sulfur picked

up by the limestone particles and measured as caSo4 was proportional to the square root

of the reaction time. Pigford and sliger (1973) extended the mechanism to include an

additional pore diffusion process for special cases.

Luss (1968) showed mathematically that the pseudo-steady state (pSS)

approximation is valid during most stages of reaction for predicting the rate of re¿ction

for gas-solid reactions in spherical particles. rævenspiel (1972) indicated that the pss

approximation method used for determining reåction rates when the surrounding medium

is a gas applies equatly weli to iiquids.
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5.2.2 Acid Deterioration Model

The Acid Deterioration Model is based on the concept of a shrinking unreåcted-

core. In this wo¡k the un¡eacted co¡e model was applied to FFW composite-acid

reactions. Figure 5.0 illustrates a conceptual picture of the proposed model in which

the ¡esistance to acid diffusion through the "ash" or degraded layer controis the rate of

deterio¡ation.

The acid reaction is assumed to occur first at the outer surface of the FFW solid

and then to progress inward. It is noteworthy that the deterioration response of concrete

to sulfuric acid (pH 1) is similar. Attiogbe and Rizkalla (1988), using SEM

photomicrographs, showed that concrete deterioration started from the acid-exposed

surface and moved inward.

It is assumed in the proposed Acid Deterioration Model that the zone of reaction

or interface boundary between the acid-reacted (degraded) and unreacted (non-degraded)

core moves very slowly into the FFW solid leaving behind inert solids. The

concentration of hydrogen ions contributed by the ionization ofthe acid must then diffuse

through the degraded layer to reach the inte¡face and reåct. It was concluded in the

FFW deterioration (Section 3.6) and PA (Section 4.4) experiments that the primary

chemical reaction associated with acid deterioration was the dissolution of calcium

carbonate. The rate of ATH filler dissolution was shown (Section 4.3.4) to be much

Iower than calcium carbonate, consequently, this reaction was excluded from the model.

It is assumed in this model that all of the calcium carbonate will eventually

dissolve by chemically reacting over a naÍow zone at the inte¡face boundary. Thus,

the¡e could exist at any time, an unreacted co¡e of FFW material surrounded by an
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envelope of inert solids such as glass, ATH, and resin particles. This assumption is

supported by Balik et al. (1989) who showed that all of the CaCO3 in the latex coating

on painted wood substrates was removed during exposure to aqueous sulfurous acid. The

removal rate dec¡eased with increasing pH.

The rigorous mathematical solution for this modei consists of solving a non-

steady state diffusion problem with a moving boundary. For example, formal

mathematical solutions were applied to the analogous heat conduction problem where heat

flows into a semi-infinite medium (metal) and heat is evolved or absorbed at the

boundary (Carslaw and Jaeger, 1959). The general problem of the moving interface

boundary was solved by Danckwert (Crank, 1975) for cases whe¡e the process of

diffusion caused changes which resulted in the disappearance or appearance of matter at

the inte¡face. Examples include: the melting of ice in contact with water; the diffusion

of oxygen into muscle where oxygen combines with the lactic acid. In the general case

of the moving boundary problem, where diffusion takes place into a semi-infinite medium

and a constant concentration was maintained at surface x : 0, the position of the

advancing boundary (h) was found to be proportional to the square root of time.

In this work, the assumption of a pseudo-steady state (PSS) condition was made

to allow greater simplification of the solution to the moving boundary problem. An

essential feature of the PSS assumption is that diffusion is accompanied by an ineversible

chemical reaction at the interface which is so rapid compared with the rate of diffusion

that it may be considered instantaneous. The condition where the rate of movement of

the inte¡face is much slower than the rate of diffusion of the reactant results in a sharp

reaction boundary which moves with time through the solid, Because of this condition
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it is reasonable to assume that the interface can be taken to be stationary at any time.

Using the simpiihed PSS approach, the diffusion problem can be readily solved

to find the concentration profile that would occur behind the moving boundary, The

mass flux as found from this expression is equated to the rate of disappearance of the

solid reactant. A summa¡y of assumptions used in the application of the PSS

approximation to determine the rate of deterioration of FFW composites exposed to

acidic environments is as follows:

1. Diffusion through the acid-degraded layer controls the rate of

reaction/deterioration.

2. No chemical reaction occurs in the acid-degraded layer.

3. The rate of reaction or dissolution of calcium carbonate at the boundary

is so fast it can be considered instantâneous.

4. A very narrow, well defined reaction boundary (interface) moves slowly

with time toward the centre of the FFW composite.

Based on the above assumptions, the Acid Deterioration Model can be

mathematically described by a second-order differential equation expressed by Fick's

second law:

t33l
"2^O LrD¿ î =o
ax'

diffusion coefficient in the acid-degraded layer, mt2.s-l

concentration of the diffusing species, moles.cm3

Where:

Dd

cA
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l,et the mola¡ flux of the hydrogen ions within the degraded layer (Q¡) be expressed by

Fick's law (Levenspiel, 1972):

ð C¿at: -D¿ -¡i
Whe¡e:

Qe : Molar flux of H* within the degraded layer at x = h, (mo1.m-2.s-1)

Integrating across the degraded layer from the surface of the composite (x = 0) to the

location of the inte¡face (x : h), we obtain (Poggi-Varaldo, 1989):

Ce¡ : Concentration of H* ions in bulk solution at x : 0, (moles.cm-3)

h : Distance of the interface boundary from the surface or depth of

penetration in the x direction, mm

Therefore

t36l 
",- 

= Q¿ Ø)
Dd

Assuming steådy-state conditions, the rate of reaction of H+ at the boundary surface

(-ANA/ôÐ is equal to the mass flow (Qa) of hydrogen ions, multiplied by the unir surface

area (A) of the control volume. Thus

o ^h
L:'^ 

= þ*L*13sl

r37l (A) t";t) +
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Where:

NA = Mass of hydrogen ions, moles.

The increase in penetration is given by the disappearance of ôNg moles of calcium

ca¡bonate. If we let ag be the molar density of calcium carbonate in the composite and

ôV be the control volume, we have

-ôNn: -os ôv

Where:

NB : Mass of calcium carbonate, moles

pB = Molar density of calcium ca¡bonate in composite (moles.cm-3)

ôv : Control volume (ôx) (ôz) (ôh), cm3

According to the stoichiometry of Equation 4, ôN¡ moles of hydrogen ions will re¿ct

with (bl)NA moles of calcium carbonate. Therefore

t39l -(bù ôNA : -os ôv

Substituting bl = 0.5 into Eqn. t39l ard rearranging gives:

t41 CaCO3 * 2H* .- Ca* * + COz + HzO

Where b1 = 0.5 (chemical reåction constant: moles of CaCO3 to moles of H*)

t4ol ðN¿: (2) pp ðv

Substituting åv = (A) (ôh) and differentiating w.r.t. time gives:

(2) (pn) 

^ l#)
âN,
-tF141l



Substituting Eqn. [a1] into Eqn. [37] gives :

ah

7t
Í421 '-P : e) (aa)

And integrating over the immersion time period (t) and the depth of penetration (h) gives:

t43l

D¿ C¿N

PB

th

Iat:at[nan
I ee loz
lna ceo )

Rearranging:

1441

Where:

h: (r) Øw

.. loo cnaf rtz
l(: t-ìt-t

lpaj

Equation [44] relates the depth of penetration (h) to the imme¡sion time (t). The

coeff,rcient of proportionality, K, is a function of the density of the calcium ca¡bonate in

the FFW composite (pU : 3.0 x 10-3 m.cm-3), the diffusion coefficient in the degraded

layer @6), and the concentration of H* ions in the bulk solution (C4¡).

A similar deterioration model has been proposed to describe the ca¡bonation of

concrete when exposed to carbon dioxide (Lin and Jou, 1991). Concrete is a porous

concrete composite material in which CO2 can diffuse inside and ¡eact with Ca(OH)2

producing CaCO3. According to Klopfer (1981) the depth of ca¡bonation (h1) can be

expressed as a square root function of the ca¡bonation coefficient (ìKl) and the exposure
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time (t):

t4sl

Where:

n1 = {zx1)rtz {t)rtz

hl : depth of ca¡bonation

Kl = carbonation coefficient

5.3 CONCLUSTONS

l' The Acid Deterioration model claims that the rate of deterioration of FFW

composites in acidic environments is propofional to the square root of time. It

is necessary to verify the proposed model by comparing the rate of deterioration

in different acid environments.

2, The Acid Deterioration model allows one to predict the intrinsic diffusion

coefficient in the acid-degraded layer (D¿) ofan exposed FFW composite. The

molar density, pH of the solution, and the experimental (square root) relationship

between h and t must be known.
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CHAPTER ó

MODEL VERIFICÄTION STUDY (PHASE 4)

6.1 ACID COMPARISON EXPERIMENT

6.1.1 Introduction

One of the primary objectives of this wo¡k was to verify the proposed Acid

Deterioration (AD) model by comparing the rates of deterioration of FFW specimens in

different acid environments. A secondary objective was to predict, in combination with

the experimental data, the intrinsic diffusion coefficients in the acid-degraded layer @¿)

of these specimens,

The acid comparison (AC) experiment was designed for this purpose using the

same laboratory test procedures and methods used in Chapter 4. Deterioration was

measured in terms of changes in depth of penetration, loss in soluble material weight,

the extent of chemical dissolution, loss in wet mechanical properties, and desorption

p¡operties for each acid environment. The same FFW test pipe, as described in

Section 2.2.4, was also used in this work. The rate of deterioration of FFW composites

was determined for small virgin FFW specimens exposed to sulfuric and acetic acid,

under accelerated conditions of incre¿sed temperature (45'C) and low pH Q,2-2.5).

Acetic acid is an organic acid a¡d may not necessarily affect the deterio¡ation

of FFW composites in the same way as sulfuric acid. For example, it was concluded

(Section 3.6.1) that deterio¡ation was mo¡e extensive for postcured FFW specimens

immersed in acetic acid þH 3.85) than in sulfuric acid (pH 3.96).

There a¡e few research studies showing the effect of extreme acid conditions on

the deterioration of frlled FRP composites. In one unpublished laboratory study,
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FiberGlas Canada (1987), evaluated the change in physical properties of va¡ious filied

random-orientated chopped glass composites exposed to a 10% solution of acetic acid (ie.

an initial pH of 2,25) at room temperature. Based on the findings of this study, the CSA

Subcommittee on FRP Septic Tanks has revised Clause 6.3.4 of the CSA Standa¡d

CAN3-866-M85 to include an unfilled "antiwicking barrier" @igure 2.1) to protect the

surfaces of laminates exposed to sewage. In the lite¡atu¡e review (Section 2.3.2), itwas

shown that surface above the liquid level in an a¡aerobic septic tank will be subject to

sulfuric acid attâck at pH levels as low as 2.0. In contrast, the submerged surfaces of

an a¡aerobic septic tank will be subject to acetic acid attack at pH levels as low as 5.0.

It is hoped that the ¡esults of this experiment will facilitate the establishment of a

standard accelerated test procedure and lead to the revision of the cur¡ent csA stândard

for hlled FRP septic tanks.

6.1.2 Materials

Specimens with nominal dimensions of 133.5 mm x 38.0 mm x 4.80 mm \ryete

cut from the FFW test pipe using a diamond blade saw. A total of 120 virgin and 40

postcured specimens were prepared prior to the start of the AC experiment. The

postcured specimens were prepared by drying virgin specimens in an oven at 112.C for

36 hours. The edges of all specimens were sanded and coated by brush with a corrosion-

resistant polyester resin @ION COR-RES 669FR). The coating was applied at room

tempemture using a one percent mixture by weight of methyl ethyl ketone peroxide

(MEKP) and was allowed to air dry cure for 7 days prior to imme¡sion. The edge

coating provided a visible layer of approximately 0.05 mm. Eight specimens were

selected at random fo¡ immersion in each container and the remaining virgin and
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postcured specimens were used for testing of initial mechanical properties in the dry

state.

6.1.3 Laboratory Procedure

Threê test environments: deionized water, sulfuric acid, and acetic acid were

selected. The experimental operating conditions for the AC experiment are shown in

Table 6.0. Virgin specimens were placed in all three environments (D25, S25, A'25) and

the postcured specimens were placed in deionized water @112) only. Deionized water

was selected as a control treatment. Sixteen closed top containers were filled with each

solution (3 L volume) and placed in a tempemture controlled chamber at 45"C (Figure

6.0).

Ali acid solutions were prepared using deionized water with a conductance of

less than 0.2 pmhos/cm. The temperature and pH levels were checked at 2 day intervals

because of some evaporation. Deionized water was added as required to maintain the

level in each container at a constant 3 litre volume. Additional amounts of 1.0 N H2SO4

and glacial acetic acid were added intermittently to maintain the pH in the range of 2.2

to 2,3, Tests were conducted to monitor changes in specimen weight and calcium and

aluminum ion concentrations in the leachate (see Chapter 3).

The extent of deterioration was quantified after 2, 4,8, and 12 week immersion

time periods. Following eåch immersion time period, eight specimens were removed

from each of the four conlainers. Five of the test specimens were rinsed with distilled

water and maintained in the wet state for analysis of mechanical properties. The wet

mechanical properties that we¡e measured included ultimate flexural strength, flexural

modulus and indentation Barcol ha¡dness. Two othe¡ specimens we¡e reconditioned at
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Table 6.0 Experimental Operating Conditions: AC Experiment

Specimen
TYPe

Environment
Type

Temp.
('c)

pH
Condition

Conditions
for Postcuring

D112

D25

s25

¡.25

Deionized water

Deionized water

Sulfuric acid
(o.10 ¡Ð

Acetic acid
(1.76 ¡Ð

45

45

45

45

7.0 (112'C) 36 hrs

7 .0 room temp. *

2.2-2.5 room temp. *

2.2-2.5 room temp.*

* Specimens ¡eferred to as "virgin".

L12"C for 36 hours to determine the average soluble material weight loss, and the

average depth of penetration. The average depth of penetration (h) was measured using

both the HC and FD (visible light) methods. The remaining specimen was used to

quantify changes in diffusion properties (S¿) based on the FDSE method. A description

of the HC, FD and FDSE test methods can be found in Chapter 4.0,

6.1.4 Results and Discussion

The average pH conditions for the deionized water, sulfuric acid, and acetic acid

environments are shown in Table 6.1. The standard deviation fo¡ the acidic

environments (S25, A.25) was low ranging from 0.03 to 0.05. A plot of pH versus time

(Figure 6. l) indicates little variation between weekly pH values.
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Figure 6.0 Containers housed in temperatì.rre controlled chamber at 45.C
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Table 6.1 Average (Weekly) pH Values: AC Experiment

Specimen
Condition

Number of
Observations

Average
pH

Standard
Deviation

Dt12

D25

s25

A25

t2

t2

L2

t2

7.88

7.69

2.23

2.22

0.26

0.33

0.05

0.03

A summary of test results showing the extent of deterioration after 12 weeks

immersion is shown in Table 6.2. A detailed tabulation of deterioration test ¡esults

corresponding to other immersion time periods a¡e presented in Appendix IV-l to IV-4

inclusive. Regression equations were also developed to quantify the rate of deterioration

of virgin FFIV specimens immersed in sulfuric and acetic acid. It was assumed that the

resistance to acid diffusion through the degraded FFW layer controlled the rate of

deterioration, following the concepts of the AD model developed in Chapter 5.

6.1.4.1 Depth of Penetration Analysis

Changes in the depth of penetration as a function of immersion time, based on

the HC and FD methods, are shown in Figures 6,2 utd 6.3, respectively. In comparing

the results of both methods, it is evident that there is little variation in depth of

penetration among the deionized and sulfuric acid specimens. The rate of acetic acid

penetration is significantly faste¡ than fo¡ sulfuric acid. For example, after 12 r.ve€ks

immersion (Table 6.2) the average h value (HC method) for acetic acid specimens was

862 pm compared to 278 ¡,tm for the sulfuric acid specimens. In comparison, the

average h value (FD method) for acetic acid specimens was 1054 pm compared to
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Table 6.2 Extent of Deterioration of FFW Composites
After 12 Weeks l¡nmenion: AC Experiment

Deterioration
Te-st Parameters

Type of Environrnent

Deionized Water Sulfuric
Acid

Acetic Acid

Specimen
Conditions

Postcured
Dtt2

Virgin
D25

Virgin
s25

Virgin
þc.5

1, 180

208

5,100

188

37.5 (8.5) 40.8 (5.e)

38.s (7.4) 32.4 (8.8)

44.s (9.8) 79.0 (8.4)

0.019 0.057

278 (34) 862 (89)

261 (32) 1,0s4 (194)

Cravimetric

Material weight
loss (%)

Chemical

Calcium as CaCo3 (mS. Í- 1)

Alumi¡um as Al2O3.3H2O
(mg.L-')

L¡ss in Wet Mechanical
Prope¡ies (%)

Ultimate flexural
strength

Flexural modulus

Barcol ha¡dness

Diffu sion Prooe¡ies (mins-%l

Desorption slope

Microscopic Alpe¿rance

Depth of penetration (pm)

HC method

FD method

0.47 (0.0Ð 0.61 (0.01) 1.75 (0.07) 3.84 (0.52)

180

<1

128

<1

33.6 (4.r)

32.2 (s.4)

26.1 (7.7)

0.009

z3L (26)

144 (t3)

35.0 (4.8)

27.e (5.0)

27.1 (7.2)

0.019

188 (37)

18s (15)

Standard deviations in brackets.
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261 pm for the sulfuric acid specimens.

Photomicrographs (x 6) taken through the thickness of typical sulfuric acid and

acetic acid specimens after 4 and 12 weeks of immersion (Figures 6.4 and 6.5) show

both types of acid diffusing inward primarily through the non-lined interior surface.

similar observations were made by Attioghbe and Rizkalla (1989) for concrete specimens

immersed in low pH sulfuric acid solutions. The¡mal drying caused the saturated layer

of acid-attacked specimens to acquire a white hazy tint while, in contrast, the non-

saturated layer remained a darker colour (Figure 6.4). The fluorescent dye was found

to be adsorbed throughout the acid-attacked layer of the FDSE test coupons

(Figure 6.5). It was evident from the photomicrographs that the desorption slope (S¿)

could be used as a sunogate palameter to quantify the diffusion cha¡acteristics in the

acid-attacked layer,

The AD Model claims that deterioration, as measured by depth of penetration

(h) is proportional to the square root of immersion time.

t44t h=Qgo\h

A least-squares regression analyses (Iable 6.3) was conducted to determine the

coefficient of proportionality (K), standard error of estimate (e) and coefficient of

determination ß2) for the different acids. The high range of R2 values (0.962 to 0.999)

confirm that changes in depth of penetration (h) are proportional to the square root of

immersion time for each acid condition. simila¡ observations were made by I¿wrence

(1984) who showed a linear increase in ca¡bonation depths with the square root of time

for concrete specimens.
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Table 6.3 Regression Analysis fqr Depth of Penetration:
h = (K)(t)%

Depth of
Penetration

Type of Environment

h (¡rm)
Sulfuric Acid (S25) Acetic Acid (425)

K R2 K R2

HC method

FD method

75.9

81.6

2.',l

2.9

0.982 246.7

0.980 272.7

1.5 0.999

r5.1 0.962

Exterio r Co rro sio n Lín er

It was also observed, following 12 weeks immersion, that the blue polyester

cor¡osion liner was still effective in limiting sulfuric acid penetration. However, the

liner was less effective in the acetic acid environment. one explanation is that acetic

acid, diffuses at a faster rate into the cross-linked (organic) polyester matrix resuiting in

the formation of swollen solid and gel layers. Fontano (1986) reported that in some

cases cracking of the swollen solid layer may occur due to intemal stresses.

Photomicrographs (Figure 6.6) of the outside surfaces of the 12 week exposed liners

show the formation of principle tensile stress cracks in the direction of the glass fibres

for the acetic acid specimens but not the sulfuric acid specimens. Similar stress cracks

were observed by Bravenic (1983) resulting from the rapid uptake of toluene and methyl

ethyl ketone and swelling of crosslinked polyester resins.
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6.1.4.2 Other Deterioration Test Results

The average values for material weight loss (Ç) were determined and plotted

as a function of immersion time. Figure 6.7 shows that there is little va¡iation in the

material weight loss values for the deionized water specimens. Changes in Ç were

greater for acetic acid than for sulfuric acid. For example, after 12 weeks immersion

(see Table 6.2) the average material weight loss fo¡ the 425 specimens was 3,84V0

compared to L75% fo¡ the S25 specimens.

The increases in calcium and aluminum ion concent¡ations as a function of

immersion time are shown in Figures 6.8 and 6.9, respectively. The total concentration

of calcium in acetic acid leachate after 12 weeks of sample immersion was determined

to be 5,100 mg.L-l. This concentration was greater than the value of 1,180 mg.L-l

obtained for specimens immersed in sulfuric acid. In comparison, the concentration of

aluminum dissolved in acetic and sulfuric acid was only 208 and 188 mg.L-l,

respectively. The dissolution behaviour of aluminum trihydrate (ATH) appeffs not to

be influenced by the kind of acid used. It can also be concluded, since the virgin FFW

composite consisted of an equal percentage by weight of each fille¡ constituent

(Iable 2.0), that calcium carbonate is considerably more soluble than ATH in low pH

acidic environments.

The primary chemical reaction was the dissolution of calcium carbonate.

Table 6,4 presents a comparison of total weight lost per specimen (column A) and total

weight of fille¡ constituents (CaCO3 and ATH) lost per specimen (column B) after

va¡ious immersion times. A reasonably close relationship was obtained between these

two values for immersion times of 4, 8, and 12 weeks. The material balance and
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Table 6.4 Material Balance Comparison of Total Material Weight Loss
(Column A) vs. Estimated Filler Weight Loss (Column B)

TYPe
of

Environment

Immersion Time

4 Weeks 8 Weeks 12 Weeks

A B A B A B

Sulfu¡ic acid (g. specimen- 1)

Acetic acid (g.specimen-1)

0.40 0.30 0.56 0.4s 0.78 0.52

1.13 1.11 1.51 1.51 1.73 1,91

chemical analyses results indicate that the primafy deterioration mechanism of virgin

FFW materials exposed to acid environments is the dissolution of calcium carbonate and

not polyester resin as suggested by Loos and Springer (1980) for filled SMC materials.

changes in the mechanical properties of all wet acid immersed specimens were

plotted as a function of immersion time in Figures 6. 10, 6. 1 1, and 6.12, The average

initial dry mechanical propefties for postcured and virgin specimens are shown in

Table 6.5. A1l data presented were normalized with respect to the "baseline" data

(identified by the subscript o) and were presented as a loss (Vo) of the initial dry

mechanical properties (1-S/S0, 1-E/Eo, 1-H/Ho).

The losses in wet flexural properties we¡e similar for both acids and ranged

from 32.4 to 40.8 percent after 72 weeks immersion. In contrast, the reductions in

hardness values were different for the two types of acid; being 44.5 percent in sulfudc

acid and 79,0 percent in acetic acid (Table 6.2). A possible explanation for the

difference in flexural and hardness ¡esults is that in the hardness penetration test thele
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Table 6.5 Dry Mechanical Properties of Yirgin and Postcured Specimers
Prior to Immersion: AC Experiment

Specimen

Type

Flexural Strensth Flexural Modulus Ba¡col Hardness

(sn) ¡¡aPa) (E") (GPa) (IÐ (units)

Mean Standa¡d
Deviation

Mean Standard
Deviation

Unit S tanda¡d
Deviation

Virgin

Postcured

311.0

310.0

19.5

t4.3

21.5

23.3

i.5

1.3

59.1

6r.6

3,7

4.1

is less reliance on the paÍ of the degraded (soft) resinifiller matrix to transfer the load

to the continuous glass fibre reinforcement.

A comparison of wet flexural properties (Table 6.2) for FFW specimens

immersed in acetic acid, sulfuric acid, and deionized water environments suggest little

diffe¡ence in ¡esults. These observations are in agreement with the results of an earlier

United States (US) govemment industry cooperative study (GISC, 1979) which evaluated

Reinforced Plastic Mortff Pipe (RPM) for water resources applications. The results of

this US study showed that changes in mechanical properties of RPM specimens immersed

in laboratory solutions of sulfuric acid, sodium hydroxide, synthetic soil extract, distilled

and tap waters were associated primarily with physical (wetting) action rather than

chemical action.

Typical FDSE (45"C) isotherms fo¡ the deionized and acidic specimens after

12 weeks immersion are shown in Figure 6.13. A summary of the FDSE results is

presented in Appendix IV-4. Changes in the diffusion characteristics as measured by the

desorption slope (S¿), were determined from the FDSE isothe¡ms and plotted as a



-0.4

-0.6

-0.8

-l.0

-1.2

0,0

-0.2

-0.4

-r.r]

-r.rl

0

-0.4

-0.6

-0.8

-t.0

-r.¿]

I

0

30

TIME Cñln)^l /?

0.0

rIME (rniî,)^l /?

Figure 6.13 FDSE (45'C) isothe¡m afte¡ 12 weeks immersion
(a) deionized water (b) acidic environments

E--

O -. -.--- - -- O----O

o

x.bxi\'x\

\x-..\
rX.
r\9..'.

i 'r\\
o
\

o

181



function of immersion time. Figure 6.14 shows that there is little variation in the

desorption slopes for the sulfuric acid (S25) and the deionized water (D25) specimens.

The desorption slope plots are similar and appear to reach an asymptote after 12 weeks

immersion. The results suggest that the diffusion characteristics in the degraded layer

(D¿) of the sulfuric acid specimens are similar in magnitude to that of the deionized

water specimens after 12 weeks immersion.

In contrast, changes in S¿ were greåter for acetic acid than for the deionized and

sulfuric acid specimens. For example, after L2 weeks immersion (see Table 6.2), the

desorption slopes for the S25 and D25 specimens were much lower (0.019 mins-%)

compared to the acetic acid specimens (0.057 mins-%).

Regressíon Analyses

Empirical equations were aiso developed to determine the rate of deterio¡ation

for the following deterioration test parameters: material weight loss (W¡1), calcium

carbonate dissolution, aluminum dissolution, ultimate flexural strength, flexural modulus,

Barcol ha¡dness, and desorption slope (S¿).

It was assumed, based on the AD model, that deterio¡ation as measured by the

above test pammeters (Y) was also related to the square root of immersion time

Where:

Y - (A) G)tb

Deterioration test p¿uameter.

rate of deterioration (regression coefficient).

immersion time.

Y

A

t

a46l

r82
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A least-squares regression analyses was conducted to determine the rates of

deterio¡ation or regression coeff,icients (A), standard er¡o¡ of estimate (e) and coefficient

of determination @2) for the various deterioration test parameters. The regressions were

forced through the origin and equations obtained from the regression analyses were used

to flt curves th¡ough the experimental data (Appendix IV-5 to lV-leincl.).

Strong corelations with the square root of imme¡sion time were observed

(Table 6.6) for most of the parameters with the exception of aluminum in sulfuric acid.

A comparison of the regression coefficients for each type of acid gives an indication of

the relative ¡ate of deterioration. An A, ratio, calculated as the rate of acetic acid

deterioration (4.) divided by the rate of sulfuric acid deterioration (Q, has been

defined to determine the relative rate of acid deterioration.

The¡e is a strong correlation between W, and the square root of time

(R2 = 0.92S and 0.979). The A, ratio based on material weight loss is 2.5. The ¡ate

of chemical deterioration was quantified by measuring changes in the concentration of

calcium rathe¡ than aluminum. The high R2 values (0.980 and 0.994) support the AD

model in that the rate of calcium carbonate dissolution is proportional to the square root

of immersion time. The Ar ratio, based on calcium carbonate dissolution, is 3.9.

The R2 values for the mechanical deterioration parameters (flexural strength,

flexural modulus, Barcol hardness) ranged from 0.884 to 0.980 and suggest a strong

relationship with the square root of immersion time. The A, ratios (0.9 and 1.0) confirm

that the loss in wet flexural properties is not affected by the type of acid environment.

In contrast, the A. ratio of 1.64 fo¡ Barcol ha¡dness was much higher than values

determined from wet flexural properties,
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Table 6.6 Regression Analysis and A" Ratios for Various Deterioration Tes!.
Parameters as a Function of the Squari Root of L¡mersion Time: y = ([¡¡t/z

A : regression coefficient

e = standard er¡o¡ of estimate for regression coefficient

R2 : coefficient of determination

* = value not calculated due to weak relationship (R2 = 0,766)

Deterioration
Test Psrameters

(Ð

Type of Etrvironment

Sulturic Acid (S25) Acetic Acid (425) 4.

As e R2 4"" e R2

Gravimetric

Material weight loss (%)

Chemical

Calcium _as CaCo3
(ng.L'')

Aumi¡um as

,Al2O3.3H2O (mg.U1)

Loss in Mechanical
Properties

Ultimate flexurâl strength
(70)

Flexural modulus (%)

Barcol hardness (%)

Diffusion Characteristics
r_,,r"_,¿)__
Desorption slope (S¿)

0.47 0.97 5 1. 18 0.04 0.979 2.5

363.13 5.62 0.980 t,416.69

0.766 54.30

12.67 0.994 3.9

3.33 0.956 *M.50 8.04

0.12 0.01

0.11 0.0r

0.14 0.01

0.926 0.12

0.960 0.10

0.900 0.23

0.01 0.958 1.0

0.01 0.884 0.9

0.0r 0.980 1.6

0.0064 0.000 0.922 0.0181
4

0.972 2.8
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Interestingly, there is also a strong cor¡elation between changes in diffusion

characteristics, as me¿sured by 56, and the square root of immersion time @2 = 0.922

to 0.972).

6.1.4.3 Prediction of Diffusion CoeffTcients

Changes in wet specimen weight (M,) were plotted as a function of the square

root of immersion time (Figure 6.15). It is evident from the absorption isotherms that

positive changes in weight occur¡ed in the specimens immersed in deionized water

(D112, D25), and sulfuric acid (S25), whereas, specimens immersed in acetic acid

(425), resulted in negative changes in weight. This anomalous behaviour points to

extensive material loss and confirms that the weight of material loss of A,25 specimens

exceeded the weight of acetic acid absorbed. Similar non-Fickian behaviour of liquid

transpo¡t in SMC materials was suggested by Loos and Springer (1980). These results

show that the method developed by Shen and Springer (1976) cannot be used to

determine diffusion coefÍlcients for FFW specimens exposed to extreme acidic

environments.

Diffusion properties were determined, however, using the method developed by

Shen and Springer (1976) for virgin and postcured specimens immersed in deionized

water (Iable 6.7). A leåst-squares regression analyses was used to determine the linear

slopes (Su) from the absorption isotherms (Appendix IV-13). A comparison of the

absorption slopes show that the rate of water absorption for the postcured specimens

(0.44 weeks-%) was approximately two-thirds the rate dete¡mined for virgin specimens

(0,70 weeks-%). This shows that postcuring dec¡eases the rate of water absorption.
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Table 6.7 Diffusion Properties of Virgin (D2Ð and Postcured
(D112) FfW Specimens in Deionized Water

Specimen
TyPe

Absorption
Slope (S")
(weeks-7'?)

Diffusion
Coefficient p)

(mm¿. sec-r)

Maximum Weight
Gain (M)

(%)

Dtt2
D25

0.44

0.70

1.5 x 10{

5.0 x 10-6

1.88

1.97

The diffusion coefficients for Dl12 and D25 specimens were determined to be

1.5 x 10-ó and 5.0 x 10{ mm2/sec (see Appendix IV-14,IV-15). The lower D" value

for the postcured specimens suggests a more compact intramolecular network, The

diffusivity of D112 specimens were similar to ea¡lier results obtained in the PS study for

larger FFW specimens that were postcured at ll2"C for 36 hours prior to immersion in

deionized water at 45oC. For example, D, and M. values of 1.4 x 10{ mm2/sec and

7,67% were reported (Section 3.3.4), respectively. It was interesting to note that the

maximum percent weight gain value for D112 specimens (l.88Vo) is similar to that for

D25 specimens (L.97%). These results suggest that the total weight gain for virgin and

postcured specimens would be similar after long-term exposure in water.

Acíd-De gmdeil (D þ Dílfusio n Co efficíe nts

The depth of penetration results were used in combination with the model

parameters in Equation [44] (Section 5.2.2) to predict the diffusion coefficients in the

degraded layer of the sulfuric and acetic acid specimens. Since the molar density þg),

pH of the solution (Cad, and the experimental relationship between (h vs. t) is known,



the intrinsic diffusion coefficients in the degraded layer (D¿) can be estimated for each

acid condition.

The values of D¿ of the sulfuric and acetic acid specimens were calculated to

be 5.02 x 10-6 and 5.07 x 10-5 rnrn2.r""-l, respectively (see Appendix IV-16, IV-17).

It is interesting to note that the intrinsic diffusion coefficient in the degraded layer of the

sulfuric acid (S25) specimens was similar in magnitude to that estimated fo¡ the deionized

water (D25) specimens (Iable 6.7). These observations are also in agreement with the

desorption slope results (see Figure 6. 14).

The diffusion coefficient in the degraded layer of acetic acid specimens was

predicted to be l0 times greâter than that of the sulfuric acid specimens. The increase

in the diffusion coefficient for acetic acid was shown to be associated with the leaching

of calcium carbonate particles and the formation of tensile stress cracks.

One possible explanation fo¡ the lower diffusion coefficients associated with

sulfuric acid specimens is the formation of an aluminum-calcium-sulfate gel. For

example, it is possible that a crystalline hydrate (CaSO4-H2O) or gibbsite (AI2(OH)6)

could form in the FFW matrix. An amorphous hydrate gel containing a significant

concentration of calcium has been observed in high alumina cement pastes using

transmission electron microscopic (TEM) techniques (Poon and Groves, 1988).

STJMMARY AI\'D CONCLUSIONS

Photomicrographs show that acid deterioration sta¡ts primarily from the non-

lined surface and moves inwa¡d with time. Strong correlations indicate that

changes in depth of penetration (h) are proportional to the square root of

immersion time for each acid condition. These results verify the proposed Acid

6.2

1.
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2.

Deterioration model.

Other deterio¡ation test results such as material weight lost, calcium carbonate

dissolution, losses in wet mechanical properties, and desorption properties show

that the rate of deterio¡ation was a function of the square ¡oot of immersion

time. These results support conclusion (1) and show that the deterioration of

virgin FFW specimens exposed to extreme acidic (sulfuric and acetic)

environments is a diffusion controlled process.

Deterioration of virgin FFW specimens in acetic acid was 1,6 to 3.9 times

greater then in the sulfuric acid environment. Based on these findings, sulfuric

acid is recommended as a standard laboratory test medium for FRp composites

where deterio¡ation due to sulfur oxidizing bacteria is anticipated.

The diffusion coefficients for deionized (postcured and virgin) water spe¡imens,

based on the method developed by Shen & Springer (1976) is estimated to be

1.5 x 10-6 and 5.0 x 10-6 mm2.sec-l, respectively. This method, however,

could not be used to quantify diffusion coefficients ofFFW composites exposed

to extreme acid environments due to excessive material weight loss,

The intrinsic diffusion coefficients in the degraded layer of sulfuric and acetic

acid specimens, based on the AD model, were estimated to be 5.02 x 10{ and

5.07 x 10-5 ,nr2.r..-1, respectively.

The intrinsic diffusion coefficient in the degraded layer of the sulfuric acid (S25)

specimens was similar in magnitude to that estimated for the deionized water

@25) specimens. These observations are in agreement with the desorption

slope results.

5.



CHAPTER 7

OVERÄLL STJMMARY AND CONCLUSIONS

A detailed list of conclusions for each phase of the research has been included

at the end of each sub-chapter in Sections 3.6, 4.4, 5.3 and 6.2. This chapter

summa¡izes the primary objectives of the research and lists the most significant

conclusions.

7.1 PRELIMINARY SCREENING STT]DY (PHASE 1)

One of the primary objectives of the Preliminary Screening study (Phase 1) was

to identify the laboratory environment which had the most deleterious effect on postcured

FFW composites. To accomplish this objective, the effects of various laboratory aqueous

envi¡onments and temperature Q5" and 45"C) conditions on the deterioration behaviour

of postcured FFW specimens and metal (steel and galvanized) coupons we¡e evaluated.

The selection of the laboratory environments was based on a lite¡ature review and a field

investigation.

Based on the preliminary screening study it was found that:

1. A laboratory operating temperature of 45'C was effective in accelerating the

deterioration behaviour of large postcured FFW specimens exposed to various

aqueous environments.

2, Acidic environments (pH 3.5 to 4.5) we¡e identified, based on physical,

chemical and visual indicators, to have the most deleterious effect on the

postcured FFW specimens. The MIC soil environment was identihed as the

most corrosive environment for the steel coupons.
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3, Material weight loss measurements could not be used to accurately quantify

deterioration of FFW specimens in MIC soil due to soil/bacteria embedment.

New analytical methods are required to quantify more accurately the

deterio¡ation of FFW composites exposed to such environments,

7.2 DEVEI,,OPMENT OF NEW TFST METHODS (PHASE 2)

The latter phases of the experimental research program focused on the extreme

acidic environments identified in Phase 1. This involved the development of ner¡/ test

methods for smalle¡ FFW specimens. Test methods to meåsure soluble material weight

loss, changes in diffusion characteristics (FDSE method) and depth of penetration (HC

and FD) were developed. A Postcure Acid experiment was conducted to demonstrate the

usefulness of these methods in determining the effects of postcuring on the deterioration

of small FFW specimens exposed to low pH sulfuric acid environments. Based on the

¡esults of the PA experiment, it was found that:

1. The new test methods we¡e effective in quantifying the deterioration of smaller

FFW specimens in an extreme sulfuric acid environment.

2. Postcuring did not effect the deterioration of small FFW specimens at low pH

@H 2.2-2.3) conditions.

3, The primary chemical reaction associated with low pH sulfuric acid deterioration

was the dissolution of calcium ca¡bonate.

7.3 DEVELOPMENT OF AN ACID DETERIORATION MODEL (PHASE 3)

The third objective of the experimental research program was to develop a

practical mathematical model to quantify the rate of deterioration of virgin FFIV
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composites exposed to extreme acidic environments. One particular application involves

predicting the rate of deterioration of structures exposed to sewage (e.g. septic tanks).

The Acid Deterioration model is based on an unreacted core model that was originalty

developed for gas-solid ¡eåctions, In this work the model was adapted to a physical-

chemical process involving a solidliquid interface. The moving diffusion problem is

solved using a pseudo-steady state approximation. The Acid Deterioration model that

was developed:

1. Claims that the rate of deterioration, as measured by the depth of penetration,

is proportional to the square root of time.

2, Allows one to predict the intrinsic diffusion coefficient in the degraded layer of

the acid-attacked virgin FFW composites.

7.4 M:ODEL VERIFICATION STUDY (PHASE 4)

The Acid Comparison (AC) experiment was designed to verify the proposed

Acid Deterioration (AD) model by determining the rate of deterioration of virgin FFW

specimens exposed to sulfuric and acetic acid. The experiment was conducted under

accelerated conditions of incre¿sed temperature (45'C) and low pH (2.2-2.5).

Deterioration was measured in terms of changes in depth of penetration, loss in soluble

material weight, the extent of chemical dissolution, loss in wet mechanical properties,

and changes in diffusion characteristics for each acid environment.

A secondary objective was to predict, in combination with the experimental data,

the intrinsic diffusion coefficients in the acid-degraded layer (D6) of these specimens.

Based on the results of the AC experiment it was found that:

l. strong correlations confirm that the rate of deterioration as measured by depth
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3.

of penetration and other deterioration test parameters were proportional to the

square root of immersion time. These results verify the claims made in the Acid

Deterioration model, and indicate that the acid deterio¡ation is a diffusion

controlled process.

Deterioration of virgin FFW specimens in acetic acid was 1.6 to 3.9 times

greater then in the sulfuric acid environment. Based on these findings, sulfuric

acid is recommended as a standard laboratory test medium fo¡ FRP composites

where deterioration due to sulfur oxidizing bacteria is anticipated.

The intrinsic diffusion coefficients in the degraded layer of sulfuric and acetic

acid specimens, based on the AD model, were estimated to be 5.02 x 10{ and

5.07 x 10-5 r*2.r"c-l, respectively.

t94



CHAPTER 8

FUTURE RESEARCII AND RECOMMENDATIONS

This resea¡ch has shown that acidic environments have the most deleterious

effect on FFW composites. It was found that the primary chemical reaction in acidic

environments (inorganic and organic) was the dissolution of caicium carbonate. These

results are significant to engineers who are responsible for the design of filled FRP

structures exposed to acidic (sewage) environments. ATH was found to be significantly

less solubie than calcium c¿ubonate in the environments which suggests that it would be

a better fille¡ material. Further research is required using filled FRP composite

consisting of polyester resin (36V0), ATH filler (32Vo) arñ reinforced with glass fibres

(32%).

Sulfuric acid has been identified in the literature ¡eview as one type of acid

generated in sewage environments. The ¡esults demonstrated that acetic acid is more

deleterious than sulfuric acid to the FFW composite under similar low pH Q.22 to 2,23)

and elevated temperature (45 "C) conditions. One possible explanation is that acetic acid,

diffuses at a faster rate into the c¡osslinked (organic) polyester matrix resulting in the

formation of a swollen solid and gel layer. Furthe¡ resea¡ch using neat (unfilled)

polyester resin specimens and the same analytical methods developed in Chapter 4.0 is

required to verify this hypothesis. The feasibility of using fluo¡escent microscopy

techniques to monitor the depth of penetration (FD method) of an advancing boundary

through the thíckness of the unfllled (pigmented) specimens should also be investigated.

Based on the findings of this study, sulfuric acid or hydrochloric acid is

recommended as a standard labo¡atory test medium for filled FRP composites, where
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deterio¡ation due to sulfur oxidizing bacteria is anticipated. Further research is required

to meåsure the rates of deterioration of FFW composites exposed to simulated anae¡obic

sewage environments using acetic acid (pH 5.0) as a labomtory test medium. One

possible explanation for the lower diffusion coefficients associated with sulfuric acid is

the formation of an aluminum-calcium-sulfate gel. Further research is required to verify

the formation of this gel in sulfuric acid exposed FFW specimens.

The Acid Deterioration (AD) model was developed based on the pseudo-steady

state assumption of the moving diffusion problem. The AD model should be validated

for different pH concentrations using sulfuric and hydrochloric acid as immersion

mediums and SMC-R25 (41.8% CaCO3 and no ATI{ filler) as a test material. It is

possible that this model is a mathematical tepresentation of a general law of nature which

could apply universally to other materials such as concrete. This is significant because

the long-term durability of various materials in acidic envi¡onments could then be

compared by quantifying the intrinsic diffusion coefficients (D¿) under similar standard

accelerated test procedures.

In Canada, prefabricated septic tanks are manufactured in accordance with CSA

Standa¡d CAN3-866-M85 to meet initial strength requirements. There is no standa¡d

procedure to evaluate, in a stressed or unstressed stâte, the accelerated deterioration

behaviour of septic tank materials exposed to acidic (sewage) environments. It is hoped

that this work will facilitate the establishment of a standard accelented test procedure to

meåsure the rate of deterioration fo¡ such materials.
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APPENDIK I

DESCRIPTION OF EXPERIMENTAL FFW COMPONENTS



A. TYPE E-GLASS FILAMENTS

E-glass is a calcium aluminoborosilicate glass with a range of major oxide

constituents by weight, presented in Table I-1. Typical tensile strength and Young's

modulus (stiffness) of the E-glass fibers unde¡ ambient temperature conditions are

3,450 MPa and 72.4 GPa, respectively (Watson, 1987). The specific gravity of annealed

bulk E-glass frbers ranges from 2.54 to 2.62 g.cm3 (Miller, 1987). Silane coupling

agents a¡e used to enhance the interfacial bond between the glass fiber and polyester

resins, thus improving mechanical properties and environmental durability characteristics

(Reinhart, i987).

Table I-1 Ranges for Chemical Composition of ÞGlass Fibers

C""rttt"."t

Silicon dioxide, SiO,

Calcium oxide, CaO

Aluminum oxide, AlrO,

Boron oxide, BrO,

Magnesium oxide, MgO

Sodium oxide, NarO,

Potassium oxide, ÇO,
Iron oxide, FerO,

Mino¡ oxides

P*.ryg*fw.tsI
52-56

t6-25

12-16

5-10

0-5

0-2
0-2
0-i
0-1



B. RESIN: IJNSATI]RATED POLYESTER RESIN

The ¡aw materials of the cured polyester resin matrix of the FFW specimens

consisted of an admixture of orthophthalic resin (60-90%), a cross-linking monomer;

styrene (30-50%), and various promoters, inhibito¡s and thixotropic agents (i-3%). The

orthophthalic resin was prepared from polyhyric alcohols and polycarboxylic acids. The

exact chemical formulation of the admixture was not available for disclosure. The

specific gravity of the polyester ¡esin formulation ¡anged from 1.1 to 1.3 g.cm3. Typical

rheological/cure properties provided by GWIL Industries are shown in Table I-2.

Table I-2 Typical Rheological/Cure Properties of flilled
(W1840) choppetl strand FRP laminatex

* Notes: 1, A1l properties determined at2l'C

2. Glass/Resin/Filler ratio in percent: 25:45l.30

3. Reinforcement: Type E; 3-ply 600gm chop mat

4. Fiiler: ATH; Resin: Wl840; Initiator: I% ÀlEK

L"*i""t" Propetty

Gel time (min)

Gel to peak time

Peåk temp. ('Cl"F)

Barcol ha¡dness:
2 hrs. after Gel
24 h¡s. after Gel

Me¿surement

20-25

40

28t82

10-15
45-50



Table I-3 Typical Chemical Änalysis: Solem ATII (SB-33O
(Solem, 1988)

* Solem Industries: values to be used only as a guide.

Table I-4 Typical Physical Propertiesr Solem ATTI (SB-33O
(Solem, 1988)

Chr*t.d A"dyft

Al203

sio2

Fqo,
NarO (total)

Loss of ignition (110"C)

Free moisture (110"C)

Percent by Weight*

64,90

0.01

0.01

0.35

34.50

0.20

Physical Properties

Medium particle diameter (microns)

Size less than 10 microns (%)

Bulk density - packed (gm/cm3)

Specific gravity

Oil absorption (ml/100 gm)

Surface area (m'zigm)

Colour reflectance Ghoto volt 670)

Range of Values

t4-16

20-30

t,20

2.42

23-25

z-5

82-87



TYPICAL PAATCLE SIZE DISTRIEUTION CUBVES

z
o
a!

l:
l
(-)

EOUIVALENT SPHEFICAL DIAMETEFì, ¡¿m

Figure I-1 Typical Solem ATH padicle size distribution curves
(Solem, 1988)



Table I-5 Results of Solem ATTI and Aluminum Hydroxide Acid
Dissolution Study: Higher pH (2.09-2.1Ð

Date Time
Weeks

Solem ATH Aluminum Hydroxide

pH AL--'
(mg.L)-'

pH AL'--
(mg.L)-t

Ian,22

Ian,26

Feb. 2

Feb. 9

Feb. 16

Feb. 23

March 2

March 9

March 16

0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

2.00

2.00

2.00

2.10

2.20

2.20

2.30

2.35

2.35

0.0

39.7

65.8

84.4

98.8

101.5

1t4,5

t29.6

137,1

2.00

2.00

2.00

2.00

2.15

2.ts

2.20

2.20

2.20

0.0

25.9

41.8

59.5

69.7

78.9

86.6

97.9

104.6

I-5



Table I-6 Typical Chemical Analysis: Snorvhite (CaCO3)
(MIA Chemical, Division of FiberGlas, Canada)

Chemical Analysis I Percent by
Weight

CaCo3 95.0

sio2 2.5

MgCO3 1.3

Silicates (Me.Ca) 1.2

FezOt 0.09

A;2O3 0.03

Moisture < 0.20

Table I-7 Typical Physical Propertiæ: Snowhite (CaCO3)
(MIA Chemical, Division of FiberGlas, Canada)

Phyrt..t P.p.ttt*

Percent finer than 325lmesh

Pe¡cent finer than 200/mesh

Mean particle size (microns)

Ha¡dness (Mohr's scaie)

Linear coefficient of expansion ('C-1)

Refractive Index

Bulk density (loose) gm.L-l

pH saturated solution

Igg:g]d,*
99.0

2.7

l7
J

4.3 x 104

1.6

1.007

93

* Meets ASTM D-l199, Type GC, G¡ade II

r-6



C. THEORETICAL ÀNALYSIS: SATIJRATION CONCEI{TRATION OF TIIE

ALIJMINTJM ION (A*.*Oþ IN AN ACIDIC SOLUTION (PH = 2.I2)

¿L(oIÐz(s) o Æilql * 3oTlon¡

Ksp=ÍCsaì x [OH-\"

Kw: lal toHl

Therefore, substituting [C-3] into [C-2]

Ksp= fcsaÅ x ¡KrlH*13

But [Cru.] = 6-323a @eneheld, 1982) and ftl+1 : i.3-2'12

substituting:

lCrotl - lO-32'34 * ¡1g-2'r2 ¡

:rc3.3a

¡AL(OH3)lro, = (103'r' (1,ooo) (78) =

tc-11

Íc-21

tc-31

tc-41

Rearranging [C-4] and

,O_ ral3

1.6 x 108 mgll

tc-51

Since

= 27/'78 = 0.346
dL(orÐz

The¡efore the theoretical aluminum ion concentration al pH : 2.72 is:

IAL**fsat = (0.346) * (t6 x 108) = 5.5 x 107 mg.l-L

AL

tc-61



APPENDX tr

PRELIMINARY SCREENING (PS) STTJDY



A. DESCRIPTION OF IIARDING SOIL

Table tr-1 llarding Soil: Redox Potential (E¡)

* SCL: Sandy Clay Texture

Table II-2 Harding Soil: Moisture Content (Vo), Wet and Dry Bulk Density

Depth of Soil Description of Soil Redox Potential mv

¿

20

40

moss

SCL*

SCL

+ 155

-55

-145

Sample
No.

Culvert
Location

Moisture
Content (%)

Wet Densitv
(g.cm ")

Dry Den^sity
(g.cm-')

#89

# 207

inlet 46

JU

t.45

t.66

0.78

t.t7centre

Average 38 1.56 0.98

II-1



Table tr-3 Harding Soil: Sieve Analysis

* Total sutd, - 48%

Table tr-4 Harding Soil: Chemical Determination of Water Extract

Sieve Size (mm) Percentage (%)

Sand(s)*

1.0 - 2.0

0.5 - i.0
0.25 - 0.50

0,10 - 0.25

0,05 - 0.10

silt (sÐ

0.05

clay (c)

0.002

J

7

I7

15

6

a1

25

Cations Concentration
- _1meq.L'

Anions Concentration
meq.L-1

Calcium

Magnesium

Sodium

20.8

23.6

35.6

Bicarbonate

Chlorides

Sulfates

5,2

5.2

80.0

Total Cations 80.0 Total Anions 90.4

II-2



B. DESCRIPTION OF LARGE POSTCITRED FFW SPECIMENS

Table tr-S Physical Dimensions of Large Postured Specimens (Control)

Spec. No. Speo. Deso. Weight
(grams)

Avg, Volume
(cmr)

Avg. Thickness (mm)

I
a

4

5

6

'l
8

9

10

11

12

13

t4
15

16

L't

18

19

20

2l
22

23

t^

26

27

28

29

30

1?

34

35

36

D35CF1

D35CF2

D35CT1

D35CT2

1A35CF1

1A35CF2

1A35CT1

1A35CT2

B25CF1

B25CFz

B25CT1

B25CT2

2A35CFr

2A35CF2

2þ35C"rt

2A35CT2

3A35CF1

3A35CF2

3A35CT1

3A35CT2

B35CF1

B35CF2

B35CT1

B35CT2

s35CFl

s35CF2

s35CT1

s35CT2

R35CT2

R35CF2

R35CT1

R35CT2

D25CFl

D25CF'2

D25CT1

D25CT2

Average

279.62

2'19.35

286.06

274.09

282.'17

276.82

2',15.44

278.33

282.88

281.2r

278.35

270.78

274.43

277.34

276.7 |
272.98

286.37

269.8'l

271.27

280.50

280.54

283.54

276.34

2'79.73

2',15.57

283.61

2'18.42

274.81

276.81

2't2.88

280.90

2',19.96

283.05

269.63

284.79

281.98

278.19
(4.¿g)t'

152.r

150.i

155.3

150.0

152.7

149.8

150.8

15t.2

152.2

151.5

tsL7
t46.3

r50.0

150.5

150.4

149.0

155.4

r45.0

148.0

155.0

t5r.2
155.6

r49.4

151.6

148.5

153.6

151.6

149.6

150.2

ß4.2
153.4

153.5

t53.4

i45.9

r55.2

t53.4

151.1
(2.6)

4.85

5.07

5.15

4.96

4.84

4.93

4.98

5.08

4.71

4.93

5.06

4.98

5.28

5.15

5.02

5.06
<rt
5.18

5.14

5.28

4.80
< r!

5.09

5.27

4,60

4.95

4.83

4.80

5.20

5.03

5.07

49.9

4.'t7

4.'t'l
5.05

4.93

5.00
(0.17)

* B¡ackets: standard deviatron.
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Table tr-6 Percent Weight Loss Versus Time for Large
Virgin Specimens Postured at ll2'C

Postcure Time (hours) Average Weight Loss (%)

2

3

5

12

r6

20

24

30

36

42

50

60

0.09

0.14

0.r7

0.23

0.26

0.27

0.28

0.30

0.31

0.32

0.33

0.34



C. LABORATORY PROCEDIIRE: PS STUDY

Table II-7 Preparation of Laboratory Solutions

Immersion Medium Procedures

1. Deionized water @25,D45)

2. Alkaline (825, 845)

Sulfuric Acid (1445)

Hydrochloric Acid (2445)

Acetic Acid (3445)

Magnesium Sulfate (S45)

Biological @45)

4.

5.

7.

The deionized water was prepared using a
Millepore 3 barrel cartridge þre-filter carbon,
deionization system. (Initial pH : 6.75).

An alkaline buffe¡ed solution was prepared by
adding 29 mls of 0.65 M H3BO3 to 100 ml of
0.1 N na OH. (Initiai buffered pH : 9.22).

A 0.000316 N H2SO4 solution was prepared
by adding 15.8 ml of 0.02 N stock solution to
I L of deionized water. (Initial pH : 3.50).

40.000316 N HCL solution was prepared by
adding 15.8 ml of 0.02 N stock soiution to
1 L of deionized water. (Initial pH : 3.49).

A 0.0057 N CH3COOH solution was prepared
by adding 57 ml of 0.1 N stock soiution to
1 L of deionized water. (Initial pH : 3.49).

92.4 grams of MgSO4 7H) was added to 18

L deionized water. (Initial SOa : 1,376
mg/L).

Deionized water was added to soil to produce
a paste with a water content of 45.3v0



D. LABORATORY PROCEDURE: SHEN AND SPRINGER (1970 METHOD

1. Prepare a specimen in the form of a thin plate.

2, Measure the weight gain of a dry specimen (Mi = 0) as a function of time and plot

M versus t% beyond the point at which the slope of the curve is not constant

(r > tr.

3, Assume a value for De.

4. Select a time t, so that t = tl < tL where t¡ is the time whe¡e the isotherm plot

is concave and no longer linear.

5. Calculate G : 1 - exp [-7.31¡x¡0.75 where tx = De.t/s2.

6. Calculate Me for t, where M" = MiG (use M measured at ti).

7 . Select a time t2 so that t = tz > \.
8. Calculate G as before (step 5).

9. Calculate M. as before for t2 (step 6).

10. If the values of Me in step 6 and 9 are equal then stop the procedure.
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E. EXAMPLE CALCULATION: Du AND Me FOR LARGE FFW SPECIMENS

IMMERSED IN DEIOMZED WATER AT 45'C.

Step 1 Determine the equation of the initial straight line portion of the 45"C plot.

X
(week t/z)

0.00
0.23
0.69
1.30
1.39

Y
(7")

0.00 Y:0.316X
0.84
2.24
3.87
4.69

.', coefficient of deformation R2 : 0.995

"' 
Su : 0'316 weeks-%

Step 2 Assume De = 1.4 x 10-6 mm2/sec.

Step 3 t = 2.25 weeks t1 < tL where lL = 74 weeks (M = 1.3)

Y = 1Q.25) (0.316)l'/' = 0.5%

Step 4 Calculate G,

(Ð L* =Dx'tls2 s:2 h:2'5.00mm = 10mm

1x : (1.4 x tO-6) Q.ZS) (7) Q4) (3600)1102 : 0.019 sec.

(iÐ G = 1 - exP (?.3 1tx¡0'7s¡ = 6.3t

Step 5 Determine M- (where M. is the maximum moisture content)

Mm = M/ G : 0.05/0.31 = L61%

(1.311.47) - 0.8 > 0.6 o.k.

Step 6 Pick t2 > t1 tz = 18.5 weeks

M2 = (0.316) (18.5)% : r.35%

t*-0.157 G=0'84

therefo¡e Mm = 1.35/0.84 = 1'61V0

which equals the value found in step 6.

Therefore the initial estimate of D" was correct' (i'e' De : i'4 x i0-6 mm2lsecond)'
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F. FFW DETERIORATION EXPERIMENT: TEST RF.STJLTS

Table II-8 Average Weekly pH During 27 Week Test Period
FTIIV Deterioration Experiment

Time

Weeks

TYPE OF ENVIRONMENT

D25 D45 B.25 845 1A45 2A,45 3À45 S45 R4s

I
,)

J

4

J

6

7

8

9

10

11

12

13

l4
15

16

l7

18

t9

20

2t
11

z3

24

25

26

27

9.29 7.68 9.23

8.15 7.60 9.21

7.90 7.35 9.28

8.18 7.33 9.28

7.63 7.38 9.2s

8.10 7.38 9.25

8.05 7.10 9.25

7.85 7.25 9.30

7.95 7.25 9.32

8. 15 7 .15 9.32

7.90 7.60 9.32

8.25 7.45 9.3s

7.95 7.50 9.32

8.10 7.55 9.30

9.26 6.08 6.20

9.25 5.76 5.72

9.30 5.66 5.s8

9.23 4.49 4.35

9.25 4.2t 4.84

9.27 4.01 4.93

9.20 3.63 4.t7

9.25 3.72 4.37

9.28 3.67 4.26

9.25 3.67 4.18

9.30 3.67 4.06

9.32 3.58 3.93

9.22 3.43 3.74

- 3.19 4.78

9.2t 3.92 4.89

- 3.63 3.77

9.25 3.37 3.40

9.20 3.64 4.04

9.20 3.80

9.20 3.63

9.18 3.53

9. 15 3,65

9.20 3.38

9.20 3.70

9.15 3.68

9.25 3.70

4.97 7.85 7.80

3.66 7.78

3.64 1.55 7.60

3.75 7.55 7.60

3.82 7.49 7.90

3.82 7.55 7.60

3.75 7 .35

3.74 7.50 7.65

3.81 7.60

3. 87 8.25 7 .50

3.88 7.75

3.77 7.70 7.60

3.79 7.65

3.79

3.84 7.85 7.52

3.84

3.80 8.06 7.72

3.80 7.50

7.85 7.50 9.30

7.48 7.55 9.25

7.80 7.65 9.30

7.48 8.20 9.30

7.50 7.65 9.25

7.63 7.68 9.28

7.68 7.72 9.28

7 .60 7 .70 9.25

7.'10 7.68 9.25

7.65 7.70 9.30

4.50 3.85

4.08 3.88

3.70 3.87

4.00 3,87

3.36 3.79

3.90 3.80

3.71 3.80

3.80 3.80

7.60 7.78

7.65

7.55 7.52

7.55

7.55 7.8

7.60

7.65 7.8

7.70

Average

SD

7.9t 7.52 9.28 9.23

0.38 0.23 0.03 0.04

3.96 4.32 3.85 7.66 7.63

0.73 0.70 0.24 0.19 0.28

1r-7



Table tr-8 Change in Material Weight Loss (1V*) for
Deionized Water @25, D4Ð and Sodium Hydroxide

(825, B4Ð Environments

Table II-9 Change in Wm as a Function of I¡nmersion Time for
Acidic (1445, 2A45, 3 

^45) 
Environments

Imme¡sion

Time

(weeks)

Low Temperature (25'C) High Temperature (45"C)

D25

(%)

B.25

(%)

D45

(%)

845

(%)

5

14

27

0.00

0.05

0.21

0.00

0.03

0.16

0.02

0.33

0.45

0.01

0.27

0.45

Immersion

Time

(weeks)

Acidic (45'C) Environment

Sulfuric 1445

(%)

Hydrochloric 2445

(%)

Acetic 3,{45

(%)

5

t4

27

0.25

0.69

0.91

0.26

0.68

0.86

0.76

t.39

1.98
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Table II-10 Average Weeldy Calcium Ion Concentration
During 27 Week Test Period

Time

Vy'eeks

Cat * Concentration (mgl- I as CaCOI)

D25 D45 S45 1A45 2A45 3A45

I
2

4

5

6

7

8

9

10

11

12

13

14

15

16

t7

l8

19

20

21

22

23

24

25

26

27

22

30

50

56

66

67

80

84

86

84

96

i00

104

50

74

tt2
132

152

142

174

174

178

t70

t74

t82

184

t82

t82

182

10

80

160

188

226

22t

200

200

264

262

260

270

274

266

266

284

275

280

280

270

304

288

292

284

146

227

395

540

607

630

667

667

7t3

750

770

790

838

887

800

810

156 780

230 916

389 1,155

532 1,320

622 1,513

648 1,560

703 r,7t0

703 1,710

725 1,800

760 1,860

827 1,957

840 2,Q07

900 2,i00

920 2,350

112

Lt2

rt2

116

122

114

120

t20

t22

122

t22'

2,200

2,450

t76

180

176

176

r80

178

t80

t80

8i0

8s0

830

840

890

860

880

920

880 2,400

900 2,400

910 2,450

930 2,350

910 2,580

980 2,500

950 2,650

1,000 2,550
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Table [-11 Change in Specimen Volume (Vo) as a Function of
kn¡nersion Time for Lorv Temperattre (D24,825) Environments

Table tr-12 Change in Specimen Yolume (Vo) as a Function of Immersion
Time for High Temperature (D45, 845, 1445,

24,45, 3^45, S45) Environments

Environment

Tvoe

Immersion Time (Weeks)

5 l4 27

D25

825

-0.13

0.33

-0.13

0.47

0.19

0.55

Average 0, 10 0.17 0.37

Envi¡onment

Tvne

Immersion Time @eeks)

5 t4 27

D45

845

1A45

2A45

3A45

s45

0.86

0.91

0.98

1.00

0.96

0.70

1.53

1.40

1. 13

t.27

1.32

1.53

i.59

i.53

1.65

1.67

1.66

1.26

Average 0.90 1.36 1.56
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Table II-13 Change in Dry Flexural Properties, Strength (S¡) and
Modulus (E¡) During 52-Week Test Period

Environment
TYPe

Test
Parameter

Immersion Time (Weeks)

5 t4 27 52

sf Ef
MPa GPa

sf Ef
MPa GPa

sr+
MPa GPa

sf Ef
MPa GPa

I-ow Temo.

D25 275.3 t7.1
(23.1) (1.4)

B.25 281.5 16.1
(17.5) (1.5)

294.6 17.8
(20.3) (1.e)

293.3 16.1
(17.4) (1.5)

267.7 t7.1
(17.5) (r.1)

25t.9 t6.9
(le.0) (1.3)

270.8 17.5
(1e.8) (1.8)

255.1 15.4
(18.7) (0.8)

Average 278.4 16.6
(4.4) (0.7)

294.0 17.0
(0.9) (1,2)

259.8 17.O

(11.2) (0.1)
263.0
(1 1. 1)

16.5
(1.s)

D45 252.5
(i7.8)

845 249.r
(r7.4)

1A45 255.3
(21.0)

2A45 243.6
(t6.2)

3^45 240.1
(16.3)

s45 2s6.0
(22.8)

R45 25t.2
(20.2)

r5.5
1.5)

r5.6
1.3)

t5. 1

r.2)

15.2

1.3)

r5.0
1.0)

r6.6
2.0)

t6.2
i.5)

246.3
(18.e)

262.2
(2.84)

267.7
(le.0)

276.7
(1s.e)

256,7
(13.2)

262.2
(t7.e)

278.r
(i4.1)

t5.1
2.t)

t6.2
1.7)

16.4
r.4)

t6.9
1.s)

r5.5
r.2)

r6.8
1.5)

t'7.9
t.7)

2t3.9 14.9
(14.4) (1.1)

235.3 15.5
(29.2) (2.5)

224.9 15.2
(13.2) (1.0)

206.3 r4.4
(23.0) (2.1)

214,6 t5.4
(18.? Q.4)

222.9 16.6
(13.1) (1.5)

237,4 16.2
(26.0) (1.7.)

238.3 17.8
(t3.2) (0.7)

250.r t7.r
(12.e) (0.8)

229.4 16.8
(8.e) (1.22)

239.r r7.2
(14.2) Q.2)

198.9 t6.3
Q3.+) Q.o)

229.4 16.9
(1e.e) (1.6)

234.2 16.3
(27.s\ (1.9)

Average 249.7 15.6
(5.e) (0.6)

264.3 16,4
(r1.2) (0.e)

222.2 15.5
(11.5) (0.7)

23t.3 i6.9
(16.0) (0.5)

Standa¡d deviations in brackets.
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Table tr-14 Change in Dry Tensile Properties, Strength (S¡) and
Modulus (E) During 52-Week Test Period

Environment
Type

Test
Parameter

lmmersion Time (Weeks)

5 L4 )'7 52

st Er
MPa GPa

st Et
MPa GPa

st Et
MPa GPa

st Et
MPa GPa

I¡w Temp.

D25 22.0 12.9
(4.Ð (1.s)

B.25 25.2 12.1
(4.3) (1.3)

22.6 10.2
(3.2) (r.7)

25.t Lt.1
(r.7) (1.7)

21.8 12.0
(1.7) (1.s)

22.4 t1.2
(3.3) Q.2)

t4.L
(6.6)

tL.2
(0.5)

19.9
(3.1)

20,7
( 1.8)

Average 23.6 12.5
(2.3) (0.6)

23.9 11.0
(1.8) (1.1)

22.r 11.6
(0.4) (0.6)

20.3 12.7
(0.6) (2.1)

Hish TemÈ

D45

845

1A45

2A45

3A45

s45

R45

2r.9 10.1
(1.6) (r.2)

20.1 9.5
(0.5) (1.3)

22.4 1.06
(3.0) (0.8)

23.5 1r.8
(2.r) (1.2)

t8.7 11.0
(3,0) (1.1)

20.4 9.'t
Q.3) (0.8)

22.0 9.5
(2.1) (1.1)

23.5 9.6
(i.e) (1.2)

17.7 8.8

Q.0) (0.8)

19.8 9.7
(3.0) (r.2)

23.7 9.5
(1.9) (r.2)

20.7 8.6
(3.5) (1.2)

22.5 11.3
(2.8) (1.7)

23.t 9.5
(4.8) (0.8)

r9.9 9.3
(2.8) (i.5)
24.3 10.3
(2.4) (1.0)

23.4 9.8
(1.8) (r.2)

2t.7 10.2
(3.e) (1.?

22.4 9,7
(1.9) (\.2)

22.r 11.4

Q.6) (3.0)

23.4 10.9
(1.0) (1.1)

23.4 11. i
(3.1) (0.8)

24.3 r1.2
(1.8) (0.2)

18.5 12.2
(1.1) (3.8)

19.1 i1.6
(3.4) (2.0)

23.4 9.3

Q.1) (0.6)

18.4 10.9
(5.0) (1.ó)

15.i 11.0

Q.D (0.5)

Average 21.3 10.3
(1.6) (0.e)

2r.6 9.6
(2.2) (0.e)

10.2
(0.7)

22.5
(1.4)

20.3 11.0
(3.4) (0.e)

Standard deviation in brackets
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Table tr-15 Change in Dry Barcol Hardness (Interior Surface)
During 52-Week Test Period

Environment

TYPe

Immersion Time (Weeks)

5 t4 27 52

I-ow Temp.

Dzs 59.1 (3.0)

B.25 56.2 (6,0)

s9.5 (5.4)

59. 1 (s.2)

60.4 (1.3)

60.s (3.2)

60.6 (1.5)

62.4 (3.8)

Average 57.7 Q.l) 59.3 (0.3) 60.5 (0.1) 61.5 (1.3)

D45 54.2 (7.4)

845 57.4 (3.2)

1A45 59.0 (1.3)

2A45 57.7 (2.7)

3A45 57.l (4.4)

s45 56.6 (2.8)

R45 60.8 Q.4)

58.4 (2.7)

59.9 (s.2)

60.0 (2.2)

57.2 (8.6)

s2.4 (9.2)

58.1 (6.8)

61.1 (3.6)

ó0.3 Q.s)
6r.6 (2.0)

56.r (5.1)

54.0 (7.3)

50.6 (s.6)

s7.3 (4.4)

60.4 (3.3)

62.8 Q.0)

62.8 (1.0)

58.0 (2.8)

58.8 (3.7)

s6.2 (3.5)

61.0 (1.8)

60.8 (4.3)

Average 57.5 Q.0) s8.2 Q.e) s7.2 (4.0) 60.1 (2,s)

Standa¡d deviation in brackets
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Table tr-16 Student t-Test Analysis: Dry Flexural Properties

x Satisfies hypothesis that me¿n (dry) flexural properties are e4ua1.

Table tr-17 Student t-Test Analysis: Dry Tensile Properties

* Satisfies hypothesis that meån (dry) tensile properties are equal.

II-14

Environment
Comparison

Degrees of
Freedom

Flexural
Strength t

Flexural
Modulus t

95% Conftdence
t (+/l

D45 vs D25

845 vs 825

3445 vs 2445

3445 vs 1445

2445 vs 1445

S45 vs R45

))

2L

18

19

21

22

-8.250

-7.672*

0.870*

-r.491"

-2.4t2

-r.'779

-3.532

-1.772

1.048*

0.183,',

-r.332*

-0.624*

1.717

t.721

t,734

t,729

1.721

1.'7t7

Environment
Comparison

Degrees of
F¡eedom

Tensile
Strength t

Tensile
Modulus t

95 To Conftdence
t (+/-)

D45 vs D25

845 vs 825

3445 vs 2445

3445 vs 1445

S45 vs R45

4 t.679* 3.7t4 1.76t

4 -1.350i. 1.040* 1.76r

2 0.409* 0.660*, r.76t

2 -t .045* -0. 105* r.782

4 1.246x -0,432*



Table II-18 Wet Mechanical Propeúies of Postured Specimens
After 52 Weeks Immersion

Environment

Type

Flexural Tensile Barcol Ha¡dness

sf
MPa

Ef
GPa

st
MPa

Et
GPa

H
units

I¡w Temo.

1. D25 212.3 13.2
(23.7) (0.e)

2. 825 22.94 t4.5
(10.1) (t.2)

13.5 9.0
(4.8) (0.3)

1s.6 6.2
(0.3) (0.6)

55.0
(1.0)

58.8
(1.s)

Average 220.9 13.9
(t2.1) (0.9)

t4.6 7.6
(1.5) (2.0)

56.9
(2.1)

168.4 12.6(le.e) (r.2)

176.9 11.8
(13.3) (1.0)

L62.3 13.0
(t2.4) (0.9)

159.8 t2.2
(16.4) (1.5)

156,2 12,0
(17.6) (0.7)

t67.1 13.1
(15.0) (1.8)

172.0 13.3
(1r.2) (0.9)

High Temp.

1, D45

2. B,45

3. 1A45

s45

t2.8 4.8
(1.6) (0.6)

10.6 4.8
(0.s¡ (0.4)

13.0 5.3
(0.6) (0.1)

9.5 5.4
(r,2) (1.1)

11.0 5.2
(1.4) (1.6)

12.0 4.7
(0.4) (0.4)

12,3 6.1
(1.4) (0.1)

49.4
(4.8)

52.4
(0.8)

48.6
(1.7)

47.8
(3.3)

40.8
(s.2)

49,2
(1.s)

49.8
(2.3)

Average 166.1 12.6
(7.2) (0.6)

11.6 5.2(1.3) (0.s)
48.3
(3.6)

Standard deviation in b¡ackets
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MIC Soil

RG45RS45

7 -73

Table II-19 Average Weekly pH During 27-Week Test Period:
Metal Corrosion Experiment

AG45

7.80

'l .73

Sulfuric Acid

9.t4 9.15 4.80 4.53 5.63 5.59

9.10 9.09 4.59 4.30 5.56 5.42

9.15 9.t4 4.53 4.O5 5.45 5.t7

9.r7 9.13 4-2r 3.97 4.52 4.65

91.6 9.15 4.07 3.86 4.t3 4.28

9.14 9.15 4.13 3.91 4.50 4.62

9.15 9.t4 3.90 3.80 4.15 4.30

9.14 9.14 4.00 3.80 4.58 4.54

9.17 9.20 4.00 3.81 4.39 4.60

9.26 9.28 4-O2 3.85 4.80 4.90

9.21 9.?t 3.96 3.80 4.47 4.53

9.23 9.23 4.28 3.81 4.28 4.44

9.21 9.23 4.11 3.78 4.11 4.43

AG25

7 .55

7.80

7 .55

7 .85

AS45

7 .85

7 .85

AS25

't .45

7.85

BG45

NaOH (Buffered)

7 .45

BS2sIBs4sIBc2s

9.15 9.r4

9.t5 9.10

9.16 9.15

9.18 9.15

9.19 9.15

9.18 9. 15

9.15 9.15

9.17 9.15

9.22 9.18

9.28 9.28

9.23 9.21

9.24 9.24

9.25 9.24

- continued -

DS2sIDs4sloaxloc+s
Deionized Water

I 6.73 7.08 7.34 7 .58

2 7.18 8-02 8.53 7 .90

3 7.27 8.04 8.16 8.06

4 7.24 7.80 8.97 7 .93

5 7.10 7.74 8.66 7.89

6 7.40 7.65 8.80 7.60

7 7.59 8.05 8.28 7 .43

8 7.90 8.17 8.52 7.48

9 7 .54 8.17 8.78 7 .35

10 7.63 7 .85 8.68 7 .78

11 7.57 8.10 8.67 8.03

t2 7.46 8.22 8.6t 7 .82

t3 7.38 8. 19 8.73 8.1I

Time
Weeks

Ot
È)



l4

l5

l6

t7

l8

l9

20

2l

22

23

24

25

?6

27

7.28 8.09 8.33

7.59 8.38 8.07

7.78 '1.83 8.54

'r.83 7.85 8.68

7.25 8.10 8.55

8.lo 8.45 8.45

8.l5 8.05 7.92

7.55 7.80 7 -60

8. 19 8.23 8.l0

7.95 8.35 8.00

8.50 7.70 8.30

8.30 8.30 8.55

7 .9a 7.98 8.00

o\6

7.63 9.23 9.22 9.19 9.23

7.80 g.2l 9.20 9.19 9.20

7 .81 9.24 9.23 9.22 9.23

7.85 9.24 9.1S 9 -21 9.19

8.10 9.22 9.20 9.20 9.20

8.45 9.20 9.23 9.20 9-23

7 .7s g.2o 9.23 9.20 9.25

s.5o 9.20 9 .20 ' 9 .20 9.20

8.62 9.18 9.18 9.16 9-19

8.65 9.20 9.22 9 .20 9.22

8.OO 9.15 9.18 9.16 9.18

8.55 9.15 9.18 9.r2 9.18

8.00 9.30 9.30 9.30 9.30

Average 7.63 8.00 8.38

sD 0.42 0.29 0.39

4.96 3.66

3.86 3.71

4.05 3.8?

3.85 3.69

3.86 3.68

3.'t9 3.66

3.77 3.66

3.78 3.66

3.75 3.64

3.74 3.65

3.'ll 3.60

3.70 3.61

3.73 3.73

3.70 3.61

7.s6 g.2o 9.19 9.18 9.19 4.O3 3'80 4'34 4'31 7 '63 7'63

4.96 4.49

4.45 4.27

4.77 4.61

4.07 4.0'1

4.04 3.98

3.87 3.85

3.89 3.84

3.96 3.85

3.86 3.7 5

3.81 1.71

3.79 3.65

3.80 3.65

3.75 3.67

3.70 3.64

o.35 o.o4 0.05 0.04 0.05 0.34 0'21 0'56 o'55 0'28 0'28

7.10 7.lo

7 -25 1 -25

7.80 7.80

7.90 7.90



Table Ir-20 Total Percent Weight Loss as a Function of Tmmersion Time

Environment

TYPe

Immersion Time (weeks)

2 5 t4 27

Deionized Water

DS25

DS45

DG25

DG45

NaOH

BS25

BS45

BG25

BG45

Sulfuric Acid

AS25

AS45

AG25

AG45

MIC Soil

RS45

RG45

0.45

0.90

0.72

1.s6

1.26

3.02

0.00

0.00

0. 11

0.05

0.88

1.40

0.8s

1.30

4.32

4.17

2,9t

5.43

3.75

5.46

0.01

0.02

0.06

0.0s

3.25

5.57

3.62

4.20

12.15

4.29

'7,09

13.53

4.91

1 1.86

0.02

0.00

0.01

0.07

9.41

15.56

7.59

9.27

21.13

4.58

0.00

0.50

0.76

1.43
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APPENDf,K Itr

POSTCURE EXPERIMENT: SMALL FT'\ry SPECIMENS (133.5 mm x

38.0 mm x 4.80 -m)

Table ltr-l Percent Weight Loss Versus Time for
Small FFW Specimens Postured at lLZ'C

20

Post Cure T ime (hourel

Figure Itr-l Percent weight loss for small virgin
FFW specimens (112"C)

N

Fz
uJ
¿l
LIJ
o-

Fao
.J
F.x
¿!

L!ì

Posture Time (hrs)

2

Average Weight l-oss (%)

0.15

5

18

24

30

36

0.22

0.30

0.34

0.3'1

0,37

il-1



B. SOLVENT ABSORPTION (SA) EXPERIMENT

The preliminary SA experiment was conducted to characterize the absorption

properties of methanol and 2-propanol at 45oC and to evaluate the effect of each solvent

on FFW material properties.

Materials and Procedures

Four specimens with nominal dimensions of 133.5 mm x 38.0 mm x 4.80 mm

were cut using a diamond blade saw f¡om the same FFW test pipe used in e¿¡lier studies.

One postcured specimen (712'C at 36 hrs) and one virgin specimen were immersed in

methanol. A second set of (2) specimens were imme¡sed in 2-propanol. The densities

of methanol and 2-propanol used in the SA tests were 0.7914 and 0.7855 g.cm-3,

respectively.

Two closed plastic containers (reactors) containing one litre of each alcohol were

placed in a temperature-controlled environmental chamber at 45'C. The specimens were

imme¡sed in the heated alcohol solutions and were removed periodically and weighed on

a Mettler analytical balance.

Results and Discussion

The solvent absorption isotherms for methanol and 2-propanol are shown in

Figure III-2. Methanol diffused through the FWW specimens at a rate i0 times faster

than 2-propanol. The initial slope of the absorption isotherm was less for postcured

specimens than virgin specimens but was similar afte¡ 64 hours. The virgin specimens

fir-2
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Figure III-2 Solvent absorption: methanol and 2-propanol at 45'
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immersed in methanol for a period of 5 days were extremely soft and had deteriorated

to the point where the specimen could be fractured by simply bending the specimen by

hand. The postcured specimen imme¡sed in methanol was white¡ in appearance (see

Figure III-3) which suggests a soivent-structure interaction and debonding at the interface

between the giass fibres and the resin-filler matrix.

Problems were encountered during the weighing of the methanol satulated

specimens. The weights of these specimens were continuously decreasing which made

it diff,rcult to obtain reiiable and consistent measurements. This was attributed to rapid

evaporation losses. These problems were not observed during the weighing of wel2-

propanol specimens. FFW specimens exposed to 2-propanol at 45"C were less

influenced by material deterioration and weighing problems which suggest that 2-

propanol is a mo¡e suitable solvent exchange medium than methanol.

In-4





C. FDSE PRELIMINARY EXPERIMENT

P¡eliminary FDSE tests were conducted to evaluate and compare the desorption

behaviour characteristics of wet (45"C) virgin FFW specimens. These specimens were

immersed in fluo¡escent greenish-yellow dye solutions of methanol and 2-propanol.

Properties of this dye are presented in Table III-2.

Materials and Procedure

Two virgin specimens with nominal dimensions of 133.5 mm x 38.0 mm x 4,80

mm were immersed for 4 weeks in deionized water at 45"C. Prio¡ to conducting the

FDSE tests, 4 grams of fluorescent yellow G dye were dissolved in two plastic

containers, each conlaining i L of methanoi and 2-propanol. The containers were closed

to prevent evaporation and placed overnight in a temperature controlled chamber at

45"C.

Following a four week (45'C) immersion period, the virgin specimens were

removed and the excess surface moisture was wiped off with a cloth towel. The wet

specimens were weighed, and immediately re-immersed in (45'C) solutions of methanol

and 2-propanol. The FDSE tests were conducted at the same temperature as the

deionized water in order to minimize temperature effects, Specimens were removed

periodically from each alcohol and weight meåsurements were taken at different exchange

times. A de¡rease in specimen weight indicated that the FDSE test was still incomplete

and that the alcohol was still exchanging with the water in the laminate layer. The FDSE

test was assumed to be complete when no further changes in specimen weight or a weight

gain was observed.

rII-6



Table ltr-2 Properties of Fluorescent-Yetlorv G Dyel

Description I Properties

Chemical Name 1 H-Benz[de] isoquinoline-l, 3 (2H)-
dione 2-butyl-6-(butylamino)

Chemical Family Quinoline dye

Colorant Fluo¡escent G¡eenish-Yellow

Appearance Yellow Solid

Solubility (grams/L of solvent at25'C)
Xylene 15

2-Propanol 15

Methanol 12

Methyl Ethyl Ketone 95

Melting Point 125-126"C

Absorbance range 320-400 nm

Manufactured by Morton Chemical Company, Chicago, Illinois 60606 and

distributed by Adrox Ltd. of St. Catharines, Ontario.

Results and Discussion

Changes in specimen weight, expressed as a percentage, were plotted as a

function of the square root of exchange time and are shown in Figure III-4. The 2-

propanol FDSE isotherm was well defined in comparison to the methanol FDSE

isotherm. The exchange of methanol and water was complete in 5 minutes compared to

an exchange time of 60 hours using 2-propanol. A characteristic linear isotherm plot for

methanol was not obtained which was attributed to either high exchange rates or solvent-

structure interactions, It was, however, possible to characterize the initial slope of the

2-propanol FDSE isotherm, This slope was linear for more than 60 percent of the total

change in specimen weight which suggested the desorption characteristics followed

Fickian counte¡-diffusion behaviour.
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The results of the preliminary experimental investigation indicate that 2-propanol

is a more suitable solvent exchange medium than methanol.
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Figure III-4 FDSE (45"C) isotherm for wet FFW virgin specimens

immersed in methanol and 2-propanol
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D. POSTCIIRE ACID EXPERIMENT: TEST RESIJLTS

Table ltr-3 Specimen Weight Change (Vo)z PA, Experiment

Table ltr-4 Calcium Concentration in Leachate as

CaCO3 (ms.L 1): PA Experiment

Time
(weeks)

Posture Condition

s55- 18 s55-36 s 112-18 s 1 12-36

,)

4

6

8

10

t2

0.73 (0,1i)

0.81 (0.09)

0.86 (0.10)

0.86 (0.11)

0.82 (0. 10)

0.79 (0.12)

0.69 (0.07)

0.81 (0.05)

0.87 (0.07)

0.88 (0.10)

0.84 (0.09)

0,79 (0.10)

0.42 (0.10)

0.57 (0.10)

0.68 (0.12)

0.73 (0.15)

0.75 (0.15)

0.77 (0.18)

0.34 (0.04)

0.44 (0.05)

0.57 (0.06)

0.61 (0.07)

0.66 (0.10)

0.6e (0.11)

Time
(weeks)

Posture Condition

s55-18 s55-36 s 112-18 s i i2-36

0.5

1.0

1.5

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

1 1,0

12.0

2.70

4.00

5.00

5.80

7.10

8.00

9.20

10.00

10.20

10.80

tt,20

11.40

12.00

12.20

2.50

3.50

4,60

5.50

6.30

7.40

8.40

9.20

9.70

10.00

10.50

1 1.00

11.40

I 1.40

2.40

3.50

4.50

5.30

6.70

7.40

8.40

9.20

9.20

9.80

10,20

10.50

11.00

11.20

2.90

3.90

5,10

5.80

7.20

8.20

9.00

9.40

10.00

10.60

11.20

11.80

t2,t0

t2.40
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E. THEORETICAL CALCLILATIONS: FORMATION OF A CALCIUM

STJLFTTE PRECIPITÀTE

1. Determine the equilibrium Ca2* concentration fo¡ a saturated calcium sulfate

solution after the addition of 2.0 x 10-2 M H2SO4 to maintain a pH of 2.33.

H2SO4 =. ¡7* + HSO¡ large(Kar) ..... E-l
(r)

HSoo '' ¡7+ . So24- Kaz ............ E-2

Assume Ka2: 1.3 x 10-2 at 45"C

l+.l Lsoz¿-lKa2:- -- '- .................. E-3
ÍHSo¡l

... 1.3 x ,o-z - lr.l Ísú-l
tHSo¡l

.^_) ¡to-2.21¡g 
1-7

.'. 1.3 .r L0-" = 

-

1HSO4l

but the molarity of sulfate added (c) is equal to [HSO; * ¡solnl

_ )-:.tHSoiJ=c-tsoíl
1_

... 1.3 x 
'o-, 

:9'1!31 ............. E-4
c-tsoíl

(iiÐ the maximum amount of concentrated acid (1N H2SO| added during the 12-

we€k test was 119 ml in a 3 L volume.

il-10a,



.'. c = (0.5) (0.119) - 2.0 x t0-2 moteslL
3L

. ^_2 ¡to-2'21 ¡soozl
L ? r !(\-'

t2.ox1o-2t-rsú-l

.^_) 6.31x ro-3 $o1-l
1.3 r l0-'

¡2.0x10-21-$o1-

2.6 x r0-4 - t.3 x to-z ¡sof;-l = 6.31 x to-z ¡sozo-t

2.6 x to-a - 1.363 x to-z ¡sozo-l

7.9Lx1o-2M-lsozo-l

.'. [ca2*l = 1.9t x t0-2a x (1,000) (40.08)

= 766 mglL

.'. ca\* as mplL cacot - lr* r tool
L 401

= L9l5 mglL

Since the maximum concentration of Ca2+ as CaCO3 in the sulfuric acid ¡eactor was

1.,250 mglL < 1,915 mg/L, no CaSO4 precipitation is likely to occur.
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APPENDX W

A. DEPTH OF PENETRATION: TEST RESIJLTS

Table fV-1 Depth of Penetration (HC Method): AC Experiment

Tabte fV-2 Depth of Penetration (FD Method): AC Experiment

Environment

Type

Immersion Time (weeks)

) 4 8 12

h (um) h (um) h (um) h (um)

DILz

D25

s25

A25

95

108

tt2
353

165

155

154

481

r66

206

192

695

231

188

278

862

Environment

Type

Immersion Time (weeks)

2 4 8 L2

h (um) h (um) h (um) h (um)

Dtt2
D25

s25

A25

105

96

121

3t2

107

t27

175

509

t44

t97

246

'100

143

185

261

1,054

rv-r



B. OfiIER DETERIORATION TFST RESULTS

Table W-3 Change in Material Weight Loss (Vo\ as a Function
of Immersion Time: AC Experiment

Table fV-4 Calcium Ion Concentration: AC Experiment

Immersion

Time (weeks)

Type of Environment

Dl12 D25 s25
^25

2

4

8

t2

0.13

0.35

0.44

0.47

0.22

0.42

0.54

0.61

0.69

0.86

1.19

1.75

1.99

2.47

3.44

3.84

Time

(weeks)

Ca* 
* Concentration (mg.L-l as CaCOj)

DT12 D25 s25 A25

0.5

1.0

1,5

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0

t2.0

20

42

53

61

81

100

106

116

115

116

120

t28

124

128

53

76

92

97

t26

t4l
148

168

160

r62

168

184

180

180

264

382

481

563

675

780

880

960

995

1,040

1,020

1,100

1,160

1.180

I,060

1,440

t,736

2,150

2,550

2,850

3,200

3,525

3,700

3,870

4,050

4,300

4,800

5.100

[V-2



Table fV-S Aluminum Ion Concentration: AC Experiment

Table fV-6 Loss in Wet Flexural Properties: AC Experiment

Time

(weeks)

AL*+* Concentration (mg,L 1 as AþO1 . 3H2O)

DL12 D25 s25 ¡^25

2

4

8

L2

<1
<1
<1
<1

<1
<1
<1
<1

12

38

t46

188

51

100

t47

208

Time

(weeks)

D112 D25 s25 A25

1- 1-

s/so E/Eo
1- 1-

S/SO E/EO
i- 1-

s/so ElEo
1- 1-

s/so E/Eo

2 0.089 0.148

4 0.224 0.204

8 0.280 0.296

L2 0.336 0.322

0.273 0.269

0.253 0.215

0:299 0.285

0.350 0.279

0.217 0.208

0.290 0.20s

0.333 0.29s

0.375 0.385

0.206 0.212

0.277 0.2t5

0.306 0.250

0.408 0.324
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Table fV-7 Loss in Wet Barcol Hardness: AC Experiment

Table W-E Desorption Slope: AC Experiment

Time

(weela)

Dtt2 Dt25 s25 A25

1-H/HO 1-H/HO l-H/HO 1-H/HO

a

4

0.193

0.190

0.244

0.261

0,220

0.247

0.301

0.271

0.301

0.283

0.393

0.445

0.359

0.533

0.619

0.790

8

t2

Environ-
meDt

Type

Im.mersion Time (weeks)

2 4 8 12

sd R2
(tni,/Ð-

sd R2
("üÐ'

sd R2
(mins)-%

sd R2
(mns) "

DLtz 0.007 0.93 r

D25 0.012 0.994

s25 0.011 0.992

A25 0.026 0.980

0.007 0.968

0.014 0.976

0.015 0.910

0.039 0.994

0.010 0.984

0.016 0.992

0.0i9 0.982

0.056 0.992

0.009 0.978

0.019 0.9'16

0.019 0.990

0.057 0.996



C. REGRESSION ANALYSIS: AC EXPERIMENT
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Figure IV- 8. Empirical relationships for depth of
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D. DIFFUSION COEFFTCIENT ANALYSIS: D25

Determination of straight line portion of the 45"C adsorption curve, as shown
in Figure 6.3,

Y-Values

0.00
0.53
0.86
1.04
1.26
i.35
1.48

X-Values

0.000
0.707
1.000
L4l4
t.732
2.000
2.236

? 0.e33
0.703 x

Procedures as outlined by Shen and Springer:

STEP 1 Assume
STEP 2 Assume
STEP 3 Calculate
STEP 4 Calculate

STEP 5 Determine
STEP 6 Pick
STEP 7 Calculate
STEP 8 Calculate

Dx = 5'o x 10-6 mqr2/sec
t1 . : 5.06 weeks (t' < Ð
ä, : 1^',t: 

"03 
I ; rl,õï{t,

(D") (tt) (7 x 24 x 3,600)
L1

52 : QÐ2 : 92'16 mmz
G1 : o'85
M- : Mr/Gr = i.581/0.85 =1.86%
tzor : o.äs Jper<s (tz > til
yz : 0.703.'l e.zs 7_r;Tff:ts¡lG2 = 1-exP[-7'312

!* D*xt2x7 x243,600
-s.

STEP 9 Determine

M^ = M^:"t "2

: 0.89
M.,/Gr : 1.7610.89 = 1.97%

Therefore Dx : 5.0 x 10-6 mm2/sec estimated initially was

coÍect.

G2
M^

"z
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E. DIFFUSION COEFFICIENT ANALYSIS. Dllz

Determination of straight line portion of the 45"C adsorption cuwe, as shown

in Figure 6.3.

Y-Values

0.00
0.27
0.52
0.63
0.77
0.87
0.99
t.07
t.22
t.34

X-Values

0.000
0.707
1.000
t.4r4
t.'732
2.000
2.236
2.449
2.828
3.t62

? o.e8e
0.444 x

Procedures as outlined by Shen and Springer:

STEP I Assume
STEP 2 Assume
STEP 3 Calculate
STEP 4 Calculate

STEP 5 Determine
STEP 6 Pick
STEP 7 Calculate
STEP 8 Calculate

STEP 9 Determine

D-- : 1.5 x 10-6 mm2/sec
tl^ = 5.06 weeks (tl < t,

H : ?liXJiiàirlÅfoon

{-1 -

s2
Gi
M.
tz" I

M2
G2

t2-

(Ð") (t:.) (7 x24 x 3,600)

= eh)2 :92.t6 mmz
: 0.53
= M,/G, = 1.000/0.53 = 1.88%

= 6.25 weeks (tz > tD
= 0.444 (6.25)'/i,¡r\rtr %

= 1-expl-7.3tì"""'l
(D") (tz) (7 x 24 x 3,600)
@

G2 : 0'59
*", : MzlGz= 1.11/0.59 = 1.88%

*", = *"r, Therefore D* : 1.5 x 10-6 mm2/sec estimated initially was correct.
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E. ACID-DEGRADED DIFFUSION COEFFICIENTS: SULFURIC ACID

(S25) SPECIMENS

l44l t = KD r) (co¡)lltz'/" . Ø n)rtz

a) K = (75.g ¡"m. wk'/'¡ (10-3 mm . ¡rtn-l¡ 1t65 x 10-6 wk ' sec)%

(75.9) (10-3) (1.29 x 10-3) : 9.79 x 10-5 mm . sec-%

b) tCeel = 10-2'23 - 5.89 x i0-3 M. L-l = 5.89 x 10-6 M. cm-3

c) pB : (1.88g. cm-3x0.16) : 0.3008g' cm-3

3.008x10-3M.cm-3

Substituting (a) (b) and (c) into [44]

:. 9.79 xi0-5 mm . sec'/, = t6l¿X5.89) x 10-6 M . " 
-3)lk (3.008 x 10-3 M. cm-3)%

(D¿)% (s.1s x rc'\ Qz.s)

Dd = 5.02 x 10-6 mm2 ' sec-l

.', The diffusion coefficient in the degraded layer of S25 specimens is predicted to be

5.02 x 10-6 t*2 . ,""1t
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F. ACID DEGRADED DIFFIJSION COEFFICENTS: ÄCETIC ACID (425)

SPECIMENS

t44t K = t@a) G¿Ðlttz (pÐt

a) K : Q46.7) (10-3) (1.6s * t0-6)h

= (246.7) (10-3) (i.29 x t0-3) : 3.18 x 10-4 rn* . .""-%

b) tc¿Bl : IO-2'22 - 6.02 x 10-3 Ivt.L-l = 6.02 x 10-6 M.cm-3

c) PB = 3.008 x 10-3 M.cm-3

Substituting (a) (b) and (c) into [44]

.'. 3.18 x 10-4 : [Dd) ç6.02x 10-6¡1'/'(3.008 x 10-3)%

@¿)t/z : (3.18 x Lo-4) (22.4)

Dd : 5.07 x 10-5 mm2 . sec-l

The diffusion coefficient in the degraded layer of 425 specimens is predicted

to be 5.07 x 10-5 mm2 . seð.!

rv-t'1




